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Land Misuse and Hydrologic Response: Kaho‘olawe, Hawai‘i'
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DEDICATION: This paper is dedicated to “Ka‘imipono” Rendell D. Tong
(13 September 1959—4 January 1995). In his lifetime Rendell supported many
environmental efforts in Hawai‘i, especially the work reported in this paper,
with a passion that was contagious. About Kaho‘olawe he once wrote: “I'm
looking forward to our continued work to restore Hakioawa ahupua‘a [water-
shed] and to gain a comprehensive scientific observation and understanding of
the hydrologic cycle on Kaho‘olawe. We are invigorated and proud to be prac-
ticing that foundation of Hawaiian cultural values, malama ‘aina [take care of
the land]. So we keep working for the land, physically, spiritually ... for the
people of the earth—e kiipono e ka po‘e honua.” The spirit of Ka‘imipono lives
on in Hawai‘i, especially on the island of Kaho‘olawe, forever!

ABSTRACT: This paper is concerned with the characterization of near-surface
hydrologic response for the Hawaiian island of Kaho‘olawe, where erosion
caused, in part, by surface runoff is the major factor in landscape denudation.
New sets of saturated hydraulic conductivity and sorptivity data from 110 sites
across Kaho‘olawe are presented and analyzed for spatial structure using sta-
tistical methods and land cover classification. At a regional scale there was no
statistically characterizable spatial structure in either of the new data sets; we
characterized the spatial distribution of saturated hydraulic conductivity and
sorptivity based upon land cover. Also presented is a suite of runoff simulations
for the entire island of Kaho‘olawe, based upon the near-surface soil hydraulic
property interpretations reported, for 10 separate rainfall events. The hydro-
logic response simulator used provides a relatively realistic representation of
Hortonian overland flow. This study consisted of 700 deterministic-conceptual
rainfall-runoff simulations, based upon the 10 rainfall events applied to 70 catch-
ments that were divided into 1529 overland flow planes. Our simulations sug-
gest, for the large events selected for this study, that the maximum island aver-
age surface runoff by the Horton mechanism is ca. 20% of rainfall.

How many years can a mountain exist before it is washed to the sea?
—Bob Dylan

THIS STUDY WAS CONCERNED with identifying
runoff-producing areas, via the Horton over-
land flow mechanism, on the Hawaiian island
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plain the spatial distribution of near-surface
soil hydraulic properties. In the second part
of the paper we use these near-surface char-
acterizations to excite a quasi-physically based
rainfall-runoff model for conceptual simu-
lations of Hortonian overland flow.

The overall strategy of our effort was
to conduct a preliminary characterization
of near-surface hydrologic processes across
Kaho‘olawe. This work sets a foundation for
an ongoing study concerned with revegeta-
tion of the island to arrest devastating ero-
sion problems and a basic investigation of
landform development processes for an entire
insular system.

Background

Kaho‘olawe, the eighth largest island in
the Hawaiian chain (see inset in Figure 1), is
located ca. 10 km southwest of Cape Kina‘u
on the south side of Maui. Erosion caused by
surface runoff is a major problem across parts
of Kaho‘olawe where overgrazing and mili-
tary activity have caused substantial vegeta-
tion loss. It is well understood that overland
flow, caused by excess rainfall on exposed soil
and subsoil surfaces, leads to sediment trans-
port and reduced likelihood for reestablishing
vegetation. Figure 2 illustrates generalized
water balance estimates (State of Hawai‘i
1990) for Kaho‘olawe before and after the
devastation of the landscape. Inspection of
Figure 2 shows that the lumped pre- and
postimpact estimates of runoff are 35 and
75%, respectively. For Kaho‘olawe, a quan-
titative water balance estimate is important
for characterizing soil-water recharge and
surface runoff. In this study we employed a
physically based rainfall-runoff model to
focus on the surface water component of the
Kaho‘olawe water balance. By using a dis-
tributed simulation approach coupled to
land cover characteristics, we could address
the impact of spatially variable near-surface
soil hydraulic properties on estimates of sur-
face runoff. Estimates of soil-water recharge
and surface runoff are critical to planning re-
vegetation activities and erosion control to
accomplish the landscape restoration goals
on Kaho‘olawe.
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A Brief History of Kaho‘olawe

Kaho‘olawe, 1.5 myr old and 117 km? in
area, was first occupied by humans around
A.D. 900 (State of Hawai‘i 1990). Archaeo-
botanical evidence suggests that dryland
forest gave way to grassland vegetation as
a result of agricultural practices of native
Hawaiians during the pre-European-contact
period (Allen 1987). Spriggs (1987) provided
evidence that soil erosion was not a serious
problem on the island until traditional Ha-
waiian land use was replaced by western uses,
especially ranching. Abandonment of the tra-
ditional Hawaiian land stewardship system in
favor of western land tenure in 1848 initiated
rapid land-use change on Kaho‘olawe. As
many as 9,000 goats and 20,000 sheep have
inhabited the island at one time (Kaho‘olawe
Island Conveyance Commission 1993). The
resulting soil erosion was severe enough to
prompt replanting efforts by the ranchers
during the late 1880s. In 1910, the Territorial
Board of Agriculture declared that because
of overgrazing the island had ‘“become al-
most worthless through erosion and loss of
soil.” The island was designated a “Forest
Reserve,” but failure to control feral goats
doomed revegetation efforts. Ranching oper-
ations resumed in 1918 and continued until
1941, when the U.S. Navy took possession of
the island. Initially used for training of mili-
tary personnel during World War II, the
island continued to be used as a bombing
range and small ordnance training site until
October 1990. The goat population remained
unchecked during most of the navy manage-
ment period. The damage caused by erosion
of land unprotected by vegetation worsened
as overgrazing continued. Bombing further
degraded vegetation cover and soils.

During the 1970s, Hawaiian protests
against military use and mismanagement of
Kaho‘olawe led to the formation of the Pro-
tect Kaho‘olawe ‘Ohana (PKO). Members of
the PKO won a summary judgment in federal
court against the navy in 1977 and later ne-
gotiated a consent decree as an out-of-court
settlement of a civil suit. These actions re-
quired the navy to prepare an environmental
impact statement to identify and protect his-
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FiGURE 2. Water balance estimates for Kaho‘olawe
(from State of Hawai‘i 1990).

toric and cultural sites, clear ordnance from
41 km? of the island, begin soil conservation
and revegetation, eradicate goats, and dis-
continue ordnance use except in the middle
third of the island. In October 1990, by pres-
idential order, bombing and munitions train-
ing on the island ceased. Congressional ac-
tion formed a commission to study issues
involved in the conveyance of the island back
to Hawaii.

Anatomy of a PKO Access

The field study reported in this paper was
conducted during two trips to Kaho‘olawe.
Each of these trips is referred to in this paper
as an access. The access procedure described
here has been used regularly by the PKO dur-
ing the past 14 yr. Before our field exercises
we (K.L., TW.G., B.S.) visited Kaho‘olawe
to plan the effort described in this paper. Our
first Kaho‘olawe access took place 18—20 Sep-
tember 1991; the second access took place 11—
14 June 1992. The anatomy of an access is
described in the remainder of this section.

The field study team departed for Kaho‘o-
lawe at about 0400 hours from two locations
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on the island of Maui. The majority of the
team left from Ma‘alaca (located on the
southern coast of West Maui) in the 11-m
commercial fishing boat Pualele; the crossing
took ca. 1 hr. That group brought the study
equipment, food, water, and everything else
needed for the stay on the island. The re-
mainder of the team left from Makena (lo-
cated on the southwestern coast of East Maui)
in a PKO zodiac (rubber boat). The zodiac
crew arrived at Kaho‘olawe first and met the
Pualele crew ca. 200 m offshore from Ha-
kioawa (located on the northeastern coast of
Kaho‘olawe), where the team members and
equipment were transferred. The zodiac then
moved to the reef, where the team entered the
surf and swam all the equipment and supplies
(in waterproof bags) to shore. Several zodiac
trips were required to unload the Pualele. On
the second access, three trips were required
between Ma‘alaesa and Hakioawa to trans-
port everyone to the island because other
activities were scheduled besides the effort
reported here. After the unloading was com-
pleted, the Pualele departed and the zodiac
was beached at Hakioawa. At the end of the
access, the entire procedure was repeated, in
reverse, with the Pualele arriving at 0600
hours. During the data collection exercises,
the field study team was accompanied by
U.S. Navy EOD (Emergency Ordnance Dis-
posal) personnel. Despite the fact that sec-
tions of the island have been swept several
times (since 1981), ordnance (occasionally
undetonated) is still quite prevalent.

STREAMFLOW GENERATION

It is well known (Dunne 1978) that there
are three distinct forms by which lateral in-
flows enter a channel reach in a catchment:
(1) groundwater discharge, (2) subsurface
stormflow, and (3) overland flow. Ground-
water discharge provides the sustaining base-
flow component to a stream hydrograph be-
tween storm periods. The flashy response of
streamflow to individual rainfall events can
be ascribed to either subsurface stormflow or
overland flow. At most locations, however,
the primary source of rapid lateral inflows



Land Misuse and Hydrology on Kaho‘olawe—LOAGUE ET AL. 5

is overland flow. Overland flow can only be
generated on a hillslope after surface ponding
has occurred. It has been recognized for some
time (see Freeze 1980) that surface saturation
can occur by two quite distinct mechanisms:
Horton overland flow and Dunne overland
flow. For the Horton mechanism, the rainfall
intensity must exceed the saturated conduc-
tivity of the surface soil for a period of time
long enough for ponding to occur. For the
Dunne mechanism, the duration of rainfall,
at an intensity less than the saturated hy-
draulic conductivity, must exceed the period
of time necessary for an initially shallow
water table to rise to the surface. Horton over-
land flow is more common on upslope areas
within a catchment, generated from areas
where surface conductivities are the lowest.
Dunne overland flow is more common in
near-channel lowlands, generated from areas
where the water table is the shallowest. Both
the Horton and Dunne mechanisms can lead
to variable source areas that expand and
contract through wet and dry periods.

It is our belief that the primary form of
streamflow generation on Kaho‘olawe, where
erosion is important, is overland flow. We
feel that the Horton mechanism is the domi-
nant overland flow process for many areas
across Kaho‘olawe because of low surface
conductivities and a deep water table.

Rainfall-Runoff Model: Hortonian Overland
Flow

The conceptual structure of the quasi-phys-
ically based rainfall-runoff model (QPBRRM)
used in this study is similar to that described
by Engman (1974). K.L. employed an earlier
version of QPBRRM extensively for a small
rangeland catchment (R-5) in Oklahoma
(Loague and Freeze 1985, Loague 1990,
1992a,b,c). In the study reported here we
used QPBRRM to investigate how much
Horton runoff is likely to occur on Kaho‘o-
lawe. The operating algorithms for QPBRRM
are based on solutions and/or simplifications
to the full set of coupled partial differential
equations that describe near-surface hydro-
logic response. The model has three major
components: (1) an infiltration algorithm that

allows calculation of the rainfall excess by
difference, (2) a routing algorithm that trans-
lates partial area rainfall excess, generated on
the overland flow planes, into lateral inflow
hydrographs at the stream channel, and (3) a
routing algorithm for tracking the streamflow
hydrograph through the channel system.

The three major components of QPBRRM
each rest upon one-dimensional equations
that, when coupled together, result in a quasi-
three-dimensional representation of rainfall
runoff via the Horton mechanism. The in-
filtration equation is similar to Philip’s two-
parameter equation, which is a particular
solution to Richards’ equation for vertical
flow in an unsaturated-saturated soil profile.
The equations for overland and channel flow
routing are each based upon numerical solu-
tion to kinematic forms of the shallow water
equations. The model allows partial source
areas to expand and contract during a storm.
Implementation of QPBRRM for a given
Kaho‘olawe catchment is accomplished using
a set of overland flow planes that divide the
areas of interest into segments. The simula-
tion philosophy of QPBRRM as used in this
effort is that of a conceptually sound model
that does not depend upon the calibration
of catchment parameters with historical
rainfall-runoff records. The underlying and
operating equations that compose QPBRRM
are presented in the following two subsections.

UNSATURATED SOIL-WATER FLOW. Rich-
ards’ equation for one-dimensional verti-
cal unsaturated soil-water flow, based upon
combining the transient continuity equation
for fluid flow in porous media with the un-
saturated version of Darcy’s law, is:

%[K(E,w){g—er 1” = C(E,W)% (1)

where z [L] is the vertical distance from the
soil surface downward, y [L] is pressure head,
K() [LT™'] and C(y) [L™'] are functional
relationships for hydraulic conductivity and
specific soil-water content, respectively, and
F; represents the different homogeneous for-
mations that make up a heterogeneous sys-
tem. The hydraulic head (%), the potential
relationship that governs fluid flow in porous



media, is related to the pressure head as
follows: A = + z, where z is the elevation
head measured from a reference datum to the
point of measurement.

The infiltration algorithm used in
QPBRRM, similar to Philip’s two-parameter
equation, is:

i=05812 405K, )

where i [LT™!] is the infiltration rate, S
[LT~Y/?] is the sorptivity, and K, [LT"] is
taken here as the saturated hydraulic con-
ductivity. Equation 2 is an analytical solution
to equation 1, written in terms of soil-water
content instead of pressure head, for uni-
form nonswelling soil profiles with infiltra-
tion events that produce incipient surface
ponding.

OPEN CHANNEL AND OVERLAND FLOW. Flow
of water over a surface or in a channel is de-
scribed by two partial differential equations
(continuity and momentum) based upon the
following four assumptions: (1) the velocity
at any section is uniform and unidirectional,
(2) the channel slope is small, (3) stream line
curvatures are small, and (4) energy losses are
represented by the slope of the energy gra-
dient times the length of the channel reach.

The continuity equation is:

ov 04 04
A6x+V5x+Aat—q 3)
where A [L?] is the cross-sectional flow area,
¥ [LT!] is the average velocity, x [L] is the
horizontal distance along the channel, and ¢
[L3T~!] is the source term.
The momentum equation is:

1oV v gao, . Vg
g ot 6x+Aax(Ay)+ A
=5, -5 )

where g [LT™?] is the acceleration due to
gravity, y [L] is the depth of water to the
centroid of the volume, S, [dimensionless] is
the bed slope of the channel, and Sy [dimen-
sionless] is the friction slope. Equations 3
and 4 are known collectively as the Saint
Venant or shallow water equations. Mathe-
matically the shallow water equations de-
scribe the propagation of a wave; they cannot
be solved in closed form for practical sit-

PACIFIC SCIENCE, Volume 50, January 1996

uations. Kinematic approximations are often
used to represent the shallow water equations
for overland and channel flow. The kine-
matic equations take the form of first-order
differential equations, computationally much
simpler than the complete hyperbolic shallow
water equations. Kinematic flow occurs when-
ever a balance is achieved between gravita-
tional and frictional forces.

In their kinematic forms, the equations of
continuity and motion used in QPBRRM for
overland flow are given, respectively, as:

Q = Qn (5)
00 dy
FrRr (6)

where Q [L3T!] is discharge, Q, [L*T '] is
normal discharge, y [L] is the depth of water,
and g is the source term. The source term in a
QPBRRM simulation is the precipitation ex-
cess calculated by difference from equation 2.
Turbulent flow is assumed; therefore equa-
tion 5 is written in the form:

1
0= ay‘-“sy 2 (7)

where n, [dimensionless] is the Manning’s
roughness coefficient for the overland flow
planes.

In their kinematic forms the equations of
continuity and motion used in QPBRRM for
open channel flow are given, respectively, as:

0=0(4) (3)
00 04
T 4 ©)

The source term used in QPBRRM is now
the lateral inflow to the channel from the
overland flow equations and precipitation
falling directly on the channel. Turbulent
flow is assumed; therefore equation 8 is writ-
ten as:

Q: 1 R0'67S;/2 (10)

ne

where R [L] is the hydraulic radius of the

channel and 7. is the Manning’s roughness
coefficient for the channel sections.

The overland flow and open channel flow

algorithms for QPBRRM are based upon



Land Misuse and Hydrology on Kaho‘olawe—LOAGUE ET AL. 7

explicit finite-difference numerical approx-
imations to equations 6 and 7 and 9 and 10,
respectively. To achieve stability with the ex-
plicit schemes, the following criterion (Eng-
man 1974) was employed:

10 < AL <05

11
Ax-n— (1)
where At is the time step, Ax is the space in-
crement, and » is the Manning’s roughness
coefficient (n = n, for channel; n=n, for
overland).

KAHO‘OLAWE: CHARACTERISTICS AND
FIELD STUDY

Geology and Hydrology

The geology and hydrology for the state
of Hawai‘li have been described by Stearns
(1985), Macdonald et al. (1983), and Arm-
strong (1983). The geology and ground-
water resources for the Hawaiian island
of Kaho‘olawe were described by Stearns
(1940). Kaho‘olawe is 18 km long and 10 km
wide with a maximum elevation of 454 m
and a semiarid climate. Marine erosion has
cut cliffs as high as 240 m along the eastern
and southern shores. Kaho‘olawe is a shield-
shaped extinct volcano composed chiefly of
thin flows of primitive basalt poured in rapid
succession from three rift zones and a vent at
their intersection. The entire summit of the
island has been eroded to a hardpan surface.
A geologic map of Kaho‘olawe is shown in
Figure 1. The slopes of Kaho‘olawe are cor-
rugated with gulches 15 to 60 m deep cut by
ephemeral streams whose drainage pattern
radiates from Lua Makika (Figure 1). The
average annual rainfall for Kaho‘olawe is
estimated to be ca. 750 mm/yr. Constant
strong winds have caused widespread soil
erosion following the loss of vegetation
caused by overgrazing. Resistivity surveys
and wells have indicated that groundwater is
mostly brackish (Kauahikaua 1989).

Land Cover

Figure 3 shows the island-wide land cover
distribution map constructed for this study.

The 18 land cover classifications shown in
Figure 3 and listed in Table 1 were selected
based upon observations made during nu-
merous site visits. Land classes were identified
and mapped at regional scale on the basis of
the color and textural appearance of land
cover, using a 1986 set of low-altitude color
air photos made by the U.S. Navy. Stereo
pairs were viewed to verify our interpreta-
tions. A vertical sketchmaster was used to
transfer the air photo details to the plani-
metric map. The base map was the 1984 U.S.
Geological Survey 1:25,000 metric topo-
graphic map for Kaho‘olawe. Arc/Info
software was used in our land cover map-
ping; the areas of different land cover were
achieved through the Calculate function of
the Arc/Info package. The details of the cri-
teria used in our land cover classification are
given in the footnote in Table 1. In this study
we used land cover as a surrogate for near-
surface soil hydraulic property distributions
in space; relationships between sparse (yet
precious) soil hydraulic property measure-
ments and land cover were established and
extrapolated.

Field Measurements

DISK PERMEAMETER. Saturated hydraulic
conductivity and sorptivity were measured
at 110 sites across Kaho‘olawe using four
CSIRO disk permeameters. The saturated
hydraulic conductivity (K;) estimates are
based upon the following relationship:

q 4bhS?

s r(0, — 6;) (12)
where ¢ is the flow rate [L?/T], = is 3.14, r
is the radius of the permeameter ring [L], b is
a constant (0.55), S is sorptivity [L/Tl/z],
0; is the volumetric soil-water content at the
start of the measurement [dimensionless], and
0, is the volumetric soil-water content at the
end of the measurement [dimensionless]. The
radius of the permeameter ring in this study
was 0.1 m. The sorptivity is calculated from
the early time data by plotting Q 4 7r? versus the
square root of time, where Q [L"] is the cumu-
lative volume of water used in the measure-
ment. The theory and design of the CSIRO
disk permeameter was discussed by Perroux
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TABLE 1

" LAND CoVER CLASSIFICATIONS FOR KAHO‘OLAWE AS SHOWN ON FIGURE 3, BASED UPON AIR PHOTO INTERPRETATION

LAND COVER CLASS DESCRIPTION PERCENTAGE OF ISLAND
1 Exposed soil or subsoil, dark color 0.5
2 Exposed soil or subsoil, medium color 19.9
3 Gullied—exposed soil or subsoil, medium color 0.1
4 Exposed soil or subsoil, light color 4.6
5 Gullied—exposed soil or subsoil, light color 0.8
6 Sea cliff—exposed soil or subsoil, light color 0.6
7 Shrubs and trees, high density 8.0
8 Sea cliff—shrubs and trees, high density 0.4
9 Shrubs and trees, medium density 46.6

10 Gullied—shrubs and trees, medium density 0.2
11 Sea cliff—shrubs and trees, medium density 0.7
12 Shrubs and trees, low density 11.6
13 Gullied—shrubs and trees, low density 0.2
14 Sea cliff—shrubs and trees, low density 1.3
15 Grass 3.8
16 Gullied—grass 0.2
17 Sea cliff—grass 0.3
18 Beach 0.2

Exposed soil or subsoil, easily identified on the basis of color; further subdivision made on the basis of color: dark, dark brown;
medium, yellowish brown; light, yellow. Shrubs and trees, identified on the basis of dark green color and coarse texture: high, com-
plete vegetation coverage, no exposed soil; medium, vegetation coverage between 70 and 100%; low, vegetation coverage between 50
and 70%. Grass, identified on the basis of light color and fine texture; verified with stereoscopic examination. Beach, identified on the
basis of proximity to coast, tan color, and very fine texture. Gullied, gullies are easily identifiable in air photos. Sea cliff, identified on

the basis of proximity to the coast and on slope.

and White (1988) and White et al. (1992).
The major advantages of the disk permea-
meter in this study were that little water is
needed to complete a measurement and only
minor surface disturbance is required; a dis-
advantage was the small size of the measure-
ment area.

TIME DOMAIN REFLECTOMETRY. Volumetric
soil-water content was measured at the start
(6;) and end (6,) of each disk permeameter
measurement using the Trase System 1 (Soil-
moisture 1990, Skaling 1992). The Trase Sys-
tem 1 is a time domain reflectometry (TDR)
approach to making indirect soil-water con-
tent measurements. TDR is an in situ tech-
nique for measuring near-surface soil-water
contents via the electromagnetic properties
of the soil. The reader interested in a de-
tailed review of TDR is directed to Dalton
(1992) and Zegelin et al. (1992).

One might question the use of an electro-
magnetic technique in soils known to be high
in iron, such as those found in Hawai‘i.

However, studies in Hawai‘i (R. E. Green,
pers. comm., 1992) have suggested that the
TDR method can provide good estimates of
soil-water content for soils high in iron. For
some measurements in this study, the 0, esti-
mates are low because the depth of the TDR
wave guides (0.15 m) was deeper than the
position of the wetting front at the end of the
disk permeameter measurement. With 6, un-
derestimated, the K, values, estimated from
equation 12, are underestimated.

Results

The saturated hydraulic conductivity and
sorptivity values determined for the 110
Kaho‘olawe measurement sites (Figure 4) are
given in Table 2. The general selection of
measurement sites was based upon our desire
to represent the spatial variations in land
cover, taken loosely as a surrogate for satu-
rated hydraulic conductivity, and strict time
constraints.

Inspection of Table 2 shows that there
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FIGURE 4. Locations of saturated hydraulic conductivity and sorptivity measurements and the intensive study area
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is tremendous variability in the saturated
hydraulic conductivity measurements across
Kaho‘olawe; the maximum and minimum
values are 4.1 x 1073 and 1.2 x 1078 m sec”!,
respectively. The mean (arithmetic) saturated
hydraulic conductivity value for the 110 esti-
mates is 8.0 x 10~° m sec™!; the uncertainty
in these estimates (represented by the stan-
dard deviation) is 4.1 x 10~* m sec™!. The
coefficient of variation (standard deviation/
mean) for the saturated hydraulic conduc-
tivity data is 5.1. The sorptivity estimates in
Table 2 show some variability; the maximum
and minimum values are 6.2 x 1073 and 1.1x
10~* m sec™!/2, respectively. The mean sorp-
tivity value for the 110 estimates is 1.4 x 1073
m sec™!/?; the standard deviation is 8.6 x
10~* m sec™'/2. The coefficient of variation
for the sorptivity data is 0.5. The mean val-
ues for the saturated hydraulic conductivity
and sorptivity data reported here compare
very well (R. E. Green, pers. comm., 1993)

with similar measurements made in Hawai‘i
on other islands for similar soils (for exam-
ple, see Green et al. 1982).

An intensive study area (13.8 km?) for
Kaho‘olawe, generally coincident with the
Hakioawa catchment (no. 4 on Figure 8),
containing 61 of the 110 measurement sites is
outlined in Figure 4. The statistical charac-
teristics for the saturated hydraulic conduc-
tivity and sorptivity data from the intensive
study area are given in Table 3. The sum-
mary statistics in Table 3 are generally quite
similar to those in Table 2.

Of the 18 land covers listed in Table 1,
only five (nos. 2, 4, 9, 12, and 15) are repre-
sented by the 110 measurements made during
our two accesses. It was not possible to es-
tablish multiple measurement sites for all the
land-cover classifications listed in Table 1
because of the time limitations of the two
Kaho‘olawe accesses. Therefore, we grouped
the 18 classifications in Table 1 into the three



TABLE 2

SATURATED HYDRAULIC CONDUCTIVITY AND SORPTIVITY ESTIMATES FROM TWO KAHO‘OLAWE ACCESSES

SATURATED HYDRAULIC

MEASUREMENT? LOCATION? CONDUCTIVITY, K SORPTIVITY, S LAND COVER
NO. m; x,y) (m sec™!) (m sec1/2) CLASSIFICATION®

1 17200, 11975 2.3E-5¢ 1.3E-3 C
2 17210, 11975 1.3E-6 1.6E-3 e

3 17000, 11700 4.6E-6 9.2E4 A
4 17010, 11700 1.3E-5 1.6E-3 A

5 16675, 11475 2.1E-5 1.4E-3 A
6 16685, 11475 8.9E-7 7.5E-4 A

7 15875, 10925 1.6E-5 8.2E-4 B

8 15885, 10925 2.6E-6 7.0E4 B
9 15950, 10925 1.8E-5 1.3E-3 A
10 15960, 10925 2.2E-6 5.6E-4 A
11 15900, 10900 1.6E-6 1.8E-3 C
12 15910, 10900 6.3E-5 1.9E-3 C
13 15825, 11150 1.7E-7 7.0E-4 A
14 15835, 11150 2.0E-5 8.9E4 A
15 15775, 10375 1.3E-5 1.1E-3 C
16 15785, 10375 5.0E-6 1.4E-3 C
17 15765, 10375 2.7E-6 1.4E-3 C
18 15775, 10365 2.2E-5 2.3E-3 C
19 15775, 10385 1.1E-5 2.0E-3 C
20 15765, 10385 5.6E-4 3.1E-3 C
21 15785, 10385 3.3E-5 1.6E-3 C
22 15765, 10365 2.7E-5 1.3E-3 C
23 15785, 10365 3.2E-7 1.7E-3 C
24 15765, 10395 1.7E-5 1.4E-3 C
25 15775, 10395 2.6E-5 1.3E-3 C
26 15785, 10395 2.6E-5 1.3E-3 C
27 15525, 8600 2.4E-5 1.1E4 A
28 15535, 8600 1.7E-6 1.9E-4 A
29 16585, 9595 3.3E-5 1.9E-3 C
30 16600, 9600 8.7E-5 4.4E-3 C
31 16615, 9610 1.9E-6 2.6E4 A
32 16620, 9620 3.0E-6 3.3E4 A
33 16595, 9595 8.9E-6 1.6E-3 C
34 16610, 9600 7.8E-5 1.7E-3 C
35 16695, 10025 1.2E-5 7.8E-4 A
36 16700, 10025 9.9E-6 7.1E4 A
37 16700, 10030 9.4E-6 1.5E-3 B
38 16705, 10025 1.5E-5 9.5E-4 A
39 16635, 11095 3.1E-5 1.3E-3 A
40 16645, 11080 1.5E-5 7.5E4 A
41 16640, 11075 2.5E-5 1.9E-3 A
42 4055, 4750 7.3E-5 6.2E-3 C
43 4050, 4735 9.1E4 3.8E4 B
44 4055, 4735 4.1E-5 2.8E-3 B
45 4065, 4750 2.2E-4 2.8E-3 C
46 4060, 4735 1.8E4 3.4E-3 B
47 4065, 4735 6.0E-4 3.3E-3 B
48 4685, 2155 3.6E-5 1.3E-3 B
49 4685, 2140 1.1E-6 7.1E-4 B
50 4705, 2175 3.7E-7 8.7E-4 C
51 4680, 2155 1.6E-5 1.4E-3 B
52 4705, 2170 3.9E-5 1.4E-3 B
53 4715, 2170 3.9E-6 6.6E-4 A
54 6625, 3965 3.6E-6 9.1E4 B
55 6595, 3970 1.0E-5 1.4E-3 A



TABLE 2 (continued)

SATURATED HYDRAULIC

MEASUREMENT* LOCATION? CONDUCTIVITY, K SORPTIVITY, S LAND COVER
NO. (m; X, y) (m sec™!) (m sec™'/2) CLASSIFICATION®
56 6590, 3985 1.2E-5 1.3E-3 (0
57 6615, 3960 1.2E-5 1.4E-3 B
58 6585, 3975 1.4E-5 1.2E-3 B
59 6595, 3975 1.5E-5 3.8E-4 C
60 9135, 6035 3.0E-5 1.8E-3 B
61 9135, 6030 2.6E-5 6.9E-4 A
62 9145, 6035 1.1E-5 7.3E-4 A
63 9140, 6035 3.6E-5 1.9E-3 B
64 9140, 6030 2.7E-5 1.0E-3 A
65 9145, 6040 2.6E-7 1.2E-3 A
66 8920, 5975 2.4E-6 1.2E-3 A
67 8905, 5940 5.0E-6 8.2E-4 A
68 8925, 5955 2.6E-5 1.7E-3 A
69 8920, 5980 1.1E-5 6.3E-4 A
70 8905, 5935 7.4E-5 2.3E-3 C
71 8925, 5960 3.4E-5 1.4E-3 A
72 15980, 8640 5.1E-5 2.0E-3 A
73 15995, 8640 1.2E-6 8.9E-4 A
74 16020, 8640 1.3E-6 5.8E-4 A
75 16035, 8640 8.6E-6 1.4E-3 A
76 15965, 8640 3.1E-5 9.1E4 A
77 15950, 8640 9.2E-7 4.2E4 A
78 16015, 8640 4.1E-3 8.0E-4 A
79 16040, 8640 9.3E-8 5.7E-4 A
80 12415, 6205 7.9E-6 5.7E-4 A
81 12420, 6205 2.8E-6 3.7E4 A
82 12415, 6200 7.1E-5 1.6E-3 A
83 12420, 6195 2.7E-5 1.6E-3 A
84 12425, 6205 4.2E-5 1.5E-3 A
85 12420, 6200 5.6E-7 1.4E-3 (@
86 14110, 6920 2.1E-5 1.5E-3 A
87 14140, 6940 1.1E-6 1.5E-3 A
88 14125, 6930 1.8E-5 1.2E-3 A
89 14150, 6950 1.7E-5 1.2E-3 C
90 14120, 6920 3.0E-5 2.4E-3 A
91 14150, 6940 4.2E-6 1.4E-3 C
92 14135, 6930 2.2E-6 7.4E-4 A
93 14160, 6950 1.4E-6 9.7E-4 C
94 14115, 6930 1.2E-8 5.9E-4 A
95 15755, 5300 3.8E-5 2.5E-4 C
96 15750, 5310 2.3E-5 1.7E-3 C
97 15750, 5315 1.2E-6 1.0E-3 C
98 15765, 5320 4.0E-5 2.0E-3 C
99 15135, 8110 6.0E-5 1.0E-3 C
100 16120, 8100 4.1E-5 1.0E-3 C
101 15125, 8110 2.4E-5 6.1E-4 A
102 15135, 8130 6.3E-7 2.2E-3 C
103 15935, 8510 1.1E-5 1.6E-3 A
104 15965, 8515 1.0E-5 2.3E-3 C
105 15945, 8510 6.8E-6 1.7E-3 B
106 15955, 8510 2.6E-5 2.3E-3 C
107 15940, 8510 1.1E-5 2.3E-3 C
108 15970, 8515 1.7E-4 2.0E-3 B
109 15950, 8510 5.8E-6 2.3E-3 (&
110 15960, 8510 3.8E-5 1.6E-3 C
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TABLE 2 (continued)

SATURATED HYDRAULIC

MEASUREMENT" LOCATION? CONDUCTIVITY, Kj SORPTIVITY, S LAND COVER
NO. (m; X, y) (m sec™1) (m sec™1/2) CLASSIFICATION®

Arithmetic mean 8.0E-5 1.4E-3

Harmonic mean 8.5E-7 9.1E4

Geometric mean 1.1E-5 1.2E-3

Standard deviation 4.1E-4 8.6E-4

Maximum value 4.1E-3 6.2E-3

Minimum value 1.2E-8 1.1E4

Median 1.5E-5 1.3E-3

Coefficient of variation® 5.1 0.5

“Measurements 1-28, 18—-20 September 1991; measurements 29-110, 11-14 June 1992.
¢Standard deviation/arithmetic mean (dimensionless).

“See Table 4. 42.3E-5=23x 1075,

TABLE 3

SUMMARY STATISTICS FOR THE 61 SATURATED HYDRAULIC
CONDUCTIVITY AND SORPTIVITY ESTIMATES FROM THE
INTENSIVE STUDY AREA IDENTIFIED IN FIGURE 4

bSee Figure 4.

revised land-cover classifications listed in
Table 4. Our criteria for these groupings are
summarized in the footnote to Table 4. The
land-cover classifications in Table 4 are used
to group the estimates of saturated hydraulic

SATURATED conductivity and sorptivity into three classes.

C(‘)’J}‘)’SAU“C A The spatial structure of saturated hydrau-

STATISTIC X, :s'clc_nl)y’ (m sec-1/2) 11_c cgnduct1v1ty and‘ sorptivity across the en-

tire island of Kaho‘olawe and the intensive

Arithmetic mean 9.7E-5° 1.4E-3 study area are represented by the two-dimen-

gaﬂnom_c mean i?gg ?-?E-‘; sional directional semivariograms shown in

eometric mean s - 4 - . 1ot1 Tott

Standard deviation 53F4 7554 Figures 5 and 6. The statlstlcal' characten_st!cs

Maxintum value 41E-3 4.4E-3 of the 110 saturated hydraulic conductivity

Minimum value 9.3E-8 1.1E-4 and sorptivity estimates, based upon the land-

Median 1.3E-5 1.3E-3 cover classifications in Table 4, are given in
Coefficient of Table 5
variation® 5.5 0.5 p

The data in Table 5 and Figures 5 and 6
lead to the following generalized comments:
(1) There appears to be little spatial structure,

99.7B-5=9.7 x 1075.
bStandard deviation/arithmetic mean (dimensionless).

TABLE 4

LAND CovVER CLASSIFICATION (BASED UPON FIELD OBSERVATION AND HYDRAULIC SIGNIFICANCE)
UseD T0 GROUP SATURATED HYDRAULIC CONDUCTIVITY AND SORPTIVITY ESTIMATES

USED TO REPRESENT

LAND COVER DESCRIPTION PERCENTAGE OF ISLAND CLASSIFICATIONS IN TABLE 1
A Exposed soil or subsoil 26.5 1-16
B Shrubs and trees 69.0 7-14
(3 Grass 4.5 15-18

Exposed soil or subsoil: hard, relatively impervious clay or saprolite, with little or no vegetative cover (surface usually marked
with intersecting cracks with ca. 1-m spacing, occurs in broad, gently sloping surfaces in higher elevations and in steep, deeply gullied
middle elevations). Shrubs and trees: ca. 2- to 4-m-high woody vegetation of various coverages, often with grass understory (usually
associated with soil remnant having B [or even A] horizon still intact). Grass: ca. 1- to 2-m-high grass (often associated with soil
having B horizon still intact).
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TABLE 5

STATISTICAL CHARACTERISTICS OF SATURATED HYDRAULIC CONDUCTIVITY AND SORPTIVITY ESTIMATES BASED UPON LAND COVER

SATURATED HYDRAULIC CONDUCTIVITY (Kj) SORPTIVITY (S)
MAXIMUM MAXIMUM
AND AND
NO. OF MEAN STANDARD COEFFICIENT MINIMUM NO. OF MEAN STANDARD COEFFICIENT MINIMUM
MEASURE-  VALUES  DEVIATION OF VARIATION VALUES  MEASURE-  VALUES DEVIATION OF VARIATION VALUES
LAND COVER® MENTS (msec!) (msec™!) (DIMENsIONLEss) (msec™!)  MENTs  (msec /) (msec™/?) (DIMENSIONLESS) (m sec™!/?)
A 51 9.6E-5° 5.8E-4 6.0 4.1E-3 51 1.0E-3? 5.0E-4 0.5 24E-3
4.5E-7¢ 1.2E-8 6.9E-4¢ 1.1E-4
7.4E-6¢ 8.6E-4¢
1.1E-5¢ 8.9E-4°¢
B 17 1.2E-4 2.5E-4 2.1 9.1E-4 17 1.6E-3 8.5E-4 0.5 3.4E-3
7.8E-6 1.1E-6 1.2E-3 3.8E-4
2.7E-5 1.4E-3
3.0E-5 1.4E-3
C 42 4.2E-5 9.1E-5 2.2 5.6E-4 42 1.8E-3 1.0E-3 0.6 6.2E-3
2.9E-6 3.2E-7 1.3E-3 2.5E-4
1.3E-5 1.6E-3
2.2E-5 1.6E-3
Vegetated surfaces 59 6.5E-5 1.6E-4 2.5 9.1E-4 59 1.7E-3 1.0E-3 0.6 6.2E-3
B, 0 3.6E-6 3.2E-7 1.3E-3 2.5E-4
1.6E-5 1.5E-3
2.2E-5 1.6E-3

“See Tables 1, 2, 4 and Figures 3 and 4.
b Arithmetic mean.

¢Harmonic mean.

4 Geometric mean.

¢Median.
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as gleaned from geostatistical analysis (Fig-
ure 5), for either the saturated hydraulic
conductivity or the sorptivity data. The effort
to focus on the area of greatest measurement
density was also geostatistically unrewarding
(Figure 6). (2) The arithmetic mean values
for saturated hydraulic conductivity esti-
mates are smaller (although only slightly) for
the vegetated surfaces (6.5 x 107> m sec™!)
than for the exposed surface land cover (9.6 x
10~3 m sec~!); the difference is reversed for the
harmonic mean values, 3.6 x 107 versus 4.5 x
10~7 m sec™!. (3) The range in saturated hy-
draulic conductivity estimates for the exposed
surface land cover (A) is almost five orders of
magnitude; for the other two land covers (B
and C) and the combination of B and C (veg-
etated surfaces), the range is much smaller.
(4) There is considerable variability in the
saturated hydraulic conductivity estimates
for three land covers: coefficients of variation
of 6.0, 2.1, and 2.2 for the A, B, and C land

P
‘ K9 57
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covers, respectively. (5) The average sorptiv-
ity values for all three land covers are very
similar: 1.0 x 1073,1.6 x 10~%,and 1.8 x 10~3
m sec'/2 for the A, B, and C land covers, re-
spectively. (6) The variability in the sorptivity
estimates is relatively small for the three land
covers: coefficients of variation of 0.5, 0.5, and
0.6 for the A, B, and C land covers, respec-
tively.

RAINFALL-RUNOFF SIMULATIONS

Data

LAND SURFACE. For this study, the island
of Kaho‘olawe (Figure 7) was divided into
70 catchments (see Figure 8). The segments
used to transform the catchments into over-
land flow planes for the QPBRRM simula-
tions are illustrated in Figure 9. The total
number of overland flow plane segments

o A\

e 69 3
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63 65 \66
61
7
62
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FiGure 8. Seventy Kaho‘olawe catchments. The Hakioawa catchment is no. 4.
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Kilometers

FIGURE 9. Segments used to transform the Kaho‘olawe catchments into overland flow planes.

used to represent Kaho‘olawe was 1529.
The total number of channel reaches for the
70 catchments was 3733. The general char-
acteristics of the Kaho‘olawe catchments are
summarized in Table 6. Based upon field
measurements on the island, a scenario was
developed to represent the spatial variability
of saturated hydraulic conductivity and sorp-
tivity for Kaho‘olawe; the three basic land
cover designations in Table 5 are (1) exposed
soil or subsoil, (2) shrubs and trees, and (3)
grass. This is our distributed (DT) represen-
tation. We use the harmonic mean values in
Table 5 for saturated hydraulic conductivity
and sorptivity for the DT scenario. The har-
monic mean is employed in the QPBRRM
simulations to account for whatever spatial
correlation might exist in the measurements
of saturated hydraulic conductivity and sorp-
tivity, rather than assume that the measure-
ments are statistically independent as in the
standard arithmetic mean. A second scenario

for representing saturated hydraulic conduc-
tivity and sorptivity is the average approach,
listed in Table 2. Again, we use the harmonic
mean values in Table 2 for the saturated
hydraulic conductivity and sorptivity for the
averaged (AV) scenario. The estimates of ini-
tial soil-water content, which varied across
Kaho‘olawe with land cover, were based upon
field TDR measurements; the same values of
initial soil-water content were used for each
rainfall event because temporal information
did not exist. The resulting under- or overesti-
mation of actual soil-water contents for each
of the rainfall events was unavoidable be-
cause these data were unavailable. The char-
acteristic parameters used for the QPBRRM
simulations of the Kaho‘olawe catchments
are given in Table 7. The time step used for
all infiltration and flow routing was 120 sec.
The space increment for the overland flow
segments was 20 m. The average space incre-
ment for the open channel flow reaches was



TABLE 6

GENERAL CHARACTERISTICS OF 70 KAHO‘OLAWE CATCHMENTS AND REPRESENTATIVE OVERLAND FLOW PLANES

AREA SLOPES (%)
CATCHMENT
NO. m? RANK* CHANNEL LEFT SIDE RIGHT SIDE
1 1,381,250 31 18.3 1.5 1.5
2 443,750 69 17.2 13.3 3.5
3 475,000 65 15.1 5.7 10.9
4 3,646,875 5 12.1 5.7 7.1
5 684,375 52 15.8 21.8 20.0
6 571,875 63 20.6 24.0 8.6
7 1,268,750 33 14.7 11.8 21.5
8 615,625 61 19.8 8.0 2.0
9 1,453,125 28 16.0 1.5 16.0
10 671,875 53 24.0 9.1 8.9
11 618,750 59 23.6 44 4.2
12 646,875 57 253 55 13.3
13 806,250 47 26.0 7.5 5.5
14 890,625 43 234 8.9 6.4
15 1,343,750 32 17.8 8.0 8.7
16 2,956,250 11 12.7 10.0 4.7
17 565,625 64 50.5 222 1.3
18 2,028,125 19 13.3 35 2.5
19 1,034,375 36 10.1 10.0 22.2
20 993,750 39 10.9 9.2 7.1
21 462,500 66 20.4 2.4 2.4
22 1,784,375 20 12.8 4.2 32
23 743,750 49 17.1 3.5 39
24 450,000 67 58.0 2.0 2.0
25 7,025,000 1 7.8 3.7 2.6
26 1,006,250 38 17.2 13:3 6.9
27 856,250 44 31.3 73 5:3
28 3,612,500 6 7.1 11.2 11.3
29 2,146,875 18 12.4 29 4.4
30 1,578,125 22 10.7 5.0 1.7
31 2,478,125 14 6.6 11.4 3.9
32 618,750 59 11.7 7.3 4.9
33 6,065,625 3 5.6 3.8 5.4
34 1,578,125 22 8.6 2.5 2.8
35 1,546,875 24 6.3 42 2.9
36 759,375 48 6.8 42 3.6
37 3,184,375 9 49 11.4 5.2
38 837,500 45 6.0 4.0 5.0
39 2,221,875 17 6.0 5:7 5.7
40 5,815,625 4 44 9.2 1.7
41 1,543,750 25 52 1.1 24
42 1,478,125 27 5.7 8.0 10.9
43 641,667 58 10.0 5.7 2:9
44 1,140,625 34 7.5 3.9 10.0
45 2,303,125 16 8.0 5.2 1.6
46 3,165,625 10 9.4 7.6 13.3
47 434,375 70 10.3 3.1 7:3
48 671,875 53 12.6 44 8.0
49 587,500 62 133 4.0 4.0
50 815,625 46 12.3 13.3 10.0
51 1,034,375 36 10.1 8.9 8.6
52 937,500 41 9.9 42 12.3
53 2,468,750 15 7.6 5.9 15.0
54 1,506,250 26 8.3 7.3 11.8
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TABLE 6 (continued)

AREA sLoPES (%)
CATCHMENT
NO. m? RANK* CHANNEL LEFT SIDE RIGHT SIDE
55 2,875,000 12 7.9 24.0 5.9
56 6,659,375 2 7.6 19.0 42
57 3,481,250 8 7.8 10.0 10.0
58 937,500 41 8.6 14.5 5.3
59 1,431,250 30 9.8 24.0 11.4
60 1,706,250 21 11.0 6.9 14.3
61 653,125 56 11.7 10.9 10.0
62 987,500 40 11.6 21.8 18.2
63 709,375 50 12.8 13.3 229
64 690,625 51 12.6 17.8 10.7
65 3,556,250 7 10.0 24.6 10.7
66 1,446,875 29 11.4 11.4 18.7
67 2,484,375 13 10.2 13.3 15.0
68 1,109,375 35 13:3 11.1 31.1
69 659,375 55 133 5.0 84
70 446,875 68 14.7 28.6 13.3

“From largest to smallest.

100 m. No measurements of profile depth
were conducted because the prevalence of un-
exploded ordnance on Kaho‘olawe makes it
dangerous to dig soil pits. Soil depth was
taken as a 1-m (homogeneous) constant for
the entire island. It should be noted that the
simulated wetting front from the infiltration
component of QPBRRM never reached the
1-m depth for any of the events for any of
the land covers in this study. Based upon
field observations, it is obvious that depres-
sion storage does play a role in Kaho‘olawe
runoff events. For this effort, however, de-
pression storage was set to zero across the en-

tire island because of the absence of field data,
thus increasing the magnitude of excess pre-
cipitation and simulated runoff. For the run-
off generation components of our QPBRRM
simulations for Kaho‘olawe, we assumed the
channel width to be zero, thus reducing the
simulated runoff by preventing runoff caused
by rainfall falling directly on the channel; this
is an acceptable tack because our focus was
on the land phase and the generation of over-
land flow. For each catchment, lateral inflows
were routed in channels with constant trape-
zoidal geometry, because we did not have de-
tailed channel descriptions.

TABLE 7

CHARACTERISTIC PARAMETERS FOR THE KAHO‘OLAWE CATCHMENTS FOR THE QPBRRM SIMULATIONS

MANNING’S ROUGHNESS DEPRESSION PROFILE

WIDTH, W COEFFICIENT?, 1 STORAGE, D DEPTH, d
CATCHMENT (m) (dimensionless) (mm) (m)

Land cover®

A — 0.08 0.0 1.0
B — 0.12 0.0 1.0
C — 0.16 0.0 1.0
Channel 0 0.05 — —

“Woolhiser (1975), French (1985), Engman (1986); » = n. for channel; n = n, for overland.

?See Table 4 for description.
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TABLE 8
CHARACTERISTICS OF THE 10 RAINFALL EVENTS USED IN THE QPBRRM Simulations
OF RAINFALL RUNOFF FOR KAHO'OLAWE
EVENT MAXIMUM INTENSITY, TOTAL DEPTH, LENGTH OF EVENT,
NoO. DATE P;% (mm hr1) Pp® (mm) Py (hr)
1 6 Feb. 1966 28 (8)° 47 (6)® 8 (8)°
2 23 Apr. 1967 32 (6) 40 (10) 3(1)
3 3 June 1967 40 (2) 82 (3) 4(5)
4 16 Jan. 1968 33 (5) 77 4) 7(7)
5 16 Apr. 1968 31 (7) 41 9) 5(6)
6 3 Oct. 1968 37 (3) 47 (5) 3(3)
7 16 Jan. 1971 26 (10) 86 (2) 11(9)
8 31 Dec. 1971 33 4) 47 (7) 44
9 23 Jan. 1972 56 (1) 214 (1) 24 (10)
10 1 Sept. 1972 28 9) 46 (8) 32

Norte: These events were recorded at U.S. Weather Service rain gauge station no. 0300 (Hawai‘i State Key gauge no. 807) on the

leeward side of the island of O‘ahu (State of Hawai‘i 1973).
“Rounded off to the nearest millimeter.
bRanking (in parentheses) from largest to smallest.
¢Ranking (in parentheses) from shortest to longest.

RAINFALL. The maximum mean annual
rainfall near the summit of Kaho‘olawe
has been estimated to be between 640 and
760 mm per year (State of Hawai‘i 1990).
The record length and measurement inter-
val for the sparse Kaho‘olawe rainfall data
are inadequate for abstracting events for our
QPBRRM simulations. However, patterns of
storm rainfall (U.S. Weather Bureau 1962,
Giambelluca et al. 1984) are closely corre-
lated with patterns of mean annual rainfall
(Giambelluca et al. 1986) in the Hawaiian
Islands. Several years of hourly rainfall data
are available for stations on the island of
O‘ahu. For our study we selected a station on
the leeward side of O‘ahu as being reason-
ably representative of the rainfall character-
istics for Kaho‘olawe; the mean annual rain-
fall for that U.S. National Weather Service
rain gauge (station number 0300) is 820 mm.
The 10 rainfall events used to excite QPBRRM
for the Kaho‘olawe rainfall-runoff simula-
tions in this study are summarized in Table 8
and are graphically illustrated in Figure 10.
These 10 events were selected from the
largest 25 events occurring over a 6-yr pe-
riod. Comparison of the maximum rainfall
intensities in Table 8 with the saturated hy-
draulic conductivity (Kj) in Table 5 for the
exposed soil and subsoil land cover shows

that the 10 rainfall events will produce excess
rainfall for the selected events.

It should be pointed out that we are not
simulating observed runoff events in this
study (there are no runoff data); therefore, an
exact rainfall characterization is not impor-
tant for our simulations. The 10 rainfall
events summarized in Table 8 and shown in
Figure 10 are typical (and highly likely) for
Kaho‘olawe and serve to illustrate the type of
Horton runoff response the island experi-
ences during large storms.

Results

The results from the QPBRRM simula-
tions for the entire island of Kaho‘olawe are
given in Tables 9 through 11. Figure 11 illus-
trates which catchments experienced runoff
for the 10 events. Perusal of the runoff sum-
mary variable averages (Qp, storm flow depth;
Opk, peak stormflow rate) and runoff summa-
ries in Tables 9-11 and Figure 11 leads to the
following generalized comments: (1) The dis-
tributed representation of saturated hydraulic
conductivity (DT) yielded excess precipitation
(Pmyx): () for the exposed soil or subsoil (A)
land cover for each of the 10 rainfall events,
(b) for the shrubs and trees (B) land cover for
only two of the 10 rainfall events, and (c) for
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FiGure 10. Ten rainfall events used for QPBRRM simulations of Horton overland flow on Kaho‘olawe.

the grass (C) land cover for eight of the 10
rainfall events. (2) The averaged representa-
tion of saturated hydraulic conductivity (AV)
yielded excess precipitation (Py,y) for eight of
the 10 rainfall events. (3) The catchments with
the largest response (runoff depth) for the 10
rainfall events were as follows: event 1 (catch-
ment 11), event 2 (catchment 13), event 3
(catchment 11), event 4 (catchment 11), event

5 (catchment 11), event 6 (catchment 70),
event 7 (catchment 11), event 8 (catchments
3, 11, 70), event 9 (catchment 11), event 10
(catchment 11). (4) The largest island response
was for event 9; the smallest island response
was for event 8. (5) The distributed nature of
runoff response for the 10 rainfall events
corresponded (as was expected) to the land
cover distribution.
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TABLE 9

MaxiMuM EXCESS PRECIPITATION (P,,x) FOR THE
QPBRRM SIMULATIONS FOR THE 10 RAINFALL EVENTS
WITH DISTRIBUTED AND AVERAGED ESTIMATES OF
SATURATED HYDRAULIC CONDUCTIVITY

Distributed, P,

(mm/hr)
LAND COVER
EVENT Average, Py

NO. A B C (mm/hr)

1 17.0 0 8.0 13.0

2 16.6 0 5.6 11:2

3 24.6 0.6 13.6 19.3

4 19.7 0 10.0 15.2

5 18.4 0 8.7 13.9

6 15.3 0 1.6 8.0

7 134 0 3.7 8.9

8 5.1 0 0 0

9 49.1 31.4 42.1 46.5
10 6.7 0 0 0

The results thus far have been interpreted
on an island-wide basis. We now turn to the
Hakioawa catchment (no. 4 in Table 10 and
Figure 8) to facilitate a closer inspection of
the impact of land cover variability on runoff
response at the catchment scale. Figures 12
and 13 show the Hakioawa catchment, the
land cover distribution, and the overland flow
planes used to approximate the catchment for
the QPBRRM simulations. Figure 14 illus-
trates the distribution of excess rainfall, rein-
filtration (runon), and contributing overland
flow partial source areas for the 10 events.
Table 12 reports QPBRRM simulation results
for distributed (DT) and averaged (AV) esti-
mates of saturated hydraulic conductivity and
sorptivity for the 10 rainfall events. Table
13 shows the runoff contributions of the
Hakioawa overland flow plane segments for
the 10 rainfall events for the alternative rep-
resentations of near-surface soil hydraulic
properties. One should keep in mind that we
could have focused our attention on any of
the 70 Kaho‘olawe catchments. We selected
Hakioawa because it exhibits considerable
land cover variability, has areas of substantial
observed erosion, and was the focus of much
of our field investigation.

Inspection of Figure 14 and Tables 12 and
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13 leads to the following generalized com-
ments: (1) The areas of excess rainfall, rein-
filtration, and Hortonian overland flow cor-
responded to the distribution of land cover.
(2) The averaged representation of saturated
hydraulic conductivity (versus the distributed
representation) yielded greater runoff response
(Qp) for seven of the 10 rainfall events and
larger peak flows (Qpk) for eight of the 10
events. (3) The hydrologic response of the
upper three channel reaches of the Hakioawa
catchment was greater with the distributed
representation (DT) of saturated hydraulic
conductivity. The hydrologic response of the
lower three channel reaches of the Hakioawa
catchment was greater with the averaged
representation (AV) of saturated hydraulic
conductivity. For channel reaches 6, 7, and
12, the greater response varied between the
DT and AV representations of saturated hy-
draulic conductivity depending upon the rain-
fall event. (4) The averaged representation
(AV) of saturated hydraulic conductivity re-
sulted in substantial overestimates in total
runoff from the catchment and misrepre-
sented (relative to the DT estimates) the dis-
tribution and timing of surface runoff within
the catchment. (But note that this statement
is made in the absence of field observations.)
(5) Runoff response was a sensitive nonlinear
function of rainfall depth, intensity, and
timing and land cover distribution. Rainfall
events of similar depth but different distribu-
tion led to quite different runoff response
(e.g., events 1, 6, and 8).

DISCUSSION

The field study undertaken was highly suc-
cessful, providing a new and unique data set
of near-surface soil hydraulic property infor-
mation for Kaho‘olawe. The large variability
(within and between land covers) and uncer-
tainty in the saturated hydraulic conductiv-
ity data provide physically based process evi-
dence that hydrologic response is extremely
variable on Kaho‘olawe. It was not possible
in this study to do any spatial interpolation
of the Kaho‘olawe data with geostatistical
methods (kriging) because there was no



TABLE 10

Runorr DEPTH (mm) FOR THE 70 KAHO‘OLAWE CATCHMENTS FOR QPBRRM SIMULATIONS WITH THE DISTRIBUTED
REPRESENTATION OF SATURATED HyprAULIC CoNDUCTIVITY (DT) FOR THE 10 RAINFALL EVENTS

EVENT NO.
CATCHMENT?
NO. 1 2 3 4 5 6 7 8 9 10
1 0 0 ~0.0° 0 0 0 0 0 32.6 0
2 0 0.8 1.8 2.0 2.9 0.2 43 ~ 0.0 49.7 ~ 0.0
3 1.8 1.5 34 3.8 1.9 0:5 2.0 0.1 54.2 0.1
4 3.2 2.0 59 7.4 32 0.4 2.4 ~ 0.0 44.5 ~ 0.0
5 4.0 24 7.6 7.4 4.2 0.8 2.8 ~ 0.0 66.9 0.1
6 1.1 1.0 1.9 2:3 1.1 0.3 1.3 ~ 0.0 44.1 ~ 0.0
7 5.5 3.5 9.9 10.7 5.6 1.1 4.6 ~0.0 67.6 0.1
8 0.9 0.7 1.8 2:1 1.0 0.2 1.0 ~ 0.0 45.5 ~ 0.0
9 2.7 1.9 54 0.5 2.7 0.4 2.8 ~ 0.0 58.9 0.1
10 5.4 3.6 10.2 11.0 55 0.8 44 ~ 0.0 71.4 0.1
11 9.7 2.6 18.4 20.3 10.1 2.6 10.6 0.1 97.2 0.3
12 54 42 10.8 11.2 5.6 1.4 5.5 ~ 0.0 70.8 0.2
13 8.0 6.3 15.4 17.1 8.2 1.8 8.6 ~ 0.0 77.2 0.2
14 4.5 0.1 8.7 9.6 4.6 1.0 4.8 ~ 0.0 56.0 0.1
15 5.6 4.0 10.8 11.1 5.6 1.1 5.0 ~ 0.0 62.9 0.1
16 59 43 10.4 12.9 6.1 1.0 6.0 ~ 0.0 55.7 0.1
17 0.2 ~ 0.0 0.4 0.5 0.2 ~ 0.0 ~ 0.0 0 314 0
18 0.7 0.5 1.6 1.8 0.7 0.1 0.7 ~ 0.0 34.9 ~ 0.0
19 4.2 3.2 7.8 8.3 4.4 1.1 42 ~ 0.0 56.8 0.1
20 2.4 1.7 5.6 52 2.5 0.6 23 ~ 0.0 57.5 0.1
21 6.3 49 12.2 14.0 6.4 1.2 6.8 ~ 0.0 71.3 0.1
22 5.8 4.4 10.8 13.4 59 0.9 6.4 ~ 0.0 48.6 0.1
23 6.4 49 12.7 14.2 6.6 1.2 6.8 ~ 0.0 71:5 0.1
24 0 0 ~ 0.0 0 0 0 0 0 323 0
25 4.4 3.2 9.1 11.1 4.5 0.6 4.7 ~ 0.0 46.7 ~ 0.0
26 5.8 42 11.4 12.1 1.2 12 54 ~ 0.0 63.9 0.1
27 1.2 0.9 2.2 2:5 1.2 0.3 1.3 ~ 0.0 47.8 ~ 0.0
28 4.4 3.1 8.6 8.6 4.6 0.7 3.8 ~ 0.0 56.9 0.1
29 1.0 0.7 2.6 2.6 1.0 0.1 0.9 ~ 0.0 39.1 ~ 0.0
30 2.3 1.7 4.6 54 23 24 25 ~ 0.0 517 ~ 0.0
31 29 22 5.7 6.8 3.0 0.5 32 ~ 0.0 50.2 0.1
32 0.3 0.1 0.9 0.6 0.3 0 0.1 0 46.5 0
33 5.0 3.8 9.5 11.3 5.1 0.7 53 ~ 0.0 46.2 0.1
34 6.5 5.1 12.5 14.2 6.7 13 7.0 ~ 0.0 78.1 0.1
35 1.4 1.0 2.7 3.2 1.5 0.3 1.4 ~ 0.0 50.4 ~ 0.0
36 0.5 0.1 1.2 1.2 0.5 ~ 0.0 0.1 0 50.0 0
37 0.8 0.6 1.3 1.7 0.9 0.2 0.9 ~ 0.0 38.6 ~ 0.0
38 ~ 0.0 ~ 0.0 ~ 0.0 ~ 0.0 ~ 0.0 0 ~ 0.0 0 45.0 0
39 ~ 0.0 ~ 0.0 0.1 0.1 ~ 0.0 0 ~ 0.0 0 38.7 0
40 0.3 0.2 0.6 0.7 0.3 ~ 0.0 0.3 ~ 0.0 24.1 ~ 0.0
41 ~ 0.0 ~ 0.0 ~ 0.0 ~ 0.0 ~ 0.0 0 ~ 0.0 0 35.7 0
42 0.3 0.2 0.5 0.6 0.3 0.1 0.3 ~ 0.0 46.0 ~ 0.0
43 0 0 0 0 0 0 0 0 41.7 0
44 0 0 0 0 0 0 0 0 31.2 0
45 0 0 0 0 0 0 0 0 27.1 0
46 1.2 1.0 2.2 24 1.3 0.3 1.3 ~ 0.0 277 ~ 0.0
47 2.1 1.7 4.1 4.4 2.2 0.6 2.3 ~ 0.0 53.2 0.1
48 1.9 1.6 3.5 3.8 2.0 0.6 2.1 ~ 0.0 80.0 0.1
49 0 0 0 0 0 0 0 0 441 0
50 2:5 2.1 4.5 5:3 2.6 0.7 2.8 ~0.0 53.8 0.1
51 1.7 1.4 32 35 1.8 0.5 1.9 ~ 0.0 52.6 0.1
52 1.1 0.9 2.1 23 150 0.3 1.2 ~ 0.0 49.5 ~ 0.0
53 4.5 34 8.0 9.4 4.6 0.9 4.6 ~ 0.0 52.0 0.1
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TABLE 10 (continued)
EVENT NO.
CATCHMENT?
NO. 1 2 3 4 5 6 ¥ 8 9 10
54 0.9 0.7 1.5 1.8 0.9 0.2 0.9 ~ 0.0 454 ~ 0.0
55 1.6 1.2 2.5 3.1 1.7 0.4 1.5 ~ 0.0 34.4 0.1
56 2.0 1.2 3.6 4.7 2.0 0.2 1.5 ~ 0.0 31.8 ~ 0.0
57 3.0 23 5.5 6.2 3.0 0.7 3.1 ~ 0.0 46.6 0.1
58 1.5 1.0 3.3 3.1 1.6 0.3 1.3 ~ 0.0 53.7 ~ 0.0
59 1.2 1.0 241 2:3 1.2 0.4 1.3 ~ 0.0 40.4 0.1
60 0.1 ~ 0.0 0.4 0.2 0.1 0 0 0 44.1 0
61 0 0 ~ 0.0 0 0 0 0 0 48.1 0
62 1.0 0.8 1.9 2.1 1.1 0.3 1.1 ~ 0.0 50.2 ~ 0.0
63 0 0 ~ 0.0 0 0 0 0 0 40.3 0
64 0.2 ~ 0.0 0.4 0.4 0.2 0 ~ 0.0 0 52.1 0
65 44 3.1 7.0 8.8 4.5 0.8 4.0 ~ 0.0 41.3 0.1
66 2.2 0.8 44 39 2.2 ~ 0.0 0.6 0 57.4 0
67 2.2 1.4 4.2 4.5 22 0.4 1.8 ~ 0.0 499 ~ 0.0
68 2.8 2.0 53 5.3 29 0.7 25 ~ 0.0 56.1 0.1
69 0.8 0.7 1.4 1.7 0.8 0.2 0.9 0 38.8 ~ 0.0
70 3.5 2.9 6.4 6.9 3.7 1.2 39 0.1 66.9 0.2

“See Figure 8 for location.
®If runoff depth < 0.05 mm, denoted as ~ 0.0.

TABLE 11

ToTAL RAINFALL AND RUNOFF FOR THE 70 KAHO‘OLAWE

CATCHMENTS FOR THE QPBRRM SIMULATIONS WITH THE

DISTRIBUTED REPRESENTATION OF SATURATED HYDRAULIC
ConpuctiviTy (DT) For THE 10 RAINFALL EVENTS

RAINFALL RUNOFF % HORTON
EVENT NO. (m?) (m?) RESPONSE®
1 5,472,318 302,850 5.5
2 4,657,292 213,333 4.6
3 9,547,448 574,075 6.0
4 8,965,286 652,731 7.3
5 4,773,724 306,773 6.4
6 5,472,318 67,567 1.2
7 10,013,177 298,065 3.0
8 5,472,318 1,366 0.02
9 24.916,511 5,270,084 212
10 5,355,885 6,293 0.1
Mean 8,464,628 769,314 —
Standard
deviation 6,138,496 1,596,376 —
Coefficient of
variation 0.7 2.1 —

“Rounded off to 1/10 of a percent.

structure in the near-surface soil hydraulic
property data. An explanation for the lower
saturated hydraulic conductivity values (in
some instances) on Kaho‘olawe for the veg-
etated surface than for the exposed soil and
subsoil surfaces is the cracks in the exposed
surfaces, which are common (see Table 4
footnote). The study illustrates that param-
eter surface maps are difficult to generate,
based upon geostatistical techniques, for
near-surface soil hydraulic properties at the
insular scale with limited data. The saturated
hydraulic conductivity and sorptivity data
reported here facilitated the simulation of
rainfall-runoff response for Kaho‘olawe for
events of different sizes with a quasi-physi-
cally based rainfall-runoff model of Hortonian
overland flow.

The runoff estimates reported here, based
upon physically based rainfall-runoff event
simulations, provide an improved hydrologic
response characterization for Kaho‘olawe.
The runoff response for the 10 large rainfall

Ficure 11. Kaho‘olawe catchments “not” experiencing runoff (shaded) for the 10 rainfall events used in

QPBRRM simulations.
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Ficure 14. Hydrologic response (shaded) for the Hakioawa catchment for the 10 rainfall events: (@) overland flow plane segments experiencing excess rainfall, (b)
overland flow plane segments experiencing reinfiltration, and (c) overland flow segments that are partial source areas. The bottom edge of each response representa-
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TABLE 12

RuNOFF SUMMARY VARIABLES FOR THE QPBRRM SiMULATIONS FOR THE 10 RAINFALL EVENTS FOR THE HAKI0AWA
CATCHMENT WITH DISTRIBUTED AND AVERAGED ESTIMATES OF SATURATED HYDRAULIC CONDUCTIVITY AND SORPTIVITY

DISTRIBUTED, K AVERAGE, K|
EVENT NO. Op (mm)* Orx (LS7Y) Op (mm)* Orx (LS7Y)
1 3.2 4,145 6.4 8,210
2 2.1 2,428 2.4 3,633
3 5.9 5,986 11.1 15,039
4 7.4 5,389 16.1 10,891
5 3.2 4,375 6.1 8,418
6 0.4 629 0.1 59
7 24 1,921 2.9 3,321
8 0.01 13 0 0
9 44.5 23,961 66.3 34,395
10 0.04 53 0 0
Mean 6.9 4,890 11.1 8,397
Standard deviation 134 7,041 20.1 10,463
Coefficient of variation 1.9 1.4 1.8 1.2

“Rounded off to 0.1 mm.

events is much smaller than the qualitative
estimate illustrated in Figure 2. One should
note, however, that 20% surface runoff is
considerable for the near-surface hydrogeo-
logic conditions typical of Hawai‘i. To im-
prove upon the simulations in this study will
require better estimates of rainfall variability
across the island and evapotranspiration es-
timates between events for estimates of spa-
tially variable event antecedent soil-water
contents. Runoff simulations of the type re-
ported here combined with evapotranspira-
tion estimates could be used in a near-surface
water balance to characterize, by difference,
recharge, which could in turn be used to es-
timate soil-water contents in space and time
for Kaho‘olawe. Information on potentially
available soil-water content would be ex-
tremely useful for future revegetation efforts
on Kaho‘olawe.

Paradise Lost or Restoration Geomorphology?

The work reported in this paper sets a
foundation for an ongoing effort concerned
with simulating sediment transport on Ka-
ho‘olawe. Inspection of Figure 11 shows that
even for the smallest of the 10 simulated rain-
fall-runoff events most of the Kaho‘olawe

catchments experienced overland flow and,
therefore, are potentially vulnerable to ero-
sion; for event 9 the entire island was vulner-
able. Inspection of Figure 14 illustrates, on a
smaller scale, the potential location of sedi-
ment sources and deposition sites for the
Hakioawa catchment for the 10 events; the
excess rainfall locations are taken here as a
surrogate for sediment sources, and the re-
infiltration locations are taken here as a sur-
rogate for deposition sites. The distribution
of runoff-producing areas shown in Figure 14
agrees well with our field observations of
erosion surfaces for the Hakioawa catchment
and thus provides some confidence in the
QPBRRM simulations. In future work we
plan to carefully map partial source areas
during large rainfall-runoff events; this much-
needed information will be used to evaluate
model performance.

The QPBRRM simulations of surface
runoff by the Horton mechanism enable us to
estimate the velocities and depths of overland
flow for different land covers, which can be
coupled to a process-based erosion model.
The sediment load from an upland source is
controlled by the amount of sediment made
available for transport by detachment pro-
cesses and by the transport capacity of the



TABLE 13

RUNOFF FROM OVERLAND FLOW PLANE SEGMENTS FOR EACH CHANNEL REACH OF THE HAKIOAWA CATCHMENT
FOR THE 10 RAINFALL EVENTS FOR DISTRIBUTED? (DT) AND AVERAGED” (AV) REPRESENTATIONS OF SATURATED HYDRAULIC CONDUCTIVITY AND SORPTIVITY

RUNOFF (m?)

EVENT 1 EVENT 2 EVENT 3 EVENT 4 EVENT 5 EVENT 6 EVENT 7 EVENT 8 EVENT 9 EVENT 10
CHANNEL

REACH No.>? DT AV DT AV DT AV DT AV DT AV DT AV DT AV DT AV DT AV DT AV

1 1,224 801 1,022 346 1,885 1298 2,665 1,725 1,196 779 218 10 1411 402 4 0 6861 6362 18 0
2 789 592 635 245 1261 977 1,768 1,358 793 573 147 8 873 288 3 0 4931 4835 14 0
3 1,224 801 1,022 346 1,885 1298 2,665 1,725 1,096 779 218 10 1,411 402 4 0 6861 6362 18 0
4 504 849 174 304 1,070 1,512 17339 2279 494 796 <1 7 155 362 0 0 9593 11,537 0 0
5 720 1212 248 434 1,529 2,160 1913 3255 706 1,137 1 10 221 517 0 ©0 13,705 16481 0 0O
6 2,185 2316 1244 925 4431 4,068 5347 5980 2,196 2202 274 27 1472 1,080 7 0 22212 23172 30 0
7 2,959 2,564 1,635 957 5229 4455 7253 6407 2918 2423 511 39 2,124 1,133 15 0 20,393 21,806 63 0
8 121 290 9 105 358 495 348 679 120 277 <1 2 4 128 0 0 205 2715 0 0
9 0 4,201 0 1,495 1 7,360 0 10,691 0 3,969 0 44 0 1,79 0 0 19873 46801 0 0
10 955 4974 493 1,833 2,359 8,667 1,766 12,388 1,005 4,721 0 S1 368 2183 0 0 29,056 49,522 0
11 0 780 0 290 <1 1371 0 1,998 0 740 0 8 0 344 0 0 3739 8487 0 0
12 783 1,653 633 651 1,493 2865 1,649 4,064 811 1,581 203 20 850 764 S5 0 9,583 15451 20 0O
13 0 1324 0 483 <1 2316 0 3,344 0 1255 0 14 0 576 0 0 655 15297 0 0
14 0 53 0 193 <1 92 0 1,338 0 502 0 6 0 230 0 0 2621 6119 0 0
15 85 492 9 166 152 877 226 1315 79 461 <1 4 7 200 0 0 4230 6764 0 0
Total runoff 11,549 23,379 7,124 8,773 21,654 40,645 26,939 58,546 11,514 22,195 1,574 260 8,896 10,407 38 0 162,265 241,711 163 0

“See Tables 4 and 2 (respectively) for characterization of distributed and averaged saturated hydraulic conductivity and sorptivity values.
bSee Figure 13a.
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transport agent. Simulation of human time
scale landscape evolution scenarios, under
different management options, by coupling
our QPBRRM simulations to an erosion
model should be useful in the restoration of
Kaho‘olawe. To complete our erosion simu-
lations, we will make field measurements of
detachment and sediment transport rates for
the different land covers.

CONCLUSIONS

Overland flow by the Horton mechanism,
resulting from overgrazing and military ac-
tivity, has led to substantial erosion problems
on the Hawaiian island of Kaho‘olawe. In
this paper we present preliminary simulations
of runoff-producing areas for the entire is-
land of Kaho‘olawe based upon a physically
based rainfall-runoff event model. Our results
indicate, for 10 large rainfall events, that
surface runoff by the Horton mechanism can
be as great as 20% of rainfall. This amount of
runoff, although large for Hawai‘i, is much
smaller than the prior estimate of 75% by a
qualitative water-balance approach. Our re-
sults identify partial source areas of overland
flow, where runoff is generated, that are im-
portant for erosion. In this ongoing effort we
are currently linking our near-surface hydro-
logic simulations with a physically based ero-
sion model to investigate the past and future
evolution of the Kaho‘olawe landscape on
a human time scale, which will be useful in
future restoration activities.
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