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Reassessment of Ground-Water Recharge and Simulated
Ground-Water Availability for the Hawi Area of North Kohala,

Hawaii
By Delwyn S. Oki

Abstract

An estimate of ground-water availability inthe
Hawi area of north Kohala, Hawaii, is needed to
determine whether ground-water resources are
adequate to meet future demand within theareaand
other areas to the south. For the Hawi area, esti-
mated average annual recharge from infiltration of
rainfall, fog drip, and irrigation is 37.5 million gal-
lons per day from adaily water budget. Low and
high annual recharge estimates for the Hawi area
that incorporate estimated uncertainty are 19.9 and
55.4 million gallons per day, respectively. The
recharge estimates from this study are lower than
the recharge of 68.4 million gallons per day previ-
oudly estimated from a monthly water budget.

Three ground-water models, using the low,
intermediate, and high recharge estimates (19.9,
37.5, and 55.4 million gallons per day, respec-
tively), were developed for the Hawi areato simu-
late ground-water levels and discharges for the
1990’s. To assess potential ground-water availabil-
ity, the numerical ground-water flow models were
used to simulatethe response of thefreshwater-lens
system to withdrawal s at ratesin excess of the aver-
age 1990’ s withdrawal rates. Because of uncer-
tainty in the recharge estimate, estimates of
ground-water availability also are uncertain.
Results from numerical simulations indicate that
for appropriate well sites, depths, and withdrawal
rates (1) for thelow recharge estimate (19.9 million
gallons per day) it may be possible to develop an
additional 10 million gallons per day of fresh
ground water from the Hawi area and maintain a

freshwater-lens thickness of 160 feet near the with-
drawal sites, (2) for the intermediate recharge esti-
mate (37.5 million gallons per day) it may be
possibleto devel op anadditional 15 milliongallons
per day of fresh ground water from the Hawi area
and maintain a freshwater-lens thickness of 190
feet near the withdrawal sites, and (3) for the high
recharge estimate (55.4 million gallons per day) it
may be possibleto develop at |east an additional 20
million gallons per day of fresh ground water from
the Hawi areaand maintain afreshwater-lensthick-
ness of 200 feet near the withdrawal sites. Other
well-field configurations than the ones considered
potentially could be used to develop more fresh
ground water than indicated by the scenariostested
in this study. Depth, spacing, and withdrawal rates
of individual wells areimportant considerationsin
determining ground-water availability.

The regional models developed for this study
cannot predict whether local saltwater intrusion
problems may occur at individual withdrawal sites.
Results of this study underscore the importance of
collecting new information to better constrain the
recharge estimates.

INTRODUCTION

Because ground-water availability along the dry
western coast of the island of Hawaii is limited, future
development in the area may require imported water
from other areas. One source of additional ground water
that is being considered is the Hawi area of north
Kohala (fig. 1) (Underwood and others, 1995). An
estimate of ground-water availability in the Hawi area
of north Kohalais needed to determine whether ground-
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water resources in this area are adeguate to meet future
demand within the area and for export to other areasto
the south.

Underwood and others (1995) devel oped a numer-
ical ground-water flow model of the Hawi area and
made an assessment of ground-water availability using
recharge estimated from a monthly water budget
(Shade, 1995). The uncertainty of ground-water model
predictions strongly reflects the accuracy of the esti-
mated recharge to the ground-water system. Overesti-
mates of recharge may result in unrealistically high
ground-water availability estimates, whereas underesti-
mates of recharge may result in unreaistically low
ground-water availability estimates. Inaccurate ground-
water recharge estimates can have asignificant effect on
the planned use and protection of the ground-water
resources.

In Hawaii, ground-water recharge is commonly
estimated with annual or monthly water budgets.
Because monthly water budgets account for seasonal
variability in rainfall and evapotranspiration, monthly
water budgetsgenerally provide more accuraterecharge
estimatesthan annual water budgets. Similarly, because
daily water budgets account for daily variationsin rain-
fall and evapotranspiration, daily water budgets gener-
ally provide more accurate recharge estimates than
monthly water budgets. For thisstudy, (1) ground-water
recharge in the Hawi area was estimated using a daily
water budget and compared to recharge previously esti-
mated using amonthly water budget (Shade, 1995), and
(2) ground-water availability was estimated and com-
pared to a previous estimate of ground-water availabil-
ity (Underwood and others, 1995).

Purpose and Scope

The purpose of thisreport isto describethe (1) cal-
culation of adaily water budget to estimate average
annual ground-water recharge for 1990’ s land-use con-
ditionsin the Hawi area of the island of Hawaii, (2)
uncertainty in the recharge estimate, and (3) results
from numerical ground-water flow modelsthat ssimulate
the hydrologic effects of additional ground-water with-
drawals at rates between 10 and 20 million gallons per
day (Mgal/d) above average 1990’ srates. No new data
were collected as part of this study; only existing infor-
mation was used to compute the water budget. An exist-
ing numerical ground-water flow model (Underwood

and others, 1995) formed the basis for models used in
this study to simulate the effects of additional with-
drawals.

Description of Study Area

The Hawi study areais located on the windward
(northeastern) side of the crest of the Kohala Moun-
tains. The KohalaMountains are formed by the Kohala
V olcano, the oldest and northernmost of five volcanoes
forming the island of Hawaii. The study area covers
about 55 sguare miles and is bounded on the southwest
by the crest of the Kohala M ountains, on the east by the
eastern drainage divide of Pololu Stream, and on the
north by the coast (fig. 1). Within the study area, the
land-surface altitude ranges from sea level at the coast
to about 4,000 ft near the headwater of Pololu Stream.
In general, theland surfaceismoderately dissected. The
dominant land cover is pasture, with smaller areas used
for agriculture, commonly orchards, and rural and urban
development (fig. 2). The upland areaiis covered in
places with native forest vegetation (Jacobi, 1989).
From the early 1900 sto the early 1970’ s, sugarcane
was grown over much of theareathat iscurrently in pas-
ture.

Mean annual rainfall in the Hawi arearangesfrom
lessthan 40 in. near the coast at Upolu Point to between
120 and 160 in. inland, near the headwater of Pololu
Stream (fig. 3). Therainfall distribution is controlled
primarily by topography and wind direction. Persistent
northeasterly winds, known locally as tradewinds, are
forced up the slopes of the Kohala Mountains. The
warm, moisture-laden air is orographically lifted and
cooled, which frequently resultsin cloud formation and
rainfall. Because the air commonly loses moisture asiit
flows over the K ohala Mountains, the area on the south-
western, leeward side of the mountain crest is drier,
with less than 10 in. of annual rainfall in some coastal
areas south of the Hawi study area.

Fog water that isintercepted by vegetation and
subsequently drips to the ground is referred to asfog
drip. Fog drip can exceed rainfall during some periods
and contributeto recharge. For example, over a100-day
period at an altitude of 3,800 ft on the Kohala Moun-
tains, Juvik and Nullet (1995) measured 23.9in. of can-
opy throughfall (whichincludesfogdrip), but only 13.2
in. of rainfall. Therefore, it can be inferred that about

Introduction 3
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10.7 in. of fog drip was collected during the 100-day
period.

Davis and Y amanaga (1963) indicated that there
areno perennia streamsin the study areawest of Pololu
Stream, although data from continuous-record gaging
stations are not available to characterize streamflow in
the area. Presley (1999) measured flow at various sites
on Pololu Stream following a period of dry weather in
1996 and indicated that Pololu Stream wasdry along its
entirelength except intwo places. where water from the
Kohala ditch was leaking into an unnamed eastern trib-
utary that flowsinto the main channel, and in awetland
area near the ocean.

HYDROGEOLOGIC SETTING

Y ounger Hawi Volcanics and older Pololu Volca-
nics underlie the Hawi study area. Within the study
area, the Hawi Volcanicsis separated from the underly-
ing Pololu Volcanics by aburied soil layer afew inches
to 3 ft thick (Stearnsand Macdonald, 1946, p. 177). The
permeability of the volcanic rocksis spatially variable.
Most of the soils exposed at the ground surface arein
the Inceptisols order, which is characterized by soils
that are on young land surfaces and have weakly devel-
oped horizons (Sato and others, 1973).

Kohala Volcano

Kohala Volcano was formed by thousands of lava
flows that erupted from two main rift zones and possi-
bly from acalderathat may have existed but that is now
buried. The Kohala Volcano presently has a peak alti-
tude of about 5,480 ft. Therift zonesof KohalaVolcano
trend northwest and southeast, extend from near the
summit of the volcano, and are marked by numerous
cinder cones and lava domes (fig. 4). Faults near the
summit of the volcano indicate that a caldera may have
formed during the principal stage of volcano building
(shield stage), but the caldera was subsequently buried
by younger lavaflows.

Eruptions on Kohala V olcano were fed by magma
rising in fissures. Lava flows emanated from the rift
zones and central caldera where rising magma reached
the land surface. Rising magmathat does not erupt at
the land surface may cool within the fissures, forming
intrusive dikes. Dikes are thin, near-vertical sheets of
massive, low-permeability rock that intrude existing

rocks, commonly permeable lava flows. Dikes are
exposed in deeply eroded valleys on the northeastern
part of the volcano. The number of dikes generally
increases with depth and with proximity to the caldera.

The northeastern side of Kohala Volcano has
undergone amajor slopefailurethat produced amarked
reentrant of the shoreline 12 mi long and extending 1 mi
inland between Pololu Stream Valley and a stream val-
ley to the southeast (M oore and others, 1989). Deeply
eroded stream valleys are found within the length of the
reentrant shoreline.

Pololu Volcanics—Pololu Volcanics consists of
the shield-stage tholeiitic basalt, which forms the bulk
of Kohala Volcano, overlain by younger, postshield-
stage transitional basalt and alkalic basalt (Wolfe and
Morris, 1996). Exposed dikes of the Pololu Volcanics
range in width from afew inchesto 10 ft, and average
about 2 ft. Individual pahoehoe and aalavaflowsrange
from afew to 50 ft in thickness, and dip 3 to 10 degrees
away from their sources where unaffected by faults
(Stearns and Macdonald, 1946). Many of the surface
flows can be traced to their source vents (Wolfe and
Morris, 1996). Lavaflowsof tholeiitic basalt exposedin
avalley on the northeastern part of Kohaa Volcano
have aweighted mean age of about 700 thousand years
(ka) (Darymple, 1971). The tholeiitic basalt likely
extends thousands of feet below sealevel. Potassium-
argon ages indicate that the transition from eruption of
tholeiitic basalt to eruption of transitional and alkalic
basalt occurred by about 400,000 years ago, and erup-
tion of transitional and alkalic basalt continued until at
least about 250,000 years ago (Wolfe and Morris,
1996).

Hawi Volcanics—Hawi Volcanics consists of
postshield-stage hawaiite, mugearite, benmoreite, and
trachyte and overlies the Pololu Vol canics (Wolfe and
Morris, 1996). The exposed dikes of the Hawi Volca-
nics range in width from 3 to 40 ft, but widths greater
than 10 ft arerare (Stearnsand Macdonald, 1946). Lava
flows originated from numerous vents, marked by cin-
der cones and lava domes, near the rift zones of the vol-
cano. The flows were fairly viscous and range from 10
to 150 ft in thickness, averaging about 40 ft. Most of the
flows are massive aaflows. The composite thickness of
layered flows of Hawi Volcanics may be asgreat as 500
ft near the summit. Lavaflows dip 3 to 12 degrees
except where they flowed into deeply eroded valleys
(Stearnsand Macdonald, 1946). Only afew flows of the

6 Reassessment of Ground-Water Recharge and Ground-Water Availability for the Hawi Area of North Kohala, Hawaii
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Hawi V olcanics reached the coast. Potassium-argon
ages of lavaflowsfrom the Hawi Volcanicsrange from
about 230 to 120 ka (Wolfe and Morris, 1996).

Sedimentary deposits.—Unconsolidated younger
alluvium, consisting of poorly sorted silts, sands, and
boulders and landdlide deposits, liesin streambeds and
forms lowlands at the mouths of large valleys on the
northeastern side of Kohala V olcano. Consolidated
older alluvium, consisting of poorly sorted boulder con-
glomerates, liesin the larger northeastern valleys and
crops out from 50 to 1,200 ft above sealevel (Stearns
and Macdonald, 1946).

Hydraulic Conductivity of the Rocks

Hydraulic conductivity isaquantitative measure of
the capacity of arock to transmit water. In qualitative
terms, the ease with which fluid can move through a
porousrock is described by permeability (seefor exam-
ple Domenico and Schwartz, 1990). The permeability
of volcanic rocksis variable and depends partly on the
mode of emplacement of the rocks. Sedimentary depos-
itsare of limited areal extent within the study area and
are not a significant controlling factor on the regional
ground-water flow system.

Lava Flows—The layered sequence of thin-bed-
ded lavaflows of Pololu Volcanics, where dike intru-
sions are absent, is highly permeable (Stearns and
Macdonald, 1946). The main features of lavaflows con-
tributing to the high permeability are (1) clinker zones
associated with aaflows, (2) voids along the contacts
between flows, (3) cooling joints normal to flow sur-
faces, and (4) lava tubes associated with pahoehoe
flows. Using aquifer tests, Underwood and others
(1995) estimated the horizontal hydraulic conductivity
of the dike-free Pololu Volcanics to range from 610 to
6,400 ft/d, with values increasing in a northwesterly
direction within the Hawi study area. The lower hydrau-
lic-conductivity values in the southeastern part of the
study areamay be associated with weathering because
of higher rainfall. Within the study area, the Hawi Vol-
canicsis probably less permeable than the Pololu Vol-
canics. However, the Hawi Volcanics lies above the
main ground-water body and does not impede the flow
of water in the aquifer formed by the Pololu Volcanics.

Dikes—Intrusive dikes are hydrologically impor-
tant because they have low permeability and can extend
vertically and laterally for thousands of feet. Dikes

intersect at various angles and compartmentalize the
more permeable intruded rock so that ground water can
be impounded to high altitudes. Because dikes lower
overall rock porosity and permeability, the bulk hydrau-
lic conductivity of the volcanic rocks decreases as the
number of dike intrusions increases. No published esti-
mates are available for the hydraulic conductivity of the
dike-intruded part of the study area near the rift zones
and caldera area.

Weathering.—Weathering tends to reduce the per-
meability of the volcanic rocks. In general, weathering
ismore extensivein areas of higher rainfall to the south-
east of the study area. The zone of weathered Pololu
Volcanics and soil near the contact of the Hawi and
Pololu Vol canics likely impedes the downward flow of
water to the underlying ground-water body.

Soils

The basalts of the Pololu Vol canics weather to
deep red-brown soils. In places on the lower northeast
slopes of the KohalaMountains, the Pololu Vol canicsis
almost completely decomposed down to depths of 50 to
200 ft. Soilson the Hawi Volcanics are generally afew
inchesto 3 ft thick, and are commonly rocky in dry
areas. Sugarcane was grown on the soils overlying the
Hawi Volcanics west of Pololu Stream Valley, but the
soil isthin and plowed fields exposed gray, incom-
pletely weathered volcanic rock (Stearns and Mac-
donald, 1946).

GROUND WATER

Precipitation (rainfall and fog drip) isthe main
source of freshwater in the study area. The precipitation
either (1) runs off, (2) evaporates or istranspired by
vegetation, (3) recharges the ground-water system, or
(4) is stored in the soil. Ground water flows from areas
of higher tolower hydraulic head, as measured by water
levelsin wells, shafts, and tunnels. Water levels are
highest in the mountainous interior parts of the study
areaand lowest near the coast and, thus, fresh ground
water flows from the mountainous interior areas to
coastal discharge areas (fig. 5). Fresh ground water that
is not withdrawn from wells and tunnel s discharges nat-
urally from the aquifer at subaerial and submarine

springs and seeps.
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Fresh ground water in the study areaisfound in
two main forms: (1) as a freshwater-lens system in the
dike-free lavaflows, and (2) as a dike-impounded sys-
tem where overall permeability is reduced because of
the presence of dikes. Perched water also exists near the
contact between Pololu Vol canics and Hawi Vol canics.

Dike-Impounded System

A dike-impounded systemisfound within and near
therift zones of KohalaV ol cano, where low-permeabil -
ity dikes have intruded other rocks. The boundary
between the dike-impounded system and the freshwa-
ter-lens system, as indicated by Underwood and others
(1995), generally corresponds to the seaward extent of
mapped vol canic vents represented by cinder conesand
lavadomes (fig. 4). Near-vertical dikestend to compart-

mentalize areas of permeable volcanic rocks. The dike-
impounded flow system includesafreshwater body, and
where they exist, underlying brackish water and saltwa-
ter. Information is unavailable to determine where salt-
water exists beneath the freshwater body within the
dike-impounded system. However, because the dike-
impounded system extends to the coast between Haena
and Upolu Points and the general strikes of dikes are
roughly perpendicular to the coast, salt-water can prob-
ably be found at shallow depths near the coastal part of
the dike-impounded system.

Water enters the dike-impounded system mainly
by infiltration of some part of rainfall and fog drip.
Water discharges from the system as springs and
ground-water flow to the downgradient freshwater-lens
system.

Ground Water 9



Freshwater-Lens System

Thefreshwater-lens system includes alens-shaped
freshwater body, an intermediate transition zone of
brackish water, and underlying saltwater. The fresh-
water lens floats on the denser saltwater. Mixing of
seaward-flowing freshwater with landward-flowing
saltwater forms the brackish-water transition zone.
The freshwater-lens system occurs within the high-
permeability, dike-free volcanic rocks.

The thickness of the freshwater lens can be esti-
mated from monitor wells that are open to the aquifer
below the water table and that penetrate into the transi-
tion zone. Two such wellsweredrilled in the study area.
Well D (7445-01) wasdrilled in the northeastern part of
the study area, about 0.4 mi from the coast at an altitude
of 108.5 ft, to adepth of 352 ft below sealevel; well |
(7549-03) was drilled in the northwestern part of the
study area, about 0.7 mi from the coast at an altitude of
299.5 ft, to adepth of 137 ft below sealevel (fig. 6). To
estimate the thickness of the freshwater lens and the
upper transition zone, water samples were collected in
March 1990 from several depthsin each well and ana-
lyzed for chloride concentration (an indicator of salin-
ity) (Underwood and others, 1995). For this report,
freshwater isdefined aswater having a chloride concen-
tration less than 250 mg/L. The chloride concentration
of seawater is about 19,500 mg/L (Wentworth, 1939).
The brackish-water transition zone contains water with
chloride concentrations between 250 and 19,500 mg/L.
The upper part of the transition zone contains water
with chloride concentrations between 250 and 9,750
mg/L, whereasthelower part of the transition zone con-
tains water with chloride concentrations between 9,750
and 19,500 mg/L. Inwell D, the estimated thickness of
the freshwater lens was 265 ft, and the thickness of the
upper part of thetransition zone was about 80 ft (fig. 7).
Inwell |, the estimated thickness of the freshwater lens
was 83 ft, and the thickness of the upper part of the tran-
sition zone was about 62 ft (fig. 7). The freshwater lens
isthickerinwell D eventhoughitislocated closer to the
coast than well I. This can be explained by (1) greater
recharge, (2) lower aquifer permeability, and (3) greater
resistance to discharge from the aquifer to the ocean
near well D relative to well |, although regional saltwa-
ter intrusion near well | also could reduce the freshwa-
ter-lens thickness near well 1.

Because wells D and | are open to the aquifer
throughout their entire depths below the water table,

water from the aquifer can enter and exit the borehole at
different depths, and this flow within the borehole may
affect the salinity profile in the well. Underwood and
others (1995) suggested that if borehole flow existsin
the wells, the borehole salinity profiles would tend to
indicate a shallower transition zone than actually exists
in the aquifer because the wells are near the coastal dis-
charge areawhere flow in the aquifer has an upward
component.

Water enters the freshwater-lens system by infil-
tration of rainfall, fog drip, and irrigation water, and as
inflow from upgradient ground-water bodies. Ground-
water flow from the dike-impounded system and down-
ward moving water from perched water bodiesrecharge
the freshwater lens. Two additional sources of water
from outside the study area include about 2.0 Mgal/d
seepage | osses from the Kohala ditch in the study area
and injection of about 8 Mgal/d at the Hawi hydroel ec-
tric plant (Underwood and others, 1995). Discharge
from the freshwater lensis by subaerial and submarine
coastal springs, and by diffuse seepage near the coast.
Discharge of freshwater and inflow of saltwater to the
dike-free volcanic rocks may beimpeded by weathered
volcanic rocks that extend to sealevel (Stearns and
Macdonald, 1946).

Perched System

Within the study area, perched water occurs near
the base of the Hawi Volcanics, where the Hawi Volca-
nics are underlain by low-permeability soil and weath-
ered Pololu Volcanics (Stearns and Macdonald, 1946).
Beneath the weathered Pololu Vol canics and above the
water table of the freshwater-lens system, a zone of
unsaturated volcanic rocks exists. Recharge to the
perched system is from infiltration of precipitation and
irrigation water. Discharge from the perched systemis
downward to the freshwater-lens system and to springs,
particularly where the base of the Hawi Volcanics has
been exposed.

Ground-Water Levels

Dike-impounded system.—The highest ground-
water levelsin the study area are likely in the interior
part where dikes are present. Although no water-level
measurements are available to indicate the altitude of
the water table in the dike-impounded system, water
levels are probably several hundreds of feet or more

10 Reassessment of Ground-Water Recharge and Ground-Water Availability for the Hawi Area of North Kohala, Hawaii
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above sealevel intheinterior part of the system. To the
southeast of the study area, dike-impounded ground
water discharges from springs at atitudes higher than
2,000 ft, where dike compartments have been exposed
by erosion and where rainfall is high. Near the summit
of KohalaVolcano, Stearnsand Macdonald (1946) indi-
cated that ground-water levels may be as high as 3,000
ft. Near the coastal part of the dike-impounded system,
water levels probably declineto afew feet or afew tens
of feet above sealevel.

Freshwater-lens system.—Measured water levels
from wellsdrilled into the freshwater lens range from a
few feet above sealevel at shaft 7652-01 (near the coast
at Upolu Point) to about 11 ft above sealevel at wells
7347-04 and -05 (2 mi inland from Kauhola Point).
Measured water levels (fig. 8) indicate that thereisa
general northerly movement of ground water in the
freshwater lens. Measured water levels vary with time
because of variationsin rainfall but do not indicate sig-
nificant long-term trends (fig. 9).

Ground-Water Withdrawals

In the Hawi area, ground water is withdrawn from
the freshwater-lens and perched ground-water systems.
No known wellsor tunnels devel op water from the dike-
impounded system in the Hawi area, although the dike-
impounded system southeast of the study area contrib-
utes to the flow of anirrigation ditch constructed in the
early 1900’s.

Freshwater-lens system.—In the late 1890’s, the
first successful well wasdrilled in the Hawi area(Union
Mill well 7448-01) to about 13 ft below sealevel.
Although the well was eventually abandoned, it was
used to supply water for sugar mill operations and pro-
duced water with a chloride concentration of about 40
mg/L (Davisand Y amanaga, 1963).

Prior to 1975, withdrawal from the freshwater-lens
system was from four Maui-type wells (consisting of a
shaft excavated from the ground surface to near sea
level and one or more horizontal tunnels extending near
the water table out from the bottom of the shaft) and
three drilled wells owned by Kohala Sugar Company.
Three Maui-type wells (Kohala shaft 7446-01, Alaalae
shaft 7549-01, and Hoeashaft 7650-01) were completed
by about 1900, and a fourth Maui-type well (Waikane
shaft 7652-01) was completed in 1920. These Maui-
type wells, which were used for irrigation of sugarcane

by Kohala Sugar Company, produced water with chlo-
ride concentrations ranging from 88 to 1,580 mg/L
(Stearns and Macdonald, 1946). Alaal ae shaft (7549-
01) was abandoned prior to 1940. In 1948, Halaulawell
7347-02 was drilled for domestic supply to a depth of
168 ft below sealevel, and this well produced water
with chloride concentrations ranging from 20 to 30
mg/L. Kohala Sugar Company drilled two irrigation
wells, Union Mill well 1 (7448-04) in 1965 and Union
Mill well 2 (7448-05) in 1969, to depths of 100 ft below
sealevel. From 1940 through 1975, annual combined
withdrawal from the Kohala Sugar Company wells
(7446-01, 7650-01, 7652-01, 7347-02, 7448-04, and
7448-05) averaged 7.9 Mgal/d, ranging from alow of
2.3Mgal/din1975toahigh of 14.4Mgal/din 1962 (fig.
10) (computed from unpublished data, provided by
Kohala Sugar Company, in USGS Hawaii District well
files). From 1949 through 1975, withdrawal from the
domestic well (7347-02) averaged about 5 percent of
the total withdrawal from all wells. After 1975, Kohala
Sugar Company stopped withdrawing ground water
because cultivation of sugarcane in the area ceased at
about that time.

The first well drilled for the Hawaii County
Department of Water Supply (DWS) wasthe Hawi well
1(7449-02) in 1975, which was drilled to a depth of 50
ft below sealevel. The DWS had a second well drilled
(Hawi well 2, 7349-01) in 1993 to adepth of 56 ft below
sealevel. From 1978 through 1999, annual combined
withdrawal from these two DWS wells averaged 0.13
Mgal/d (fig. 10). During the 1990's, withdrawals from
DWS wells 7449-02 and 7349-01 averaged 0.21 and
0.05 Mgal/d, respectively (computed from data pro-
vided by DWS).

Perched system.—Development of perched
ground water by tunnelsin the Hawi area began in the
late 1800’ s (Davis and Y amanaga, 1963). Tunnels,
ranging in length from afew tens of feet to about 1,600
ft, commonly were excavated near the base of the Hawi
Volcanics, where water is perched on weathered Pololu
Volcanics and soil, and intercepted water that dis-
charged at springs (Stearns and Macdonald, 1946). Dis-
charge from the tunnels was used for irrigation and
domestic water systems.

The volume of perched water and the discharge
from tunnels and springs fluctuated greatly, increasing
during periods of high rainfall and decreasing during
dry periods. For example, Stearns and Macdonald
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(1946) reported that discharge from the Bond 1 tunnel
(7247-01) ranged from 0.2 to 4.2 Mgal/d. Datafrom
Stearns and Macdonald (1946) indicate that average
dischargefrom tunnelsand springsin the Hawi areawas
about 5 Mgal/d, although an inventory of water use
fromtheearly 1990’ sindicatesonly about 0.4 Mgal/d of
water withdrawn from 4 tunnels (Lindsay, 7047-01,;
Watt 1, 7148-04; Bond 1, 7247-01; and Murphy, 7145-
02) (State of Hawaii, 1991).

Irrigation ditches—Two irrigation ditches,
Kohala and Kahena, were constructed in the early
1900’ s to transport water from the area east of Pololu
Stream to the Hawi areafor agriculture (fig. 1). The
Kohaladitch was constructed between 1905 and 1907
(Wilcox, 1996), and consists of a system of diversions,
ditches, tunnels, and flumesthat collected and conveyed
both surface water and ground water for sugarcaneirri-
gation. Ground water conveyed by the Kohala ditch
consists of both dike-impounded water from the East
Branch of Honokane Nui Stream and perched water
(Stearns and Macdonald, 1946). The Kohala ditch cur-
rently conveys water over a distance of about 18 mi
northwest mainly for hydroelectric power near Hawi.
Flow ratesin the mid-1990's were about 10 to 15
Mgal/d (Underwood and others, 1995).

The Kahena ditch was constructed between 1912
and 1914 (Wilcox, 1996) and conveyed water westward
over adistance of about 8 mi. Kahenaditch diverts
water from an altitude of 4,200 ft from Honokane Nui
Stream. During the period of record of discharge mea-
surements for Kahena ditch (1918-19, 1928-65), aver-
agedischargewas 7.4 Mgal/d (U.S. Geological Survey,
1977). The Kahenaditch did not flow continuously and
in recent years has fallen into disrepair.

WATER BUDGET

A daily water budget was used for this study to
estimate long-term mean annual recharge for 1990's
land-use conditions. A daily water budget was used
rather than a monthly water budget to avoid possible
errors associated with the longer computation interval.
To estimate long-term average recharge, it was neces-
sary to compute the daily water budget for aperiod long
enough to achieve a steady, long-term mean recharge
value given representative interannual variationsin
rainfall. The method and dataused to compute the water
budget are described below.

Daily Water-Budget Method

The daily water-budget method used in this study
isavariant of the Thornthwaite and Mather (1955)
bookkeeping procedure. A water-budget of the plant-
soil system was computed on adaily basisin thefollow-
ing manner. For agiven area, daily runoff was sub-
tracted from daily water input (rainfall plusirrigation
plusfog drip), and this volume was added to the ending
soil-moisture storage for the previous day to determine
interim soil-moisture storage:

Xi=Pi+li+F-R+3, «y
where:

X; = interim soil-moisture storage for current day

[L].
S_; = ending soil-moisture storage from previous

day (i-1) [L],

P; = rainfall for current day [L],

I; = irrigation for current day [L],

F; = fogdrip for current day [L],

= runoff for current day [L], and

-0

subscript designating current day.

All volumes of water are expressed as an equiva-
lent depth of water over an area by dividing by the total
plan area.

In general, runoff in the study area occurs rapidly
in response to rainfall. There are no known perennial
streamsin the study area, which indicates that runoff is
not significantly enhanced by water that previously
recharged to the water table. Thus, in the water budget,
runoff is assumed to be an instantaneous response to
rainfall and is removed before accounting for recharge.

For agiven day, evapotranspiration was subtracted
from the interim soil-moisture storage, and any soil
moi sture remaining above the maximum soil-moisture
storage was assumed to be recharge. Recharge and soil-
moisture storage at the end of agiven day were assigned
according to the following equations:

for X—E < S, for Xi—E; > §,
Q=0 Q=X-E—-5q
S =X-E S =5 2
where:

E; = depth of water |ost to evapotranspiration
during the day [L],
Q; = ground-water recharge during the day [L],
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§ = soil-moisturestorage[L] (>0) at theend of the
current day, i, and
Sy = maximum soil-moisture storage [L].

Ending soil-moisture storage for the current day,
expressed as a depth of water, is equal to the root depth
multiplied by the difference between the ending volu-
metric soil moisture content within the root zonefor the
current day and the volumetric wilting-point moisture
content.

S =D x (6 = Oyp) 3

where:
D = plant root depth [L],
0; = ending volumetric soil-moisture content for
the current day, i, [L%/L3], and
Oy = Volumetric wilting-point moisture content
[L3/L3).

The maximum soil-moisture storage, S,
expressed as a depth of water, is equal to the root depth
multiplied by the available water capacity, ¢, whichis
the difference between the volumetric field-capacity
moisture content and the volumetric wilting-point mois-
ture content.

Sn=Dx¢ (4

where:
¢ = B — Oy [LYL7], and
0s. = volumetric field-capacity moisture content
[L3/L3).

Evapotranspiration was determined as a function
of the potential-evapotranspiration rate and soil mois-
ture. A vegetated surface |oses water to the atmosphere
at the potential-evapotranspiration rate if available
water is non-limiting (see for example Thornthwaite,
1948). Although Penman (1956) defined potential tran-
spiration as*“the amount of water transpired in unit time
by ashort green crop, completely shading the ground, of
uniform height and never short of water,” in this study
the potential -evapotranspiration concept was applied to
al vegetated surfaces and was not restricted to arefer-
ence short green crop.

At all sites, the potential evapotranspiration was
assumed to be equal to pan evaporation multiplied by an
appropriate vegetation factor. For soil-moisture con-
tents greater than or equal to athreshold value, C;, the
rate of evapotranspiration was assumed to be equal to
the potential-evapotranspiration rate. For soil-moisture
contents below C;, the rate of evapotranspiration was

assumed to occur at areduced rate that declineslinearly
with soil moisture content:

E= PEl for S> Ci
E = Sx PE/C; for S< G (5)
where:
E = instantaneous rate of evapotranspiration
[L/T],
PE; = potential-evapotranspiration rate for current
day [L/T],
S = instantaneous soil-moisture storage [L], and

C; = threshold soil-moisture content below which
evapotranspiration is reduced below the
potential-evapotranspiration rate [L].

The threshold soil moisture, C;, was estimated
from an empirical model (Giambelluca, 1983) having
the form:

C;=[a+bD+CcPE] xS, for=[a+bD +cPE]<1

Ci=S, for=[a+DbD +cPE] >1
(6)

The calibration coefficients a, b, and ¢ were deter-
mined by Giambelluca (1983) partly on the basis of
lysimeter studies from Hawaii (Ekern, 1966). For D
expressed in millimeters (mm), and PE; expressed in
mm per day, the calibration coefficients were deter-
mined to be:

for PE; < 6 mm/d for PE; > 6 mm/d

a=125 a=141
b=-1.87 x 10 b=-1.87x 103
c=5.20 x 1072 c=220x 1072

In the water budget, the evapotranspiration rate
may (1) be equal to the potential -evapotranspiration rate
for part of the day and less than the potential-evapo-
transpiration rate for the remainder of the day, (2) be
equal to the potential-evapotranspiration rate for the
entire day, or (3) be less than the potential-evapotrans-
piration rate for the entire day. The total evapotranspi-
ration during aday is afunction of the potential-
evapotranspiration rate, interim soil-moisture storage,
and threshold soil-moisture content, C;. By recognizing
that E = -dSdt, the total depth of water lost to evapo-
transpiration during aday, E;, was determined as:
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E; = PEt; + C; {1-exp[-PE;(1-t)/C]} forX>C;t<1

Ei:F)Ei fOin>Ci,ti:1
Ei = Xi {1—exp[-PEi/Ci]} for Xi < Ci
()
ti = (Xi — Ci)/PEi for Xi _Ci < PEi
ti =1 for Xi _Ci > PEi
8
where:
t; = time during which soil-moisture storageis
above C; [T].

The spatial distributions of land cover, rainfall,
irrigation, fog drip, runoff, potential evapotranspiration,
soil properties, and vegetation root depths were incor-
porated into a geographic-information system (GIS)
model.

Rainfall

Long-term daily rainfall datain the study area are
limited, but estimates of daily rainfall are needed for the
daily water budget. For this study, existing mean
monthly rainfall maps (Giambelluca and others, 1986)
were used asthe basisfor the synthesis of daily rainfall
sequences. Mean monthly rainfall maps were digitized
(Shade, 1995) and used to represent the spatial distribu-
tion of rainfall for this study. The mean monthly rainfall
maps are representative of the period 1916 through
1983. Areas between adjacent lines of equal rainfall
were assigned the average of the rainfall values for the
bounding lines. Mean monthly rainfall values were
modified to account for interannual and daily variations
inrainfall. Rather than attempting to estimate the actual
daily rainfall at asitefor agiventimeperiod onthebasis
of limited data, arepresentative daily rainfall sequence
was synthesized and used to estimate average annual
recharge.

Interannual rainfall variability.—Annual varia-
tionsin rainfal in the study area were represented by
data from rain gage 168 for the period 1888 to 1983
(figs. 3 and 11). Although annual rainfall departures
from mean annual rainfall are not constant over the
study area, the overal interannual variability in rainfall
is assumed to be reasonably represented by data from
rain gage 168. The assumption is valid because the
approach doesnot requireapreci serepresentation of the
actual time series of daily rainfall to estimate long-term
mean annual recharge. Monthly rainfall valuesfrom the

mean monthly rainfall maps (Giambelluca and others,
1986) were multiplied by an annual rainfall factor,
equal to the annual rainfall at rain gage 168 divided by
the mean annual rainfall at rain gage 168, to produce a
sequence of 96 years of monthly rainfall mapsin the
study area.

Daily rainfall.—Daily rainfall was synthesized by
disaggregating the monthly rainfall values described in
the preceding section using the method of fragments
(see, for example, Srikanthan and McMahon, 1982).
The method creates a synthetic sequence of daily rain-
fall from monthly data by imposing the rainfall pattern
from arain gage with daily data. The method assumes
that therainfall pattern at aselected gagewith daily data
is areasonabl e representation of the daily rainfall pat-
tern for the area near the gage. The synthesized daily
data approximate the long-term average character of
daily rainfall, such asfrequency, duration, and intensity,
but do not reproduce the actual historical daily rainfall
record.

Daily rainfall from nine rain gages (160.1, 167,

168, 175.1, 176, 176.1, 179, 179.1, and 181.1) (fig. 12)
was used to represent the pattern of daily rainfall for the
study area. Thiessen polygonswere drawn around each
of the nine gages, and the daily rainfall pattern from the
gage within each Thiessen polygon was assumed to be
areasonable representation of the daily rainfall pattern
throughout that polygon.

In the method of fragments, daily rainfall for a
month is generated by multiplying the monthly rainfall
total by numbers called fragments, with values greater
than or equal to zero, and less than or equal to one. The
fragments form a set of size n, where nis equal to the
number of daysin the month, and the n fragmentsin the
set sum to one. Thus, the sum of the synthesized daily
rainfall values for the month is equal to the monthly
rainfall total.

In this study, measured daily rainfall values from
nine selected gages (fig. 12) (Hydrosphere, 1996) were
normalized by dividing the daily rainfall by the corre-
sponding monthly rainfall total. Each normalized daily
rainfall valueisarainfall fragment. Thus, as applied in
this study, monthly sets of rainfall fragmentswere com-
puted using daily rainfall measurements with the fol-
lowing equation:

Yi =Pi /Py (9)

where:
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Figure 11. Annual rainfall measured at selected rain gages in the Hawi area, north Kohala, Hawaii. (Data from Hawaii
State Commission on Water Resource Management.)

20 Reassessment of Ground-Water Recharge and Ground-Water Availability for the Hawi Area of North Kohala, Hawaii



20°15'

20°10°

155° 50"

155° 45'

Haena
Point

Kaoma
Point

Malae Point

Upolu Point

PACIFIC OCEAN

Kauhola Point

Base modified from U.S. Geological Survey digital data,
1:24,000, 1983, Albers equal area projection, standard
parallels 19°08'30" and 20°02'30", central meridian
155°26'30"

EXPLANATION
------- BOUNDARY OF THIESSEN POLY GON
DRAINAGE DIVIDE

RAIN GAGE AND STATE KEY NUMBER

JZ MILES

o T—o

1

2 KILOMETERS

Figure 12. Thiessen polygons around selected rain gages with daily rainfall data in the Hawi area, north Kohala, Hawaii.

Water Budget 21



Table 1. Periods of record used to develop monthly fragment sets for selected rain gages in the Hawi area, north Kohala, Hawaii

[Data from Hydrosphere, 1996]

Rain gage Period of Number of usable monthly fragment sets
number record Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
160.1 10/49 to 8/56 6 7 7 6 6 7 6 7 6 6 7 7
167 10/49 to 9/65 7 7 7 6 7 8 7 7 7 7 7 7
168 10/49 to 6/85 16 17 14 17 15 12 12 10 13 16 16 16
175.1 10/49 to 2/89 35 33 32 33 33 31 29 31 33 34 32 32
176 10/49 to 5/74 6 7 7 6 8 7 7 7 6 7 7 7
176.1 10/49 to 9/65 5 7 7 7 7 8 7 6 7 6 7 7
179 10/49 to 8/65 7 7 7 7 7 7 7 7 6 7 7 6
179.1 10/49 to 8/65 6 7 7 6 6 7 7 7 6 7 7 7

181.1 10/49 to 8/65 16 15 15 13

13 14 16 15 15 14 16 13

Y; = rainfall fragment for theith day of the month
[L/L],
P; = rainfall for theith day of the month [L], and
P, = rainfall for month [L].

To synthesize daily rainfall valuesin a particular
month, a set of fragments for the appropriate site and
monthisrandomly selected from those availablefor that
site and month (table 1). Thisis done on the basis of a
random number, greater than or equal to zero and less
than one, from a uniform distribution of numbers. For
example, a set of fragments for February at rain gage
175.1 would be selected randomly from 33 sets of frag-
ments. Then each fragment in the set is multiplied by
the monthly rainfall total. Because the sum of the frag-
ments in each monthly set is equal to one, the rainfall
model preserves (exactly) each monthly rainfall total
and, thus, the mean of the synthesized daily rainfall will
always equal the mean of the measured daily rainfall.

To test the method of fragments, daily rainfall was
synthesized at a site where measured daily rainfall data
were available. Three sequences of daily rainfall were
synthesized using monthly rainfall and fragment data
from rain gage 175.1. The number of rainy days, stan-
dard deviation of daily rainfall, coefficient of skew of
daily rainfall, and maximum daily rainfall from the syn-
thesized sequences are in general agreement with the
values from the observed data (fig. 13). Although the
observed and synthesized rainfall distributions are both
positively skewed, the magnitudes of the maximum
daily rainfall values may differ slightly because of the
randomness associated with the selection of fragments.

For this study, the monthly sets of fragments com-
puted using data from the rain gage within agiven
Thiessen polygon (fig. 12) were used to disaggregate

monthly rainfall throughout that polygon. Because of a
paucity of data, it was necessary to use nonconcurrent
periods of record from the nine rain gages used to gen-
erate the fragments (fig. 12, table 1). However, because
sets of fragments are selected randomly during the syn-
thesisof daily rainfall sequences, and becauseit wasnot
the intent of this study to attempt to simulate the actual
time series of daily rainfall, the use of honconcurrent
periods of record is not considered to be a severe limi-
tation.

Irrigation

Estimated water use for agricultural irrigation is
about 1 Mgal/d in the study area (State of Hawaii,
1991). Thisrate of application isequal to about 10 in/yr
if it isassumed that water is uniformly distributed over
the 2 square miles of land used for agriculture (fig. 2).
For the water budget, it was assumed that crops were
irrigated with 0.42 in. of water on thefirst and fifteenth
days of each month. Irrigation in residential areas was
considered small and was not included in the water bud-
get.

Fog Drip

Fog that isintercepted by vegetation and that drips
to the ground, also known as fog drip, can be a signifi-
cant component of the water budget in Hawaii. Limited
fog datafor Kohalajust southeast of the study areaindi-
cate asignificant presence of fog at an altitude of 3,800
ft (Juvik and Nullet, 1995). Data from the islands of
Lanai, Hawaii, and Oahu indicate that fog occurs above
atitudes of about 2,000 to 3,000 ft (Ekern, 1964; Juvik
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and Ekern, 1978; Ekern, 1983). For the study area, it
was assumed that fog exists much of thetimein forested
areas above an atitude of 2,500 ft (fig. 2). Monthly fog-
to-rain ratioswere estimated on the basis of information
from a generalized model of seasonal fog on the wind-
ward slope of Mauna Loa (Juvik and Ekern, 1978)
(table 2). Monthly fog-to-rain ratios are highest during
the dry months (June through October) and lowest dur-
ing the wet months (November through May). Daily
fog-to-rain ratiosfor a given month were assumed to be
equal tothemonthly fog-to-rainratio. Thecontribution
of fog drip to the daily water budget was estimated by
multiplying the fog-to-rain ratio by the daily rainfall.

Table 2. Estimated fog-drip to rainfall ratios for the Hawi area,
north Kohala, Hawaii
[Estimated from Juvik and Ekern, 1978, fig. 9]

Fog-drip:rainfall

Month .

ratio
January 0.02
February 0.03
March 0.05
April 0.10
May 0.13
June 0.19
July 0.25
August 0.33
September 0.27
October 0.22
November 0.13
December 0.07

Runoff

Although there are no continuous stream-gaging
stationsin the study area, Shade (1995) estimated
monthly ratios of direct runoff to rainfall on the basis of
datafrom comparable areas on Oahu with similar mean
annual rainfall and soil properties. The monthly runoff-
to-rainfall ratios from Shade (1995) were also used in
this study (fig. 14, table 3). The daily runoff-rainfall
relation is dependent on factors including the amount,
intensity, and spatial distribution of rainfall aswell as
antecedent rainfall. Because data were not available to
develop adetailed runoff-rainfall relation, it was
assumed that the daily runoff-to-rainfall ratio within a
given month was constant and equal to the monthly
ratio estimated by Shade (1995). Uncertainty in the run-
off estimate is addressed in the “ Recharge Uncertainty”
section.

Potential Evapotranspiration

Although evapotranspiration rates generaly are
poorly known in Hawaii because of alack of data, asig-
nificant amount of pan-evaporation datais available
(Ekern and Chang, 1985), and thus, pan evaporation
may be the best available indicator of evapotranspira-
tion. Annual pan-evaporation ratesin the study area
rangefrom about 95 in. near the coast to between 60 and
70in. inland, near the headwater of Pololu Stream (fig.
15) (Ekern and Chang, 1985). Pan-evaporation ratesare
highest during June through September, and |owest dur-
ing November through March (fig. 16). The seasonal
pattern of pan-evaporation ratesisfairly consistent at al
of the measurement sites within the study area.

The annual pan-evaporation map developed by
Ekern and Chang (1985) was digitized (Shade, 1995)
and used to represent the spatial distribution of pan
evaporation for this study. The mean ratios of monthly
pan evaporation to annual pan evaporation (fig. 16),
determined from nine sites, were multiplied by the
annual pan-evaporation distribution to determine the
distribution of monthly pan evaporation. Monthly pan-
evaporation totals were uniformly distributed to each
day of the month. The error associated with this distri-
bution is probably small because daily pan evaporation
is generally less than afew tenths of an inch and much
less variable than daily rainfall.

For this study, potential evapotranspiration is esti-
mated from pan evaporation multiplied by an appropri-
ate vegetation factor. In Hawaii, studies of furrow- and
sprinkler-irrigated sugarcane indicated that potential
evapotranspiration for this crop is about equal to pan
evaporation (Jones, 1980). Although sugarcane was
previously grown in the study area, much of theland is
now covered with pasture grass. A study on Oahu with
Bermuda grass sod planted in alysimeter that was
weighed with a hydraulic scale indicated that evapo-
transpiration was about equal to pan evaporation when
soil-moisture stresswas small (Ekern, 1966). Similarly,
a percolate-lysimeter study on Oahu in which Califor-
niagrass (paragrass) was irrigated with sewage effluent
indicated that evapotranspiration was about 10 percent
higher than pan evaporation when the grass was kept
fully wetted and was not lodged beyond the lysimeter
borders (Ekern, 1983). Percolate-lysimeters planted
with Panicum grass at two sites on Oahu indicated that
annual evapotranspiration was about 20 to 70 percent
higher than measured pan evaporation (Stearns, 1940).
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Table 3. Estimated runoff-to-rainfall ratios in the Hawi area, north Kohala, Hawaii
[Seefigure 14 for zones; runoff:rainfall ratios and zones from Shade, 1995, table 1, fig. 3]

Corresponding

Zone zone from Shade,

Runoff:rainfall ratio

1995 Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec
1 1 0.18 0.17 0.18 0.18 0.07 0.07 0.08 0.08 0.06 0.07 0.17 0.18
2 2 0.27 0.26 0.40 0.39 0.34 0.32 0.41 0.30 0.25 0.32 0.35 0.33
3 7 0.18 0.17 0.18 0.18 0.07 0.07 0.08 0.08 0.06 0.07 0.17 0.18
4 8 0.27 0.26 0.40 0.39 0.34 0.32 0.41 0.30 0.25 0.32 0.35 0.33
5 5 0.11 0.07 0.12 0.12 0.06 0.01 0.07 0.09 0.01 0.06 0.11 0.11
6 6 0.13 0.07 0.10 0.06 0.03 0.01 0.01 0.01 0.02 0.04 0.10 0.09

However, Ekern (1983) indicated that lodged grass may
have received extraradiant energy from outside the
lysimeter boundaries, resulting in increased evapotrans-
piration.

Although most studies in Hawaii indicate that
potential evapotranspiration of grassis about equal to
pan evaporation, data from other sources indicate that
evapotranspiration from an extensive surface of green
grass (of uniform height, actively growing, completely
shading the ground, and with adequate water) may be
less than pan evaporation (Allen and others, 1998;
Doorenbos and Pruitt, 1977). For relative humidity and
wind conditionstypical of the study area, recommended
ratios of pan evaporation to potential evapotranspiration
for an extensive surface of green grassrange from about
0.7 to 0.8 (Allen and others, 1998; Doorenbos and
Pruitt, 1977).

Evapotranspiration rates from wet forested areas
below the clouds are largely unknown, but available
information from Hawaii (Giambelluca, 1983) and
other tropical islands (Dykes, 1997; Shellekens and oth-
ers, 1999; Shellekens and others, 2000) indicates that
rates may be high. On the basis of the Priestley-Taylor
equation (Priestley and Taylor, 1972), Giambelluca
(1983) estimated that potential evapotranspiration in
wet forested areason Oahuis 1.3 times pan evaporation.
Although Shuttleworth and Calder (1979) warned
against the indiscriminate use of the Priestley-Taylor
equation for estimating forest evapotranspiration
because of the dependence of forest evapotranspiration
on surface controls and possible advection in high rain-
fall areas, estimates of evapotranspiration from arain
forest in Puerto Rico (Schellekens and others, 2000)
tend to support the assessment by Giambelluca (1983).
Schellekens and others (2000) estimated annual evapo-

transpiration for arain forest in Puerto Rico to be
between 85 and 95 in., whereas open-water evaporation
was estimated to be about 43 in/yr. In Fiji, Waterloo and
others (1999) estimated that the evapotranspiration rate
from pine forest plots was about 2.3 to 2.6 times the
evapotranspiration rate from a nearby grassiand plot.
High evapotranspiration ratesin wet tropical rainforests
may be caused by (1) frequent occurrence of storms of
low intensity combined with large interception capac-
ity, and (2) advected warm air from anearby water body
(Shellekens and others, 2000).

Tropical forestsfrequently subjected to low clouds
havelower evapotranspiration ratesthan foreststhat are
infrequently subjected to clouds (Bruijnzeel and Vene-
klaas, 1998; Bruijnzeel and Proctor, 1993). Although
the reasons for the difference in evapotranspiration are
not fully understood, Bruijnzeel and Veneklaas (1998)
suggested that evapotranspiration in tropical montane
cloud forestsislimited by both climatic conditions and
canopy conductance.

For this study, the ratio of potential evapotranspi-
ration to pan evaporation was assumed to be 0.85, rep-
resenting the average of the range of 0.7 (Allen and
others, 1998; Doorenbosand Pruitt, 1977) to 1.0 (Ekern,
1966; Jones, 1980), for all areas except forested areas
that are bel ow the fog zone and that receive annual rain-
fall greater than 80 in. Theratio of potential evapotrans-
piration to pan evaporation was assumed to be 1.1
(=0.85 x 1.3) in forested areas that are below the fog
zone and that receive annual rainfall greater than 80 in.
Because these potential evapotranspiration estimates
are uncertain, lower and higher ratios of potential
evapotranspiration to pan evaporation were explored in
the “Recharge Uncertainty” section.

26 Reassessment of Ground-Water Recharge and Ground-Water Availability for the Hawi Area of North Kohala, Hawaii



155° 50" 155° 45
T T

PACIFIC OCEAN

Upolu Point

Kauhola Point

20°15' - -
Akoakoa
Point
Haena
Point
Kaoma
Point
20°10' -

Malae Point

Base modified from U.S. Geological Survey digital data,
1:24,000, 1983, Albers equal area projection, standard
parallels 19°08'30" and 20°02'30", central meridian
155°26'30"

J2 MILES

2KILOMETERS
EXPLANATION

— 80—  LINE OF EQUAL AVERAGE ANNUAL PAN EVAPORATION
Interval 10 inches

-+————  DRAINAGE DIVIDE

168
¢ PAN EVAPORATION STATION AND STATE KEY NUMBER

Figure 15. Average annual pan evaporation, north Kohala, Hawaii (modified from Ekern and Chang, 1985).

Water Budget 27



STATE KEY NO.

0.1

0.10

0.09

0.08

0.07

0.06

RATIO OF MONTHLY PAN EVAPORATION TO ANNUAL PAN EVAPORATION

0.05 1 1 1 1

JAN FEB MAR APR MAY JUNE

JULY AUG SEPT 0CT NOV DEC

Figure 16. Ratios of monthly mean pan evaporation to annual pan evaporation at selected sites in the Hawi area, north

Kohala, Hawaii.

Soil-Moisture Storage Capacity

Soil-moisture storage capacity is computed from
the product of available water capacity and root depth.
The distribution of available water capacity is
dependent on soil type, whereastheroot depthismainly
dependent on vegetation type. The digital soil map of
theisland of Hawaii used in this study was obtained
from the U.S. Department of Agriculture, Natural
Resource Conservation Service (P.J. Shade, Natural
Resource Conservation Service, unpub. data, 2000).

The distribution of vegetation in the study areawas dig-
itized from orthophoto-quadrangl e data.

For most of the soil seriesin the study area, Sato
and others (1973) estimated a range of values for avail-
ablewater capacity. For the soil seriesin the study area,
the maximum and minimum values of available water
capacity (Sato and others, 1973) are within 10 percent
of the average value of the reported range. For this
study, the average value of the reported range for each
soil serieswasused inthewater budget (table4). For the
soil seriesthat Sato and others (1973) did not estimate

28 Reassessment of Ground-Water Recharge and Ground-Water Availability for the Hawi Area of North Kohala, Hawaii



available water capacity, values reported by Shade
(1995, 1999) were used. If no information was avail-
able, avaue of 0.14 was assumed for available water

capacity.

Table 4. Estimated available water-capacity values for soils in the
Hawi area, north Kohala, Hawaii
[From Sato and others, 1973; Shade, 1995; Shade, 1999]

Available water capacity, in inches

Soil series per inch of soil
Ainakea 0.18
Amalu 0.12
Beaches 0.04
Cinder land 0.04
Fill land 0.15
Hawi 0.14
Kahua 0.17
Kaiwiki 0.14
Kamakoa 0.14
Kawaihae 0.12
Kehena 0.18
Kikoni 0.14
Kohala 0.14
Mahukona 0.12
Maile 0.15
Manahaa 0.15
Mixed aluvia land 0.12
Niulii 0.18
Palapalai 0.15
Puu Pa 0.15
Rough broken land 0.12
Tropaquepts 0.12
Waimea 0.15

V egetation root depths were estimated on the basis
of availableinformation. For grazing pasture, Allen and
others (1998) indicated aroot depth of 20 to 59in. How-
ever, profilesfor soilsinthe study area (Sato and others,
1973) indicated that the depth at which the description
changes from “many roots” to “few roots’ is generally
between 14 and 30 in. For this study, areas in pasture
were assumed to have aroot depth of 22in. Theforested
areas with greater than 25 percent canopy cover are
primarily ohialehua (Metrosideros polymor pha)
(Jacobi, 1989) and have an estimated root depth of 30
in. (Shade, 1995). In forested areas with scattered trees
(less than 25 percent canopy cover), aroot depth of 26
in. was estimated from the average root depths for pas-
ture areas and the forested areas with greater than 25

percent canopy cover. Steeply sloping surfaces gener-
ally cannot support deep soils. On steeply sloping sur-
faces on Oahu, Scott (1975) measured root depths of 6
in. to more than 20 in. depending on vegetation type.
For this study, aroot depth of 12 in. was used for gulch
areas, which generally have steeper slopesthan adjacent
ridges. For rural and urbanized areas, aroot depth of 12
in. was used (Giambelluca, 1983). For the agricultural
areas (primarily orchards) the root depth was assumed
tobe 30in.

Soil-moisture storage capacity (fig. 17) was esti-
mated for each areaformed by superimposing the vege-
tation information (root depths) on the soils infor-
mation (available water capacity). The estimated soil-
moisture storage capacity valuesin the study arearange
from0.5t05.4in.

Recharge

Recharge was computed for each areaformed by
overlaying digital maps of land cover, rainfall, fog drip,
runoff, potential evapotranspiration, soils, and vegeta-
tion type. Theinitial soil moisture in each areawas
assumed to equal half of the soil-moisture storage
capacity value. The daily water budget was computed
for aperiod of 96 years, which was determined to be
adequate to compute a steady average annual recharge
(fig. 18). For urban areas, estimated recharge over the
areawas adjusted to account for paved and roofed sur-
faces that do not contribute to recharge; that is, esti-
mated recharge over the urban areawas multiplied by a
factor equal to the fraction of the total areathat is not
paved or roofed (fig. 2). Because rainfall on many of
the paved and roofed surfaces in the study arearuns on
to permeabl e surfaces that contribute to recharge, mul-
tiplying recharge in urban areas by the fraction of the
total areathat is not paved or roofed may slightly under-
estimate recharge. However, it isalso likely that these
areas have lower infiltration capacities and greater run-
off-to-rainfall ratios than similar areas that have not
been urbanized. For water reservoirs, annual recharge
was conservatively estimated to be 12 in. on the basis of
estimates for the saturated hydraulic conductivity of
weathered basalt ranging from 12 to 1.2 x 10% in/yr
(Miller, 1987), and assuming vertical flow just beneath
thereservoirs.

Estimated average annual recharge in the study
areais 37.5 Mgal/d, which represents about 18 percent
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Figure 17. Estimated soil-moisture storage capacity in the Hawi area, north Kohala, Hawaii.
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Figure 18. Variations in estimated annual recharge and cumulative average annual recharge with number of
years of recharge simulation for the Hawi area, north Kohala, Hawaii.

of the average annual rainfall (208 Mgal/d). However,
average annual rechargeis spatially variable, ranging
from less than 5 to more than 50 percent of average
annual rainfall. Rechargeis lowest in the drier north-
west part of the study area and highest in the wetter
southeast part (fig. 19).

Average annual recharge from the direct infiltra-
tion of rainfall in the study area was previously
estimated to be 68.4 Mgal/d using a monthly water bud-

get that accountsfor recharge before evapotranspiration
(Underwood and others, 1995; Shade, 1995). Average
annual recharge estimated from a daily water budget
(thisstudy) is 55 percent of the recharge estimated from
the monthly water budget (Shade, 1995). As expected,
the estimated recharge from adaily water budget is
lower than the estimated recharge from a monthly bud-
get that accounts for recharge before evapotranspira
tion.
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Recharge Uncertainty

Estimated errorsin the values of potential evapo-
transpiration, available water capacity, root depth, run-
off, irrigation, and fog drip were incorporated in the
daily water budget to quantify uncertainty in the
recharge estimate. Although uncertainty in the rainfall
distribution also contributes to uncertainty in the
recharge estimate, rainfall in the Hawi areais generally
better known than the other factors mentioned above.
For this study, uncertainty in recharge caused by uncer-
tainty in potential evapotranspiration, available water
capacity, root depth, runoff, irrigation, and fog drip was
estimated using a sensitivity analysis approach in each
areaformed by overlaying digital maps of land cover,
rainfal, fog drip, runoff, potential evapotranspiration,
soils, and vegetation type. For each of these areas,
uncertainty in recharge was estimated from the compo-
nent uncertainties using the following equation:

U =[up® + U + ug + u? +uZ+ uf %2 (10)
where:
U = total uncertainty in recharge [L/T],
u, = recharge uncertainty associated with
potential-evapotranspiration estimate [L/T],

u, = recharge uncertainty associated with
available-water-capacity estimate [L/T],

uq = recharge uncertainty associated with root-
depth estimate [L/T],

u, = recharge uncertainty associated with runoff
estimate [L/T],

u; = recharge uncertainty associated with

irrigation estimate [L/T], and
U = recharge uncertainty associated with fog-drip
estimate [L/T].

Each of the component uncertainties, u, is esti-
mated from the sensitivity analysis results:

u=[u,—ul/2 (11)

where:
u = component uncertainty inrecharge (U, U,, Ug,
Uy, Uj, Or uf) [L/T],

u; = recharge obtained by decreasing the water-
budget component (potential evapo-
transpiration, available water capacity, root
depth, runoff, irrigation, or fog drip) to the
lower value of the estimated plausible range
[L/T], and

u, = recharge obtained by increasing the water-
budget component (potential evapo-
transpiration, available water capacity, root
depth, runoff, irrigation, or fog drip) to the
upper vaue of the estimated plausible range
[L/T].

For a given water-budget component, the values
for u, and u; arecommonly determined by adjusting the
mean value of the water-budget component by adding
or subtracting one standard deviation (see for example
Giambelluca and others, 1996). For this study, values
for u; and u, associated with potential evapotranspira-
tion, available water capacity, and runoff were esti-
mated on the basis of available information. Valuesfor
u; and u, associated with irrigation and fog drip were
estimated by covering the range over which these com-
ponents may vary.

Potential evapotranspiration.— For this study,
the ratio of potential evapotranspiration to pan evapora-
tion was assumed to be 0.85 for all areas except forested
areasthat are bel ow thefog zone and that receive annual
rainfall greater than 80 in., where the ratio of potential
evapotranspiration to pan evaporation was assumed to
be 1.1 (=0.85 x 1.3). On the basis of available informa-
tion, the ratio of potential evapotranspiration to pan
evaporation may range from 0.7 (Allen and others,
1998; Doorenbos and Pruitt, 1977) to 1.0 (Ekern, 1966;
Jones, 1980) for all areas except forested areas that are
below the fog zone and that receive average annual rain-
fall greater than 80 in. For forested areas that are below
the fog zone and that receive average annual rainfall
greater than 80 in., theratio of potential evapotranspira-
tion to pan evaporation may range from 0.91 (=0.7 x
1.3)to 1.3 (=1.0 x 1.3).

Holding al other factors at their original values
and using the lower potential evapotranspiration to pan
evaporation ratios resulted in an average annual
recharge estimate of 49.0 Mgal/d (table 5), which is 31
percent higher than the average estimate of 37.5Mgal/d.
Holding all other factors at their original values and
using the higher potential evapotranspiration to pan
evaporation ratios resulted in an average annual
recharge estimate of 29.3 Mgal/d, which is 22 percent
lower than the average estimate of 37.5 Mgal/d.

Available water capacity.—For the soil seriesin
the study area, the maximum and minimum values of
available water capacity (Sato and others, 1973) are
within 10 percent of the average value of the reported
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Table 5. Sensitivity of the water-budget estimate of average annual recharge to potential evapotranspiration, available water capacity, root
depth, runoff, fog drip, and irrigation in the Hawi area, north Kohala, Hawaii

[Mgal/d, million gallons per day]

Base case multiplier

Available
Average annual recharge, “PE:pan water

in Mgal/d evaporation ratio  capacity Root depth  Runoff Fog drip Irrigation Description

37.5 1.0 1.0 1.0 1.0 1.0 1.0 base case

49.0 0.7/0.85 1.0 1.0 1.0 1.0 1.0 reduce ?PE 18 percent

29.3 1.0/0.85 1.0 1.0 1.0 1.0 1.0 increase “PE 18 percent
38.7 1.0 0.9 1.0 1.0 1.0 1.0 reduce "AWC 10 percent
36.5 1.0 1.1 1.0 1.0 1.0 1.0 increase PAWC 10 percent
453 1.0 1.0 0.7 1.0 1.0 1.0 reduce root depth 30 precent
332 1.0 1.0 1.3 1.0 1.0 1.0 increase root depth 30 percent
493 1.0 1.0 1.0 0.5 1.0 1.0 reduce runoff 50 percent
26.8 1.0 1.0 1.0 1.5 1.0 1.0 increase runoff 50 percent
35.8 1.0 1.0 1.0 1.0 0.0 1.0 no fog drip

39.5 1.0 1.0 1.0 1.0 2.0 1.0 double fog drip

373 1.0 1.0 1.0 1.0 1.0 0.0 no irrigation

37.9 1.0 1.0 1.0 1.0 1.0 2.0 double irrigation

3PE = potential evapotranspiration
PAWC = available water capacity

range, which represents the original value used in the
water budget. Thus, varying the original available
water-capacity values upward or downward by 10 per-
cent was assumed to provide an estimate of the uncer-
tainty in the available water capacity. Holding all other
factors at their original values and decreasing the origi-
nal available water-capacity values by 10 percent
resulted in a 3 percent increasein total recharge to 38.7
Mgal/d, whereas increasing the original available
water-capacity values by 10 percent resulted in a 3 per-
cent decrease in total rechargeto 36.5 Mgal/d.

Root depth.—No published values are available to
estimate the range of plausible root depths in the study
area. On the basis of an assumed uniform distribution
with range equal to the mean (Giambelluca and others,
1996), the estimated standard deviation of each original
root-depth value for a particular areais equal to 30 per-
cent of that root-depth value. Holding all other factors
at their original values and decreasing the original root-
depth values by 30 percent resulted in a 21 percent
increase in total rechargeto 45.3 Mgal/d, whereas
increasing the root-depth values by 30 percent resulted
inan 11 percent decrease in total recharge to 33.2
Mgal/d.

Runoff.—Runoff in the Hawi areais poorly
known because there are no continuous stream-gaging
stations in the area. Shade (1995) estimated monthly
ratios of direct runoff to rainfall on the basis of informa-
tion from comparable areas on Oahu (Giambelluca,
1983). Giambelluca(1983) quantified the standard error
of the runoff estimate for a bivariate linear regression
between monthly rainfall and monthly runoff for basins
in southern Oahu. The standard error of the runoff esti-
mate generally was about 50 percent of the mean value.
This error estimate was used for the Hawi areafor this
study. Holding all other factors at their original values
and decreasing the original runoff estimates by 50 per-
cent resulted in a31 percent increasein total rechargeto
49.3 Mgal/d, whereas increasing the runoff by 50 per-
cent resulted in a 29 percent decrease in total recharge
to 26.8 Mgal/d.

Irrigation andfog drip.—Uncertainty in estimated
irrigation amounts and fog drip is unknown. For this
study, sensitivity of the recharge estimate to irrigation
was tested by holding all other factors at their origina
values and either (1) setting irrigation equal to zero or
(2) doubling the irrigation. Similarly, sensitivity of the
recharge estimate to fog drip was tested by either
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(2) setting fog drip equal to zero or (2) doubling fog
drip. Changesin irrigation or fog drip within the speci-
fied ranges caused a change of lessthan 2 Mgal/d inthe
total recharge estimate for the study area.

Recharge estimates.— For each area formed by
overlaying digital mapsof land cover, rainfall, fog drip,
runoff, potential evapotranspiration, soils, and vegeta
tion type, the estimated total recharge uncertainty was
added to the original recharge valueto provide an upper
recharge estimate for that area. Similarly, the estimated
total recharge uncertainty was subtracted from the
original recharge valueto provide alower recharge esti-
mate. If thelower recharge estimate for an areawasless
than zero, the recharge for that area was assigned a
value of zero. For the Hawi area, the average annual
recharge was estimated to be 37.5 Mgal/d with adaily
water budget. Lower and upper annual recharge esti-
mates that incorporate the estimated uncertainty respec-
tively are 19.9 Mgal/d (fig. 20) and 55.4 Mgal/d (fig.
21).

Because it is unlikely that al of the water-budget
components are biased in acommon direction, total
recharge from infiltration of rainfall, fog drip, and irri-
gationisprobably not aslow as 19.9 Mgal/d nor ashigh
as 55.4 Mgal/d. However, for the purposes of the
numerical ground-water flow simulations described in
the next section of thisreport, the range of recharge val-
ues was tested.

NUMERICAL GROUND-WATER FLOW
MODELS

A numerical ground-water flow model was previ-
ously devel oped to simulate steady-state regional
ground-water flow in the Hawi area (Underwood and
others, 1995). The model devel oped by Underwood and
others (1995) was modified to account for new esti-
mates of recharge and formed the basis of the steady-
state regional models developed for this study.

The regional models used the two-dimensional
(aredl) finite-element code AQUIFEM-SALT (Voss,
1984), which was modified to account for the saltwater
column overlying the aquifer offshore (Oki, 1997). The
AQUIFEM-SALT code was designed to simulate flow
of confined or unconfined fresh ground water in sys-
temsthat may have afreshwater body floating on denser
underlying saltwater. AQUIFEM-SALT treats freshwa-
ter and saltwater asimmiscible fluids separated by a

sharpinterface. The depth of theinterfaceisdetermined
by the Ghyben-Herzberg relation, which predicts, for
hydrostatic conditions, that every foot of freshwater
above sealevel must be balanced by 40 ft of freshwater
below sealevel. Inredlity, adiffuse brackish-water tran-
sition zone exists between the freshwater and underly-
ing saltwater. Furthermore, the Ghyben-Herzberg
relation tends to underestimate freshwater-lens thick-
ness in the coastal discharge zone (Bear, 1979) and
overestimate freshwater-lens thicknessin the mountain-
ousinterior area. In this study, it was assumed that the
position of the surface of 50-percent seawater salinity is
approximated by the sharp-interface position.
AQUIFEM-SALT simulates the vertically averaged
freshwater head in the aguifer and assumes that flow is
horizontal and all withdrawal and injection wellsfully
penetrate the freshwater body.

Model Construction

Three ground-water models, corresponding to
three different estimated recharge distributions (figs.
19-21), were developed for the Hawi areato simulate
ground-water levels and dischargesfor the 1990's. The
models account for spatially varying hydraulic charac-
teristics of the geologic materias, recharge, and
ground-water withdrawals. The hydraulic characteris-
tics were estimated from avail able data and were modi-
fied by varying them in the model to obtain acceptable
agreement between measured and model -cal cul ated
water levels. Water levels from the 1990’ s were avail-
ableat 14 wells.

Rechargeto and dischargefrom thefreshwater lens
have not changed significantly for many years, indicat-
ing that the measured water levels (fig. 9) represent
equilibrium or near-equilibrium conditions, although
seasonal variationsin water levels are expected (Under-
wood and others, 1995). Extensive agriculture and irri-
gation of crops ceased in the mid-1970' s and water
previously used for irrigation has been injected at the
Hawi hydroelectric plant since about 1979. The only
regularly pumped wellsin the area are two Hawaii
Department of Water Supply wells (7449-02 and 7349-
01). Although withdrawal from these wells has
increased slightly with time, the 1990’ s average com-
bined withdrawal of 0.26 Mgal/d is much less than the
total recharge to the aquifer.
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Figure 20. Estimated average annual ground-water recharge (low estimate of 19.9 million gallons per day) in
the Hawi area, north Kohala, Hawaii, computed with a water budget.
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Model Mesh

Thefinite-element mesh usedin thisstudy consists
of 397 nodes and 348 elements (fig. 22). The mesh cov-
ersthe part of the study area underlain by a freshwater
lens, and extends offshore to include the zone where
fresh ground water discharges to the ocean. The rift
zones were excluded from the model mesh because no
water-level information was available to characterize
the hydraulic properties of the dike-impounded ground-
water flow system. The perched-water system was not
simulated in this study, athough withdrawals from the
perched-water system were taken into account. Perched
water that is not withdrawn generally recharges the
freshwater-lens system, and this recharge also was
taken into account. Discharge from the perched-water
system to streams has not been quantified, but was
assumed to be small in this study.

Boundary Conditions

AQUIFEM-SALT supports three types of bound-
ary conditions: (1) specified head, (2) specified flow
(which includes no flow), and (3) head-dependent dis-
charge. Specified-head boundary conditions were not
used for this study. The perimeter of the active mesh is
ano-flow boundary. The agquifer bottom was treated as
ano-flow boundary located 3,000 ft below sealevel.
The aquifer bottom is deep enough to include the entire
freshwater-lens thickness.

All elements representing onshore areas were
modeled as unconfined, water-table elements. All ele-
ments representing offshore areas were modeled using
a head-dependent discharge boundary condition. Flow
out of the aquifer at head-dependent discharge elements
was assumed to be linearly related to the difference
between the head in the aguifer and the equivalent
freshwater head of the ocean overlying the aguifer at the
discharge site according to the equation:

Q= (K/B)A(h - hp) (12)
where:
Q = rate of discharge from a model element
L3,

K' = vertical hydraulic conductivity of the
confining unit overlying the aquifer [L/T],

B' = thickness of the confining unit overlying the
aquifer [L],

A = areaof the model element [L?],

h = head, relativeto mean sealevel, inthe aquifer
[L], and
ho = equivalent freshwater head, relative to mean
sealevel, of the ocean overlying the aguifer
[L].

The confining-unit vertical hydraulic conductivity
divided by the confining-unit thicknessforms alumped
parameter known as leakance. Although alow-perme-
ability confining unit may not exist offshore of the study
area, the vol canic rocksimpede the discharge of ground
water to the ocean because the resistance to movement
of ground water across the layering of lavaflows gener-
ally is much greater than the resistance to movement
aong the direction of the lava flows. Near coastal dis-
charge areas, ground-water flow is expected to be
upward and acrossthe layering of the lavaflows. In the
model, the vertical hydraulic conductivity of the confin-
ing unit representsthe vertical hydraulic conductivity of
the volcanic-rock aquifer, and the confining-unit thick-
nessrepresentsthe agquifer thicknessover which vertical
discharge occurs. No attempt was made to estimate sep-
arate values for aguifer thickness over which vertical
discharge occursand vertical hydraulic conductivity for
the study area; instead, the leakance was estimated.

For this study, the head, hy, overlying the aquifer
for offshore elements was assigned a val ue correspond-
ing to the freshwater-equivalent head of the saltwater
column overlying the ocean floor within the element.
Because saltwater hasagreater density than freshwater,
the freshwater-equivalent head, measured relative to a
mean sea-level datum, was computed from the equa-
tion:

hg = -2/40 (13)
where Z is the dltitude of the ocean floor (fig. 22).

Underwood and others (1995) assumed that hy was
equal to zerofor all offshore elementsto avoid introduc-
ing anomal ous offshore sources of freshwater. This
assumption tends to make the model overestimate
water-level declines associated with withdrawals.
Because amodified version of AQUIFEM-SALT (Oki,
1997) was used for this study, the necessity to set hy
equal to zero was avoided, and amore realistic repre-
sentation of the offshore boundary was possible.

Model Zones

The modeled areawas divided into two zones to
account for the difference in hydraulic conductivity
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between the southeastern and northwestern parts (fig.
23) (Underwood and others, 1995). In the model, |eak-
ance also was allowed to differ between the two zones.
Two was the minimum number of zones considered
necessary to adequately represent the system.

Recharge

Because of the uncertainty in the recharge esti-
mate, three different recharge distributions (from infil-
tration of rainfall, fog drip, and irrigation) were used in
the numerical ground-water flow model; alow estimate
of 19.9 Mgal/d (fig. 24), an intermediate estimate of
37.5 Mgal/d (fig. 25), and a high estimate of 55.4
Magal/d (fig. 26). Recharge to elements at the inland
boundary of the mesh was augmented to account for
recharge outside of the mesh but within the study area.
For example, although the rift-zone areas were not
included in the mesh, recharge to the rift zones was
added to the elements at the mesh boundary. Recharge
outside the mesh was assigned to elements at the mesh
boundary by artificially extending the mesh linesto the
boundary of the study area and assuming that recharge
enters the mesh parallel to the mesh lines. For recharge
in the rift zones, the mesh lines were artificially
extended in a southwest direction to the boundary of the
study areaand recharge between any two linesin therift
zone was summed, and assigned to the element at the
mesh boundary between the same two lines. For
recharge to the Pololu drainage basin, the mesh lines
were artificially extended in a southeast direction to the
eastern drainage divide, and recharge to the mesh
boundary elements was treated similarly as for the rift
zone.

Recharge in each of 20 model elements represent-
ing the Kohala ditch was increased by 0.1 Mgal/d to
account for atotal estimated 2 Mgal/d seepagelossfrom
theditch. Also, 8 Mgal/d recharge was added to asingle
model node to account for injection at the Hawi hydro-
electric plant (figs. 24 through 26).

Withdrawals

Average 1990’ swithdrawal ratesfrom DWSwells
7449-02 and 7349-01 were 0.21 and 0.05 Mgal/d,
respectively. These withdrawals were represented at
two model nodes (figs. 24 through 26). Estimated with-
drawals of 0.12, 0.16, 0.11, and 0.03 Mgal/d (State of
Hawaii, 1991) from the Lindsay, Watt 1, Bond 1, and
Murphy tunnels, respectively, were represented by

reduced recharge from model elements near these tun-
nels (figs. 24 through 26).

Estimation of Hydraulic Characteristics

For each of the three recharge distributions consid-
ered, 81 different combinations of leakance and hydrau-
lic-conductivity values were tested. All combinations
of three different hydraulic-conductivity values and
threedifferent leakance valuesfor each of thetwo zones
were tested. The same model zones were used for each
recharge distribution. All simulations were run to
steady-state conditions. Model-cal culated water levels
for each run were compared to measured water levels
from the 1990’ s available from 14 wells.

Model 1, Low Recharge

Model 1included 19.9 Mgal/d recharge from infil-
tration of rainfal, fog drip, and irrigation, 8 Mgal/d
recharge from injected water at the Hawi hydroelectric
plant, and 2 Mgal/d recharge from seepage from Kohaa
ditch (table 6). All combinations of three hydraulic-con-
ductivity values for the northwestern model zone (750;
1,500; and 2,250 ft/d), three hydraulic-conductivity val-
ues for the southeastern model zone (100, 300, and 500
ft/d), three leakance values for the northwestern model
zone (0.05, 0.1, and 0.2 ft/d/ft), and three |eakance val-
uesfor the southeastern model zone (0.0025, 0.005, and
0.01 ft/d/ft) weretested. The combination of valuesthat
produced the lowest average-absolute error between
measured and model-cal culated water levelswas a
hydraulic conductivity of 1,500 ft/d and a leakance of
0.1 ft/d/ft for the northwestern zone, and a hydraulic
conductivity of 300 ft/d and a leakance of 0.005 ft/d/ft
for the southeastern zone. For this combination of
hydraulic characteristics, the average and average-
absolute errorswere 0.21 and 0.55 ft, respectively.
Model-cal culated water levels arein general agreement
with the avail able measured water levels (figs. 27 and
28).

Model 2, Intermediate Recharge

Model 2 included 37.5 Mgal/d recharge from infil-
tration of rainfal, fog drip, and irrigation, 8 Mgal/d
recharge from injected water at the Hawi hydroelectric
plant, and 2 Mgal/d recharge from seepage from Kohala
ditch (table 6). All combinations of three hydraulic-
conductivity values for the northwestern model zone
(1,500; 2,250; and 3,000 ft/d), three hydraulic-
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Table 6. Steady-state ground-water budget (1990’s withdrawal conditions) for the numerical ground-water flow models, Hawi area,

north Kohala, Hawaii

[Valuesin million gallons per day. Total ground-water sources may not equal total ground-water discharges because of rounding errors]

Model 1, Model 2, Model 3,
low recharge intermediate recharge high recharge

Ground-water sources
Infiltration of rainfall, fog drip, and irrigation 19.9 37.5 554
Seepage from Kohala ditch 8.0 8.0 8.0
Hydroelectric plant injection wells 2.0 2.0 2.0
Total 29.9 47.5 65.4
Ground-water discharges
Withdrawals from wells 0.26 0.26 0.26
Withdrawals from tunnels 0.42 0.42 0.42
Freshwater discharge to ocean 29.2 46.9 64.7
Total 29.9 47.6 65.4

conductivity values for the southeastern model zone
(300, 500, and 700 ft/d), three leakance values for the
northwestern model zone (0.025, 0.05, and 0.10 ft/d/ft),
and three leakance values for the southeastern model
zone (0.005, 0.01, and 0.02 ft/d/ft) were tested. The
combination of values that produced the lowest aver-
age-absolute error between measured and model-cal cu-
lated water level swas ahydraulic conductivity of 2,250
ft/d and aleakance of 0.05 ft/d/ft for the northwestern
zone, and a hydraulic conductivity of 500 ft/d and a
leakance of 0.01 ft/d/ft for the southeastern zone. For
this combination of hydraulic characteristics, the aver-
age and average-absolute errors were 0.38 and 0.52 ft,
respectively. Model-cal culated water levels arein gen-
eral agreement with average measured water levels
from the 1990’ s (figs. 27 and 29).

Model 3, High Recharge

Model 3 included 55.4 Mgal/d recharge from infil-
tration of rainfall, fog drip, and irrigation, 8 Mgal/d
recharge from injected water at the Hawi hydroelectric
plant, and 2 Mgal/d recharge from seepage from Kohala
ditch (table 6). All combinations of three hydraulic-
conductivity values for the northwestern model zone
(2,250; 3,000; and 3,750 ft/d), three hydraulic-conduc-
tivity valuesfor the southeastern model zone (500, 700,
and 900ft/d), threeleakance valuesfor the northwestern
model zone (0.025, 0.05, and 0.1 ft/d/ft), and three |eak-
ance valuesfor the southeastern model zone (0.01, 0.02,
and 0.04 ft/d/ft) were tested. The combination of values
that produced the lowest average-absolute error
between measured and model-calcul ated water levels
was a hydraulic conductivity of 3,000 ft/d and a leak-

ance of 0.05 ft/d/ft for the northwestern zone, and a
hydraulic conductivity of 700 ft/d and aleakance of
0.02 ft/d/ft for the southeastern zone. For this combina-
tion of hydraulic characteristics, the average and
average-absolute errors were 0.15 and 0.49 ft, respec-
tively. Model-cal culated water levels arein general
agreement with average measured water levelsfromthe
1990’ s (figs. 27 and 30).

EFFECTS OF PROPOSED WITHDRAWALS

For steady-state conditions, withdrawal from a
freshwater-lens system will cause adeclinein water lev-
els, ariseinthetransition zone, and adecreasein dis-
charge to the ocean. For steady-state conditions,
ground-water withdrawal causes natural discharge to
the ocean to decrease by an amount equal to the with-
drawal.

The three numerical ground-water flow models
developed for this study were used to simulate the
steady-state response of the freshwater-lens system to
withdrawals at rates in excess of the average 1990's
withdrawal rates. Each of two withdrawal rates (above
average 1990’ s withdrawal rates) and two distributions
of withdrawal sitesweretested in each of the three mod-
els. Thus, atotal of 12 (=2 x 2 x 3) scenariosweretested
(table 7). Thefirst distribution of withdrawal sites cor-
responds to the well locations in scenario 1 of Under-
wood and others (1995). The second distribution is
similar to thefirst, but three of the six withdrawal sites
were moved farther inland, where the freshwater lensis
thicker and the possibility of saltwater intrusion less
likely.
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Figure 29. Measured and model-calculated water levels in the Hawi area, north Kohala, Hawaii, using the intermediate
recharge estimate (37.5 million gallons per day from infiltration of rainfall, fog drip, and irrigation).
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Table 7. Recharge and withdrawal (scenarios 1 to 12) for the numerical ground-water flow models, Hawi area, north Kohala, Hawaii

[Mgal/d, million gallons per day]

‘Withdrawal, in Mgal/d

Withdrawal site

2Recharge, Distribution of
Scenario in Mgal/d withdrawal sites P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 P-9 Total
1 19.9 1 1.0 2.0 2.0 2.0 2.0 1.0 0.0 0.0 0.0 10
2 19.9 2 1.0 2.0 2.0 0.0 0.0 0.0 2.0 2.0 1.0 10
3 19.9 1 1.5 3.0 3.0 3.0 3.0 1.5 0.0 0.0 0.0 15
4 19.9 2 1.5 3.0 3.0 0.0 0.0 0.0 3.0 3.0 1.5 15
5 37.5 1 1.5 3.0 3.0 3.0 3.0 1.5 0.0 0.0 0.0 15
6 37.5 2 1.5 3.0 3.0 0.0 0.0 0.0 3.0 3.0 1.5 15
7 37.5 1 2.0 4.0 4.0 4.0 4.0 2.0 0.0 0.0 0.0 20
8 37.5 2 2.0 4.0 4.0 0.0 0.0 0.0 4.0 4.0 2.0 20
9 554 1 1.5 3.0 3.0 3.0 3.0 1.5 0.0 0.0 0.0 15
10 554 2 1.5 3.0 3.0 0.0 0.0 0.0 3.0 3.0 1.5 15
11 554 1 2.0 4.0 4.0 4.0 4.0 2.0 0.0 0.0 0.0 20
12 55.4 2 2.0 4.0 4.0 0.0 0.0 0.0 4.0 4.0 2.0 20

8Recharge from infiltration of rainfall, fog drip, and irrigation. An additional 10 Mgal/d recharge from injection at the Hawi hydroelectric plant and seepage

from Kohala ditch isincluded in scenarios 1 to 8.

bThe sitesin distribution 1 correspond to scenario 1 from Underwood and others (1995). Sites P-7 to P-9 in distribution 2 are located farther inland than

sites P-4 to P-6 in distribution 1.
“Withdrawal above the average 1990's rates.

The location of the model-calcul ated freshwater-
saltwater interfaceisimportant becauseitisanindicator
of freshwater-lens thickness and, thus, the limits on
available water at withdrawal sites. If the model-
calculated freshwater-saltwater interface rises near or
intowells, saltwater intrusion may be aproblem. For the
Kohala study area, Underwood and others (1995) esti-
mated that the thickness of the upper part of the transi-
tion zone (above the freshwater-saltwater interface) is
about 80 ft and, on the basis of this estimate, determined
thethickness of the freshwater above thetransition zone
at simulated withdrawal sites. The approach of Under-
wood and others (1995) for estimating the thickness of
freshwater from the water table to the upper part of the
transition zone (80 ft above the model-cal culated
freshwater-saltwater interface) was used in this study.

In Hawaii, wells tapping freshwater-lens systems
commonly aredrilled to depths of 50to 200 ft below sea
level. Deep wells are more likely to be affected by salt-
water intrusion, whereas shallow wells would tend to
maintain a greater buffer of freshwater between the
wellsand the transition zone. The amount of freshwater

buffer would depend on the actual depth, spacing, and
withdrawal rates of the wells and the location of the
wells.

Model 1

Model 1includes 19.9 Mgal/d recharge from infil-
tration of rainfall, fog drip, and irrigation, plus 10
Mgal/d combined recharge from injection at the Hawi
hydroelectric plant and seepage from Kohaladitch. The
model 1 hydraulic characteristics, estimated from aver-
age 1990' s water levels and withdrawal s, were used to
simulate four scenarios (scenarios 1 to 4).

Scenario 1.— 10 Mgal/d Withdrawal, Distribution 1

Inscenario 1, 10 Mgal/d (abovethe 1990’ saverage
withdrawal rates) was withdrawn from six sites (fig.
31A). At both the easternmost site (P-1) and the west-
ernmost site (P-6), smulated withdrawal was 1.0
Magal/d. Simulated withdrawal at each of the four other
sites (P-2 to P-5) was 2.0 Mgal/d (table 7).
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Table 8. Model-calculated water levels for scenarios 1 to 12 at proposed sites of withdrawal, Hawi area, north Kohala, Hawaii
[Mgal/d, million gallons per day; na, not applicable; --, zero withdrawal at site for scenarios 1 to 12; model calculated freshwater-saltwater interface depth below
sealevel isequal to -40 timesthe indicated water level; estimated freshwater thickness at the withdrawal siteis equal to 41 timesthe indicated water level minus

80 feet]

Model-calculated water level at site of proposed

Recharge, bwith drawal, withdrawal, in feet above mean sea level
Scenario in Mgal/d in Mgal/d ‘Distribution  P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 P-9
Model 1 (low recharge), zero

withdrawal from P-1 to P-9 19.9 0 na 11.0 10.7 109 10.0 8.9 7.1 10.8 10.2 10.6

1 19.9 10 1 8.3 6.8 6.8 5.7 5.1 56 - -- --
2 19.9 10 2 8.1 6.5 6.4 -- -- - 6.2 6.0 7.7

3 19.9 15 1 6.6 3.6 33 1.1 1.3 47 - -- --
4 19.9 15 2 6.2 2.9 2.2 -- -- -- 1.6 1.9 5.8

Model 2 (intermediate recharge),

zero withdrawal from P-1 to P-9 37.5 0 na 11.0 10.7 11.0 10.2 9.1 73 109 10.5 109

5 37.5 15 1 8.7 7.4 7.5 6.5 5.9 57 - -- --
6 37.5 15 2 8.5 7.2 7.3 -- -- - 7.1 6.8 8.3

7 37.5 20 1 7.8 5.9 5.9 4.8 43 52 - -- --
8 37.5 20 2 7.5 5.6 5.5 -- -- -- 53 5.1 7.3

Model 3 (high recharge), zero

withdrawal from P-1 to P-9 554 0 na 104 102 10.7 9.8 8.9 7.1 107 103 10.7

9 55.4 15 1 8.9 8.1 8.4 7.5 6.8 6.1 - -- --
10 55.4 15 2 8.8 7.9 8.2 - - -- 8.2 7.9 9.0

11 55.4 20 1 8.4 7.2 7.5 6.5 5.9 57 - -- --
12 55.4 20 2 8.2 7.0 7.2 -- -- -- 7.1 6.9 8.4

@Recharge from infiltration of rainfall, fog drip, and irrigation.
bwithdrawal in excess of average 1990's rates.
Distribution of withdrawals and sites shown in table 7 and figures 31-33.

In scenario 1, model-calcul ated water levels at the
six withdrawal sitesrange from 5.1 to 8.3 ft above sea
level, and the water levels at these sitesare 1.5 to 4.3 ft
lower than the model-cal culated water levels from
model 1 without the 10 Mgal/d additional withdrawal
(table 8). At the six withdrawal sites, the model-cal cu-
lated interface in scenario 1 is 204 to 332 ft below sea
level. The estimated thicknesses of freshwater from the
water tableto the upper part of the transition zone range
from 129 to 260 ft at the six withdrawal sitesin scenario
1. The freshwater thicknesses are least (129 to 154 ft)
near thethreewesternmost withdrawal sites (P-4 to P-6)
and, therefore, deeply drilled wells at these siteswould
morelikely be affected by saltwater intrusion than at the
three eastern sites. For steady-state conditions, with-
drawing an additional 10 Mgal/d causes ground-water
discharge to the ocean to decrease by 10 Mgal/d (com-
pare tables 6 and 9).

Scenario 2.— 10 Mgal/d Withdrawal, Distribution 2

Inscenario 2, 10 Mgal/d (abovethe 1990’ saverage
withdrawal rates) was withdrawn from six sites (fig.
31B). At both the easternmost site (P-1) and the west-
ernmost site (P-9), ssimulated withdrawal was 1.0
Mgal/d. Simulated withdrawal at each of the four other
sites (P-2, P-3, P-7, and P-8) was 2.0 Mgal/d (table 7).
Relative to the three westernmost sitesin scenario 1
(P-4 to P-6), the corresponding three westernmost sites
in scenario 2 (P-7 to P-9) are farther inland, where the
freshwater lensisthicker.

In scenario 2, model-calcul ated water levels at the
six withdrawal sites range from 6.0 to 8.1 ft above sea
level, and the water levels at these sitesare 2.9 to0 4.6 ft
lower than the model-calculated water levels from
model 1 without the 10 Mgal/d additional withdrawal
(table 8). The water levels at common withdrawal sites
(P-1toP-3) are0.2t0 0.4 ft lower in scenario 2 relative
to scenario 1 (table 8).
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Table 9. Steady-state ground-water budget (scenarios 1 to 12) for the numerical ground-water flow models, Hawi area, north Kohala, Hawaii
[Valuesin million gallons per day. Total ground-water sources may not equal total ground-water discharges because of rounding errors]

Scenario

1 and 2 3and 4 5and 6 7 and 8 9 and 10 11 and 12
Ground-water sources
Infiltration of rainfall, fog drip, and irrigation 19.9 19.9 37.5 37.5 554 554
Seepage from Kohala ditch 2.0 2.0 2.0 2.0 2.0 2.0
Hydroelectric plant injection wells 8.0 8.0 8.0 8.0 8.0 8.0
Total 29.9 29.9 47.5 47.5 65.4 65.4
Ground-water discharges
Withdrawals from wells 10.3 15.3 153 20.3 15.3 20.3
Withdrawals from tunnels 0.42 0.42 0.42 0.42 0.42 0.42
Freshwater discharge to ocean 19.2 14.2 31.9 26.9 49.7 44.7
Total 29.9 29.9 47.6 47.6 65.4 65.4

At the six withdrawal sites, the model-cal culated
interface in scenario 2 is 240 to 324 ft below sealevel.
The estimated thicknesses of freshwater from the water
table to the upper part of the transition zone range from
166 to 252 ft at the six withdrawal sitesin scenario 2.
Relative to scenario 1, the estimated freshwater thick-
nesses at the three easternmost withdrawal sites (P-1 to
P-3) in scenario 2 decreased by about 8 to 17 ft. How-
ever, the estimated freshwater thicknesses (166 to 236
ft) at the three westernmost withdrawal sites (P-7 to P-
9) in scenario 2 are greater than the estimated fresh-
water thicknesses (129 to 154 ft) at the three western-
most withdrawal sites (P-4 to P-6) in scenario 1 because
the three westernmost withdrawal sitesin scenario 2 are
farther inland (where the freshwater lensisthicker) than
the three westernmost withdrawal sitesin scenario 1.
Thus, the potential for saltwater intrusion at the three
westernmost withdrawal sitesislower in scenario 2 than
scenario 1.

Scenario 3.— 15 Mgal/d Withdrawal, Distribution 1

Inscenario 3, 15Mgal/d (abovethe 1990’ saverage
withdrawal rates) was withdrawn from six sites (fig.
31C). At both the easternmost site (P-1) and the west-
ernmost site (P-6), simulated withdrawal was 1.5
Mgal/d. Simulated withdrawal at each of the four other
sites (P-2 to P-5) was 3.0 Mgal/d (table 7).

In scenario 3, model-calcul ated water levels at the
six withdrawal sitesrange from 1.1 to 6.6 ft above sea
level, and the water levels at these sitesare 2.4 to 8.9 ft
lower than the model-calcul ated water levels from

model 1 without the 15 Mgal/d additional withdrawal
(table 8). At the six withdrawal sites, the model-calcu-
lated interface in scenario 3 is 44 to 264 ft below sea
level. The estimated thicknesses of freshwater from the
water tableto the upper part of thetransition zone range
from 0to 191 ft at the six withdrawal sitesin scenario 3.
The estimated freshwater thicknesses are zero near
withdrawal sites P-4 and P-5.

Scenario 4.— 15 Mgal/d Withdrawal, Distribution 2

Inscenario 4, 15 Mgal/d (abovethe 1990’ saverage
withdrawal rates) was withdrawn from six sites (fig.
31D). At both the easternmost site (P-1) and the west-
ernmost site (P-9), simulated withdrawal was 1.5
Mgal/d. Simulated withdrawal at each of the four other
sites (P-2, P-3, P-7, and P-8) was 3.0 Mgal/d (table 7).

In scenario 4, model-calculated water levels at the
six withdrawal sites range from 1.6 to 6.2 ft above sea
level, and the water levels at these sitesare 4.8 t0 9.2 ft
lower than the model-calculated water levels from
model 1 without the 15 Mgal/d additional withdrawal
(table 8). Thewater levelsat common withdrawal sites
(P-1to P-3) are 0.4 to 1.1 ft lower in scenario 4 relative
to scenario 3 (table 8).

At the six withdrawal sites, the model-cal cul ated
interface in scenario 4 is 64 to 248 ft below sealevel.
The estimated thicknesses of freshwater from the water
table to the upper part of the transition zone range from
0to 174 ft at the six withdrawal sitesin scenario 4. The
estimated freshwater thicknesses are zero near with-
drawal sites P-7 and P-8.
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Model 2

Model 2 includes 37.5 Mgal/d recharge from infil-
tration of rainfall, fog drip, and irrigation, plus 10
Mgal/d combined recharge from injection at the Hawi
hydroel ectric plant and seepage from Kohaaditch. The
model 2 hydraulic characteristics, estimated from aver-
age 1990' s water levels and withdrawals, were used in
four additional withdrawal scenarios (scenarios 5 to 8).

Scenario 5.— 15 Mgal/d Withdrawal, Distribution 1

Inscenario 5, 15 Mgal/d (abovethe 1990’ saverage
withdrawal rates) was withdrawn from six sites using
the samewithdrawal sitesand ratesasin scenario 3 (fig.
32A, table 7). In scenario 5, model-cal culated water lev-
els at the six withdrawal sitesrange from 5.7 to 8.7 ft
above sealevel, and the water levelsare 1.6 to 3.7 ft
lower than the model-cal culated water levels from
model 2 without the 15 Mgal/d additional withdrawal
(table 8). The water-level declines at the withdrawal
sites are greater in scenario 3 than scenario 5 because
the hydraulic-conductivity and leakance values esti-
mated for model 1 (low recharge) generally are lower
than those for model 2 (intermediate recharge).

At the six withdrawal sites, the model-cal culated
interface in scenario 5 is 228 to 348 ft below sea level.
The estimated thicknesses of freshwater from the water
table to the upper part of the transition zone range from
154 to 277 ft at the six withdrawal sitesin scenario 5.
Thefreshwater thicknesses are least near the three west-
ernmost withdrawal sites (P-4 to P-6).

Scenario 6.— 15 Mgal/d Withdrawal, Distribution 2

Inscenario 6, 15 Mgal/d (abovethe 1990’ saverage
withdrawal rates) was withdrawn from six sites using
the same withdrawal sitesand ratesasin scenario 4 (fig.
32B, table 7). In scenario 6, model-cal cul ated water lev-
els at the six withdrawal sites range from 6.7 to 8.5 ft
above sealevel. The water levels at common with-
drawal sites (P-1to P-3) are 0.2 ft lower in scenario 6
relative to scenario 5 (table 8).

At the six withdrawal sites, the model-cal cul ated
interface in scenario 6 is 268 to 340 ft below sea level.
The estimated thicknesses of freshwater from the water
table to the upper part of the transition zone range from
199 to 269 ft at the six withdrawal sitesin scenario 6.
Relative to scenario 5, the estimated freshwater thick-
nesses at the three easternmost withdrawal sites (P-1 to

P-3) in scenario 6 decreased by about 8to 9 ft. However,
the estimated freshwater thicknesses at the three west-
ernmost withdrawal sites (P-7 to P-9) in scenario 6
range from 199 to 260 ft, which are greater than the esti-
mated freshwater thicknesses of 154 to 187 ft at the
three westernmost withdrawal sites (P-4 to P-6) in sce-
nario 5.

Scenario 7.— 20 Mgal/d Withdrawal, Distribution 1

Inscenario 7, 20 Mgal/d (abovethe 1990’ saverage
withdrawal rates) was withdrawn from six sites (fig.
32C, table 7). At both the easternmost site (P-1) and the
westernmost site (P-6), simulated withdrawal was 2.0
Mgal/d. Simulated withdrawal at each of the four other
sites (P-2 to P-5) was 4.0 Mgal/d (table 7).

In scenario 7, model-calculated water levels at the
six withdrawal sites range from 4.3 to 7.8 ft above sea
level, and thewater levelsare2.1to 5.4 ft lower than the
model -cal cul ated water levelsfrom model 2 without the
20 Mgal/d additional withdrawal (table 8). At the six
withdrawal sites, the model-calculated interface in sce-
nario 7 is 172 to 312 ft below sealevel. The estimated
thicknesses of freshwater from the water table to the
upper part of the transition zone range from 96 to 240 ft
at the six withdrawal sitesin scenario 7. The freshwater
thicknesses are least near the three westernmost with-
drawal sites (P-4 to P-6).

Scenario 8.— 20 Mgal/d Withdrawal, Distribution 2

Inscenario 8, 20 Mgal/d (abovethe 1990’ saverage
withdrawal rates) was withdrawn from six sites (fig.
32D). At both the easternmost site (P-1) and the west-
ernmost site (P-9), smulated withdrawal was 2.0
Mgal/d. Simulated withdrawal at each of the four other
sites (P-2, P-3, P-7, and P-8) was 4.0 Mgal/d (table 7).

In scenario 8, model-calculated water levels at the
six withdrawal sitesrange from 5.1 to 7.5 ft above sea
level. The water levels at common withdrawal sites (P-
1to P-3) are 0.3t0 0.4 ft lower in scenario 8 relative to
scenario 7 (table 8).

At the six withdrawal sites, the model-cal cul ated
interface in scenario 8 is 204 to 300 ft below sealevel.
The estimated thicknesses of freshwater from the water
table to the upper part of the transition zone range from
129 to 228 ft at the six withdrawal sitesin scenario 8.
Relative to scenario 7, the estimated freshwater thick-
nesses at the three easternmost withdrawal sites (P-1to
P-3) in scenario 8 decreased by about 12 to 16 ft.
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Figure 32. Model-calculated water levels in the Hawi area, north Kohala, Hawaii, with 37.5 million gallons per day
recharge from infiltration of rainfall, fog drip, and irrigation and different withdrawal rates and distributions: (A) 15 mil-
lion gallons per day withdrawal using well distribution 1; (B) 15 million gallons per day withdrawal using well distribution
2; (€) 20 million gallons per day withdrawal using well distribution 1; (D) 20 million gallons per day withdrawal using
well distribution 2. Specified withdrawals are at rates above the average 1990's rates. Withdrawal rates at individual
pumped wells are shown in table 7. Model-calculated freshwater-saltwater interface depths below sea level are equal to -
40 times the indicated water levels.
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However, the estimated freshwater thicknesses at the
three westernmost withdrawal sites (P-7 to P-9) in sce-
nario 8 range from 129 to 219 ft, which are greater than
the estimated freshwater thicknesses of 96 to 133 ft at
the three westernmost withdrawal sites (P-4 to P-6) in
scenario 7.

Model 3

Model 3 includes 55.4 Mgal/d recharge from infil-
tration of rainfall, fog drip, and irrigation, plus 10
Magal/d combined recharge from injection at the Hawi
hydroelectric plant and seepage from Kohaladitch. The
model 3 hydraulic characteristics, estimated from aver-
age 1990' s water levels and withdrawals, were used in
four additional withdrawal scenarios (scenarios 9 t012).

Scenario 9.— 15 Mgal/d Withdrawal, Distribution 1

Inscenario 9, 15 Mgal/d (abovethe 1990’ saverage
withdrawal rates) was withdrawn from six sites using
thesamewithdrawal sitesand ratesasin scenarios 3 and
5 (fig. 33A, table 7). In scenario 9, model-calculated
water levels at the six withdrawal sites range from 6.1
to 8.9 ft above sealevel, and the water levelsare 1.0 to
2.3 ft lower than the model-cal cul ated water levelsfrom
model 3 without the 15 Mgal/d additional withdrawal
(table 8). The water-level declines at the withdrawal
sites are greater in scenario 5 than scenario 9 because
the hydraulic-conductivity and leakance values esti-
mated for model 2 (intermediate recharge) generally are
lower than those for model 3 (high recharge).

At the six withdrawal sites, the model-cal cul ated
interface in scenario 9 is 244 to 356 ft below sealevel.
The estimated thicknesses of freshwater from the water
table to the upper part of the transition zone range from
170 to 285 ft at the six withdrawal sitesin scenario 9.
The freshwater thicknesses are least near the three west-
ernmost withdrawal sites (P-4 to P-6).

Scenario 10.— 15 Mgal/d Withdrawal, Distribution 2

In scenario 10, 15 Mgal/d (above the 1990’ s aver-
age withdrawal rates) was withdrawn from six sites
using the samewithdrawal sitesand ratesasin scenarios
4 and 6 (fig. 33B, table 7). In scenario 10, model-cal cu-
lated water levels at the six withdrawal sitesrange from
7.910 9.0 ft above sealevel. The water levels at com-
mon withdrawal sites (P-1to P-3) are 0.1t0 0.2 ft lower
in scenario 10 relative to scenario 9 (table 8).

At the six withdrawal sites, the model-cal culated
interfacein scenario 10is 316 to 360 ft below sealevel.
The estimated thicknesses of freshwater from the water
table to the upper part of the transition zone range from
244 to 289 ft at the six withdrawal sitesin scenario 10.
Relative to scenario 9, the estimated freshwater thick-
nesses at the three easternmost withdrawal sites (P-1to
P-3) in scenario 10 decreased by about 4 to 8 ft. How-
ever, the estimated freshwater thicknesses at the three
westernmost withdrawal sites (P-7 to P-9) in scenario
10 range from 244 to 289 ft, which are greater than the
estimated freshwater thicknesses of 170 to 228 ft at the
three westernmost withdrawal sites (P-4 to P-6) in sce-
nario 9.

Scenario 11.— 20 Mgal/d Withdrawal, Distribution 1

In scenario 11, 20 Mgal/d (above the 1990’ s aver-
age withdrawal rates) was withdrawn from six sites
using the same withdrawal sites and rates asin scenario
7 (fig. 33C, table 7). In scenario 11, model -cal cul ated
water levels at the six withdrawal sites range from 5.7
to 8.4 ft above sealevel, and the water levelsare 1.4 to
3.3ft lower than the model-cal culated water levelsfrom
model 3 without the 20 Mgal/d additional withdrawal
(table 8).

At the six withdrawal sites, the model-cal culated
interfacein scenario 11 is 228 to 336 ft below sealevel.
The estimated thicknesses of freshwater from the water
table to the upper part of the transition zone range from
154 to 264 ft at the six withdrawal sitesin scenario 11.
The freshwater thicknesses are least near the three west-
ernmost withdrawal sites (P-4 to P-6).

Scenario 12.— 20 Mgal/d Withdrawal, Distribution 2

In scenario 12, 20 Mgal/d (above the 1990’ s aver-
age withdrawal rates) was withdrawn from six sites
using the same withdrawal sites and rates asin scenario
8 (fig. 33D, table 7). In scenario 12, model-calcul ated
water levels at the six withdrawal sites range from 6.9
to 8.4 ft above sealevel. The water levels at common
withdrawal sites (P-1to P-3) are 0.2to 0.3 ft lower in
scenario 12 relative to scenario 11 (table 8).

At the six withdrawal sites, the model-calcul ated
interfacein scenario 12 is 276 to 336 ft below sealevel.
The estimated thicknesses of freshwater from the water
table to the upper part of the transition zone range from
203 to 264 ft at the six withdrawal sitesin scenario 12.
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Figure 33. Model-calculated water levels in the Hawi area, north Kohala, Hawaii, with 55.4 million gallons per day
recharge from infiltration of rainfall, fog drip, and irrigation and different withdrawal rates and distributions:

(A) 15 million gallons per day withdrawal using well distribution 1; (B) 15 million gallons per day withdrawal using well
distribution 2; (€) 20 million gallons per day withdrawal using well distribution 1; (D) 20 million gallons per day with-
drawal using well distribution 2. Specified withdrawals are at rates above the average 1990's rates. Withdrawal rates at
individual pumped wells are shown in table 7. Model-calculated freshwater-saltwater interface depths below sea level are
equal to -40 times the indicated water levels.
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Relative to scenario 11, the estimated freshwater
thicknesses at the three easternmost withdrawal sites (P-
1to P-3) in scenario 12 decreased by about 8 to 13 ft.
However, the estimated freshwater thicknesses at the
three westernmost withdrawal sites (P-7 to P-9) in sce-
nario 12 rangefrom 203 to 264 ft, which are greater than
the estimated freshwater thicknesses of 154 to 187 ft at
the three westernmost withdrawal sites (P-4 to P-6) in
scenario 11.

Ground-Water Availability

On the basis of numerical ground-water flow
model results, Underwood and others (1995) indicated
that withdrawal of 20 Mgal/d from the Hawi areaisfea
sible, but depth, spacing, and withdrawal rates of indi-
vidual wells are important considerationsin planning
ground-water development. Model results from Under-
wood and others (1995) indicated that for awithdrawal
of 20Mgal/d, water levelsat thewithdrawal siteswould
beaslow as 5.7 ft above sealevel. The estimated fresh-
water thickness (distance from the water tableto the top
of the transition zone) at the withdrawal sites would be
as small as 154 ft. The numerical ground-water flow
model developed by Underwood and others (1995)
included 68.4 Mgal/d recharge from infiltration of rain-
fall. Resultsfrom the present study indicatethat the 68.4
Mgal/d recharge estimate is probably high; this conclu-
sion has important ground-water availability implica
tions.

Because of uncertainty in the recharge, three
numerical ground-water flow models of the Hawi area
were devel oped for the present study. The three numer-
ical ground-water flow models each incorporated a dif-
ferent recharge rate (from infiltration of rainfal, fog
drip, andirrigation): (1) alow recharge of 19.9 Mgal/d,
(2) an intermediate recharge of 37.5 Mgal/d, or (3) a
high recharge of 55.4 Mgal/d. Ground-water availabil-
ity for each of the three recharge rates is described
below.

Results from withdrawal scenarios 1 to 4 using the
low recharge estimate (19.9 Mgal/d from infiltration of
rainfall, fog drip, and irrigation) indicate that (1) it may
be possible to develop an additional 10 Mgal/d of fresh
ground water from the Hawi area and maintain a fresh-
water-lens thickness of 160 ft near the withdrawal sites
if appropriate well sites, depths, and withdrawal rates
are used, and (2) it may be difficult to develop an addi-

tional 15 Mgal/d without causing saltwater to intrude
thewells. High rates of withdrawal from closely spaced,
deep wells will enhance the possibility for saltwater
intrusion problems.

Resultsfrom withdrawal scenarios5 to 8 using the
intermediate recharge estimate (37.5 Mgal/d from infil-
tration of rainfal, fog drip, and irrigation) indicate that
(1) it may be possible to develop an additional 15
Mgal/d of fresh ground water from the Hawi area and
maintain a freshwater-lens thickness of 190 ft near the
withdrawal sitesif appropriate well sites, depths, and
withdrawal rates are used, and (2) it may be difficult to
develop an additional 20 Mgal/d and maintain a fresh-
water-lens thickness greater than 150 ft at all with-
drawal sites.

Results from withdrawal scenarios 9 to 12 using
the high recharge estimate (55.4 Mgal/d from infiltra-
tion of rainfall, fog drip, and irrigation) indicate that it
may be possible to develop at least an additional 20
Mgal/d of fresh ground water from the Hawi area and
maintain a freshwater-lens thickness of 200 ft near the
withdrawal sitesif appropriate well sites, depths, and
withdrawal rates are used.

Other well-field configurations than the ones con-
sidered potentially could be used to develop morefresh
ground water than indicated by the scenarios tested in
this study.

Depth, spacing, and withdrawal rates of individual
wells are important considerations in determining
ground-water availability. Deep wells will increase the
likelihood for saltwater intrusion. Concentrating too
much withdrawal at too few sites also may increase the
likelihood for saltwater intrusion. Devel opment of
ground-water resources farther inland may reduce the
potential for saltwater intrusion problems because the
freshwater lensis thicker. Regional models developed
for the present study cannot predict whether local salt-
water intrusion problems may occur at withdrawal sites
(see"Model Limitations" section). Furthermore, the
upper part of the transition zone may widen beneath
withdrawal sites (Reilly and Goodman, 1987), thus
increasing the potential for local saltwater intrusion.

Ground-water availability estimates for the Hawi
area are highly dependent on the recharge estimate.
Results of this study underscore the importance of
collecting information to better constrain the recharge
estimate so that better estimates of ground-water avail-
ability can be made.
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MODEL LIMITATIONS

The numerical ground-water flow models devel-
oped in this study for the Hawi area have severa limita-
tions. One of the main limitations is the uncertainty in
recharge. Because data are not available to better con-
strain the recharge estimate, it was necessary to develop
three models using a range of recharge estimates.
Results from this study indicate that it is possible to
obtain reasonabl e agreement between measured and
model-cal culated water levels with three different
recharge distributions by using appropriate hydraulic-
conductivity and leakance distributions. Thus, without
additional information to better constrain the recharge
or hydraulic-characteristics distributions, it is not possi-
ble to develop a unique ground-water flow model.
Clearly, improved recharge estimates are needed to
reduce uncertainty in ground-water flow model predic-
tions. Recharge estimates from a water-budget
approach can beimproved as datarel ated to evapotrans-
piration, runoff, and fog drip become available. Inde-
pendent methods of estimating recharge, such as salt
bal ances or isotope studies, also can lead to reduced
uncertainty in the recharge estimates.

In this study, model zones were created to repre-
sent high- and low-permeability zones within the Hawi
area. It ispossible that different distributions of hydrau-
lic conductivity and leakance can be used in amodel to
produce acceptable matches between model-cal culated
and measured water levels. Although the zones that
were created in this study are plausible, it is probable
that other zonal geometries could produce similar
results. The number of model zones was minimized
because of the limited data. A refined model can be
developed and abetter representation of theflow system
can be obtained as more data become available to con-
strain the model.

There are an insufficient number of monitoring
wells at high altitudes to define the spatial distribution
of water levelsin the inland, southeastern part of the
study area. Thus, the distributions of model-calcul ated
water levels and freshwater-saltwater interface alti-
tudes, although informative, are unverified in places.

The model-calcul ated water-level decline at a
model node used to represent awithdrawal well may
underestimate the water-level declinein an actual well
because the model-calculated water-level decline repre-
sents an average decline for the area around the model
node (see figs. 24-26) as opposed to the maximum

decline that exists at the withdrawal well. Saltwater
intrusion at awithdrawal well may be aproblem even if
the average altitude of the model-cal culated freshwater-
saltwater interface is below the bottom of the simulated
well.

Because the ground-water flow model contains
only asingle layer, vertical hydraulic-head gradients
cannot be simulated. Thus, model-cal culated water-
level declines caused by additional withdrawals may be
underestimated near partially penetrating wells. On the
other hand, because asingle-layer numerical model can-
not account for vertical flow, the numerical model may
overestimate the rise in the position of the freshwater-
saltwater interface caused by withdrawal from partially
penetrating wells, especially for highly anisotropic
aguifersin which the vertical hydraulic conductivity is
several orders of magnitude less than the horizontal
hydraulic conductivity.

The AQUIFEM-SALT code assumes asharp inter-
face between freshwater and saltwater and cannot be
used to predict changesin salinity, either at the regional
or local scale. The model simulates the location of the
freshwater-saltwater interface but cannot be used to
simulatelocal upconinginthevicinity of pumped wells.
Furthermore, the AQUIFEM-SALT code uses the Ghy-
ben-Herzberg relation that tends to underestimate fresh-
water-lens thickness in the coastal discharge zone and
overestimate freshwater-lens thicknessin the mountain-
ousinterior area.

Because the models were not calibrated for tran-
sient conditions, they cannot be used to predict time-
varying water levels. Thus, following a change in with-
drawal or recharge rates, the amount of time for water-
level changesto occur cannot be predicted using the
models devel oped for this study. The models are, never-
theless, useful tools for predicting the possible regional
hydrologic effects of additional withdrawalsin the
Hawi areafor steady-state conditions.

SUMMARY AND CONCLUSIONS

The Hawi study areais located on the windward
(northeastern) side of the crest of the Kohala Moun-
tains. The Kohala Mountains are formed by the Kohala
Volcano, the oldest and northernmost of five volcanoes
forming the island of Hawaii. The study area covers
about 55 sguare miles and is bounded on the southwest
by the crest of the KohalaMountains, on the east by the
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eastern drainage divide of Pololu Stream, and on the
north by the coast. Mean annual rainfall in the Hawi
arearangesfrom lessthan 40 in. near the coast at Upolu
Point to between 120 and 160 in. inland, near the head-
water of Pololu Stream.

Y ounger Hawi Volcanics and older Pololu Volca-
nics underlie the Hawi study area. The permeability of
the volcanic rocksis spatialy variable. The hydraulic
conductivity of the Pololu Vol canicsthat formthemain
aguifer is generally hundreds to thousands of feet per
day.

Fresh ground water in the study areaisfound in
two main forms: (1) as afreshwater-lens system in the
dike-free lavaflows, and (2) as a dike-impounded sys-
tem where overall permeability is reduced because of
the presence of dikes. Perched water also exists near the
contact between Pololu Vol canics and Hawi Vol canics.
Measured water levelsfrom wells drilled into the fresh-
water lensrange from afew feet above sealevel to 11 ft
above sealevel. Measured water levelsindicate that
thereis ageneral northerly movement of ground water
in the freshwater lens.

Inthe Hawi area, ground water iswithdrawn from
the freshwater-lens and perched ground-water systems.
Although annual average withdrawal from the freshwa-
ter-lens system exceeded 14 Mgal/d (including both
freshwater and brackish water) in the past when sugar-
canewasgrowninthearea, current withdrawal fromthe
freshwater-lens system isless than 1 Mgal/d.

Averageannual rechargeinthe Hawi areawas esti-
mated to be 37.5 Mgal/d with adaily water budget that
accounts for evapotranspiration before recharge.
Because of uncertainty in the factors controlling the
water budget in the Hawi area, low and high recharge
estimates of 19.9 and 55.4 Mgal/d, respectively, were
computed from the quantified uncertainty. Therecharge
estimates from this study are lower than the previously
estimated recharge of 68.4 Mgal/d from a monthly
water budget that accounts for recharge before evapo-
transpiration. Recharge estimates from a water-budget
approach can beimproved as datarel ated to evapotrans-
piration, runoff, and fog drip become available. Inde-
pendent methods of estimating recharge also canlead to
reduced uncertainty in the recharge values.

Three numerical ground-water flow models, corre-
sponding to the three different estimated recharge distri-
butions, were developed for the Hawi areato simulate
ground-water levels and discharges for the 1990’s.

The models account for spatially varying hydraulic
characteristics of the geologic materials, recharge, and
ground-water withdrawals. Hydraulic characteristics
were estimated by comparing measured and model-
calculated water levels. With the low recharge estimate
(19.9 Mgal/d), the hydraulic-characteristic val uestested
that produced the lowest average-absol ute error
between measured and model-calcul ated water levels
were a hydraulic conductivity of 1,500 ft/d and a leak-
ance of 0.1 ft/d/ft for the northwestern part of the study
area, and ahydraulic conductivity of 300 ft/d and aleak-
ance of 0.005 ft/d/ft for the southeastern part. With the
intermediate recharge estimate (37.5 Mgal/d), the
hydraulic-characteristic values tested that produced the
lowest average-absolute error between measured and
model-calcul ated water levels were a hydraulic conduc-
tivity of 2,250 ft/d and a leakance of 0.05 ft/d/ft for the
northwestern part of the study area, and ahydraulic con-
ductivity of 500 ft/d and aleakance of 0.01 ft/d/ft for the
southeastern part. With the high recharge estimate (55.4
Magal/d), the hydraulic-characteristic values tested that
produced the lowest average-absolute error between
measured and model-cal culated water levels were a
hydraulic conductivity of 3,000 ft/d and a leakance of
0.05 ft/d/ft for the northwestern part of the study area,
and a hydraulic conductivity of 700 ft/d and aleakance
of 0.02 ft/d/ft for the southeastern part.

The three numerical ground-water flow models
developed for this study were used to simulate the
response of the freshwater-lens system to withdrawals
at rates in excess of the average 1990’ s withdrawal
rates. Each of two withdrawal rates (above average
1990’ s withdrawal rates) and two distributions of with-
drawal sites were tested in each of the three models.

Results from numerical simulations indicate that
(2) for the low recharge estimate (19.9 Mgal/d from
infiltration of rainfall, fog drip, andirrigation) it may be
possible to develop an additional 10 Mgal/d of fresh
ground water from the Hawi areaand maintain a
freshwater-lens thickness of 160 ft near the withdrawal
sites, (2) for the intermediate recharge estimate (37.5
Magal/d from infiltration of rainfall, fog drip, and irriga-
tion) it may be possible to develop an additional 15
Mgal/d of fresh ground water from the Hawi area and
maintain a freshwater-lens thickness of 190 ft near the
withdrawal sites, and (3) for the high recharge estimate
(55.4 Mgal/d from infiltration of rainfall, fog drip, and
irrigation) it may be possibleto develop at least an addi-
tional 20 Mgal/d of fresh ground water from the Hawi
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area and maintain a freshwater-lens thickness of 200 ft
near the withdrawal sites. Other well-field configura-
tionsthan the ones considered potentially could be used
to develop more fresh ground water than indicated by
the scenarios tested in this study. Depth, spacing, and
withdrawal rates of individual wells are important con-
siderations in determining ground-water availability.
Deep wells will increase the likelihood for saltwater
intrusion. Concentrating too much withdrawal at too
few sites al'so may increase the likelihood for saltwater
intrusion. Development farther inland may reduce the
potential for saltwater intrusion problems because the
freshwater lensisthicker. Regional models devel oped
for this study cannot predict whether local saltwater
intrusion problems may occur at individual withdrawal
sites.

Ground-water availability estimates for the Hawi
area are highly dependent on the recharge estimate.
Results of this study underscore the importance of col-
lecting information to better constrain the recharge esti-
mate so that better estimates of ground-water
availability can be made.

REFERENCES CITED

Allen, R.G., Pereira, L.S,, Raes, Dirk, and Smith, Martin,
1998, Crop evapotranspiration: guidelinesfor computing
crop water requirements: Food and Agriculture Organi-
zation of the United Nations, FAO Irrigation and Drain-
age Paper 56, 300 p.

Bear, Jacob, 1979, Hydraulics of groundwater: McGraw-Hill
Publishing Co., New Y ork, 569 p.

Bruijnzedl, L.A., and Proctor, J., 1993, Hydrology and bio-
geochemistry of tropical montane cloud forests. what do
we really know?, in Hamilton, L.S., Juvik, J.O., and
Scatena, F.N., eds., Tropical Montane Cloud Forests,
Proceedings of an I nternational Symposium at San Juan,
Puerto Rico, May 31 to June 5, 1993, p. 25-46.

Bruijnzeel, L.A., and Veneklaas, E.J., 1998, Climatic condi-
tions and tropical montane forest productivity: the fog
has not lifted yet: Ecology, v. 79, no. 1, p. 3-9.

Dalrymple, G.B., 1971, Potassium-argon ages from the
Pololu volcanic series, Kohala Volcano, Hawaii: Geo-
logical Society of AmericaBulletin, v. 82, no. 7,

p. 1,997-1,999.

Davis, D.A., and Yamanaga, George, 1963, Preliminary
report on the water resources of Kohala Mountain and
MaunaKea, Hawaii: State of Hawaii, Department of
Land and Natural Resources, Division of Water and
Land Development, Circular C14, 44 p.

Domenico, P.A., and Schwartz, F.W., 1990, Physical and
chemical hydrogeology: New Y ork, John Wiley & Sons,
Inc., 824 p.

Doorenbos, J., and Pruitt, W.0O., 1977, Guidelinesfor predict-
ing crop water requirements. Food and Agriculture
Organization of the United Nations, FAO Irrigation and
Drainage Paper 24, revised 1977, 144 p.

Dykes, A.P., 1997, Rainfall interception from alowland trop-
ical rainforest in Brunei: Journal of Hydrology, v. 200,
nos. 1-4, p. 260-279.

Ekern, P.C., 1964, Direct interception of cloud water on
Lanaihale, Hawaii: Soil Science Society of America
Proceedings, v. 28, no. 3, p. 419-421.

Ekern, P.C., 1966, Evapotranspiration of bermudagrass sod,
Cynodon dactylon L. Pers., in Hawaii: Agronomy Jour-
nal, v. 58, no. 4, p. 387-390.

Ekern, P.C., 1983, Measured evaporation in high rainfall
areas, leeward Koolau Range, Oahu, Hawaii: University
of Hawaii Water Resources Research Center Technical
Report no. 156, 60 p.

Ekern, P.C., and Chang, J.-H., 1985, Pan evaporation: State
of Hawaii, 1894-1983. State of Hawaii, Department of
Land and Natural Resources, Division of Water and
Land Development, Report R74, 172 p.

Giambelluca, T.W., 1983, Water bal ance of the Pearl Harbor-
Honolulu basin, Hawai‘i, 1946-1975: University of
Hawaii Water Resources Research Center Technical
Report no. 151, 151 p.

Giambelluca, T.W., Nullet, M.A., and Schroeder, T.A., 1986,
Rainfall atlas of Hawai‘i: State of Hawaii, Department
of Land and Natural Resources, Division of Water and
Land Development, Report R76, 267 p.

Giambelluca, T.G., Loague, Keith, Green, R.E., and Nullet,
M.A., 1996, Uncertainty in recharge estimation: impact
on groundwater vulnerability assessments for the Pearl
Harbor Basin, O'ahu, Hawai‘i, U.S.A.: Journa of Con-
taminant Hydrology, v. 23, p. 85-112.

Hydrosphere, 1996, Climate data, NCDC Summary of the
day—West 2, v. 7.3, computer compact disc.

Jacobi, J.D., 1989, Vegetation maps of the upland plant com-
munities on theislands of Hawai'i, Maui, Moloka'i, and
Lana'i: Honolulu, Hawaii, University of Hawaii,
Department of Botany Technical Report no. 68, 25 p.

Jones, C.A., 1980, A review of evapotranspiration studiesin
irrigated sugarcanein Hawaii: Hawaii Planters' Record,
v. 59, no. 9. p. 195-214.

Juvik, J.0O., and Ekern, P.C., 1978, A climatology of moun-
tain fog on Mauna L oa, Hawaii island: University of
Hawaii Water Resources Research Center Technical
Report no. 118, 63 p.

Juvik, J.O., and Nullet, Dennis, 1995, Relationships between
rainfall, cloud-water interception, and canopy through-
fall in aHawaiian montane forest, chap. 11 of Hamilton,

References Cited 61



L.S., Juvik, J.O., and Scatena, F.N., eds., Tropical Mon-
tane Cloud Forests: New Y ork, Springer-Verlag, p. 165—
182.

Miller, M.E., 1987, Hydrogeol ogic characteristics of central
Oahu subsoil and saprolite: Implicationsfor solutetrans-
port: Honolulu, Hawaii, University of Hawaii, M.S. the-
Sis, 231 p.

Moore, J.G., Clague, D.A., Holcomb, R.T., Lipman, P.W.,
Normark, W.R., and Torresan, M.E., 1989, Prodigious
submarine landslides on the Hawaiian ridge: Journal of
Geophysical Research, v. 94, no. B12, p. 17,465-17,484.

Oki, D.S., 1997, Geohydrology and numerical simulation of
the ground-water flow system of Molokai, Hawaii: U.S.
Geological Survey Water-Resources Investigations
Report 97-4176, 62 p.

Penman, H.L., 1956, Evaporation: an introductory survey:
Netherlands Journal of Agricultural Science, v. 4,

p. 9-29.

Predley, T.K., 1999, The geohydrologic setting of Pololu
Stream, island of Hawaii, Hawaii: U.S. Geologica Sur-
vey Water-Resources | nvestigations Report 99-4009,
22 p.

Priestley, C.H.B., and Taylor, R.J., 1972, On the assessment
of surface heat flux and evaporation using large-scale
parameters: Monthly Weather Review, v. 100, no. 2,

p. 81-92.

Reilly, T.E., and Goodman, A.S., 1987, Analysis of saltwater
upcoming beneath a pumping well: Journal of Hydrol-
ogy, V. 89, nos. 3/4, p. 169-204.

Sato, H.H., Ikeda, Warren, Paeth, Robert, Smythe, Richard,
and Takehiro, Minoru, Jr., 1973, Soil survey of island of
Hawalii, State of Hawaii: U.S. Department of Agricul-
ture, Soil Conservation Service, 115 p. plus 195 map
sheets.

Schellekens, Jaap, Scatena, F.N., Bruijnzed, L.A., and
Wickel, A.J., 1999, Modelling rainfall interception by a
lowland tropical rain forest in northeastern Puerto Rico:
Journal of Hydrology, v. 225, p. 168—-184.

Schellekens, Jaap, Bruijnzedl, L.A., Scatena, F.N., Bink, N.J.,
and Holwerda, F., 2000, Evaporation from atropical rain
forest, Luquillo experimental forest, eastern Puerto Rico:
Water Resources Research, v. 36, no. 8, p. 2,183-2,196.

Scott, G.A.J., 1975, Relationships between vegetation cover
and soil avalanching in Hawaii: Proceedings of the
Association of American Geographers, v. 7, p. 208-212.

Shade, P.J., 1995, Water budget for the Kohalaarea, island of
Hawaii: U.S. Geological Survey Water-Resources
Investigations Report 95-4114, 19 p.

Shade, P.J., 1999, Water budget of east Maui, Hawaii: U.S.
Geological Survey Water-Resources Investigations
Report 98-4159, 36 p.

Shuttleworth, W.J., and Calder, |.R., 1979, Has the Priestley-
Taylor equation any relevance to forest evapotranspira

tion?. Journal of Applied Meteorology, v. 18, no. 5,
p. 639-646.

Srikanthan, Ratnasingham, and McMahon, T.A., 1982, Sto-
chastic generation of monthly streamflows: Journal of
the Hydraulics Division, Proceedings of the American
Society of Civil Engineers, v. 108, no. HY 3, p. 419-441.

State of Hawaii, 1991, Hawaii County Water Use and Devel-
opment Plan, Hawaii Water Plan: State of Hawaii, Com-
mission on Water Resource Management, Review Draft,
February 1992.

Stearns, H.T., 1940, Supplement to geology and ground-
water resources of theisland of Oahu, Hawaii: Territory
of Hawaii, Hawaii Division of Hydrography Bulletin 5,
164 p.

Stearns, H.T., and Macdonald, G.A., 1946, Geology and
ground-water resources of the island of Hawaii: Terri-
tory of Hawaii, Hawaii Division of Hydrography Bulle-
tin 9, 363 p.

Thornthwaite, C.W., 1948, An approach toward arational
classification of climate: The Geographical Review,

v. 38, no. 1, p. 55-94.

Thornthwaite, C.W., and Mather, J.R., 1955, The water bal-
ance: Publicationsin Climatology, v. 8, no. 1, p. 1-104.

Underwood, M.R., Meyer, William, and Souza, W.R., 1995,
Ground-water availability from the Hawi aquifer in the
Kohalaarea, Hawaii: U.S. Geological Survey Water-
Resources Investigations Report 95-4113, 57 p.

U.S. Geological Survey, 1977, Surface water supply of the
United States, 1966-70: U.S. Geological Survey Water-
Supply Paper 2137, 750 p.

Voss, C.l., 1984, AQUIFEM-SALT: A finite-element model
for aquifers containing a seawater interface: U.S. Geo-
logical Survey Water-Resources Investigations Report
84-4263, 37 p.

Wilcox, Carol, 1996, Sugar water: Honolulu, Hawaii, Uni-
versity of Hawaii Press, 191 p.

Waterloo, M.J., Bruijnzedl, L.A., Vugts, H.F., and Rawaga,
T.T., 1999, Evaporation from Pinus caribaea plantations
on former grassland soils under maritime tropical condi-
tions: Water Resources Research, v. 35, no. 7, p. 2,133
2,144,

Wentworth, C.K., 1939, The specific gravity of seawater and
the Ghyben-Herzberg ratio at Honolulu: University of
Hawaii Bulletin, v. 18, no. 8, 24 p.

Wolfe, E.W., and Morris, Jean, 1996, Geologic map of the
island of Hawaii: U.S. Geological Survey Miscellaneous
Investigations Series Map 1-2524-A, 1:100,000 scale.

62 Reassessment of Ground-Water Recharge and Ground-Water Availability for the Hawi Area of North Kohala, Hawaii



	Water-Resources Investigations Report 02-4006
	CONTENTS

	Reassessment of Ground-Water Recharge and Simulated Ground-Water Availability for the Hawi Area of North Kohala, Hawaii
	Abstract
	Introduction
	Purpose and Scope
	Description of Study Area

	Hydrogeologic Setting
	Kohala Volcano
	Hydraulic Conductivity of the Rocks
	Soils

	Ground Water
	Dike-Impounded System
	Freshwater-Lens System
	Perched System
	Ground-Water Levels
	Ground-Water Withdrawals

	Water Budget
	Daily Water-Budget Method
	Rainfall
	Irrigation
	Fog Drip
	Runoff
	Potential Evapotranspiration
	Soil-Moisture Storage Capacity
	Recharge
	Recharge Uncertainty

	Numerical Ground-Water Flow Models
	Model Construction
	Model Mesh
	Boundary Conditions
	Model Zones
	Recharge
	Withdrawals

	Estimation of Hydraulic Characteristics
	Model 1, Low Recharge
	Model 2, Intermediate Recharge
	Model 3, High Recharge


	Effects of Proposed Withdrawals
	Model 1
	Scenario 1.- 10 Mgal/d Withdrawal, Distribution 1
	Scenario 2.- 10 Mgal/d Withdrawal, Distribution 2
	Scenario 3.- 15 Mgal/d Withdrawal, Distribution 1
	Scenario 4.- 15 Mgal/d Withdrawal, Distribution 2

	Model 2
	Scenario 5.- 15 Mgal/d Withdrawal, Distribution 1
	Scenario 6.- 15 Mgal/d Withdrawal, Distribution 2
	Scenario 7.- 20 Mgal/d Withdrawal, Distribution 1
	Scenario 8.- 20 Mgal/d Withdrawal, Distribution 2

	Model 3
	Scenario 9.- 15 Mgal/d Withdrawal, Distribution 1
	Scenario 10.- 15 Mgal/d Withdrawal, Distribution 2
	Scenario 11.- 20 Mgal/d Withdrawal, Distribution 1
	Scenario 12.- 20 Mgal/d Withdrawal, Distribution 2

	Ground-Water Availability

	Model Limitations
	Summary and Conclusions
	References Cited

	Figures
	Figure 1. Hawi study area, north Kohala, Hawaii.
	Figure 2. Land cover in the Hawi area, north Kohala, Hawaii.
	Figure 3. Average annual rainfall, north Kohala, Hawaii (modified from Giambelluca and others, 1986).
	Figure 4. Surficial geology of north Kohala, Hawaii (modified from Wolfe and Morris, 1996).
	Figure 5. Schematic cross section showing generalized directions of ground-water flow in the dike-impounded and fresh water-lens systems of the Hawi area, north Kohala, Hawaii (modified from Underwood and others, 1995).
	Figure 6. Selected wells, shafts, and tunnels in the Hawi area, north Kohala, Hawaii.
	Figure 7. Chloride-concentration profiles from wells D (7445-01) and I (7549-03) in the Hawi area, north Kohala, Hawaii, March 1990 (modified from Underwood and others, 1995).
	Figure 8. Average 1990's water levels measured in wells and shafts in the Hawi area, north Kohala, Hawaii.
	Figure 9. Water levels measured under nonpumped conditions in selected wells in the Hawi area, north Kohala, Hawaii. Data points are connected by dashed lines if successive measurements were made more than one year apart. (Data from USGS Hawa...
	Figure 10. Ground-water withdrawal during 1940-99 from wells and shafts in the Hawi area, north Kohala, Hawaii. (Data from Kohala Sugar Company and Maui County Department of Water Supply.)
	Figure 11. Annual rainfall measured at selected rain gages in the Hawi area, north Kohala, Hawaii. (Data from Hawaii State Commission on Water Resource Management.)
	Figure 12. Thiessen polygons around selected rain gages with daily rainfall data in the Hawi area, north Kohala, Hawaii.
	Figure 13. Measured and simulated daily rainfall at rain gage 175.1, north Kohala, Hawaii, in terms of (A) number of dry (or wet) days in a month, (B) stan dard deviation, (C) skewness coefficient, and (D) maximum daily rainfall.
	Figure 14. Runoff zones in the Hawi study area, north Kohala, Hawaii (Shade, 1995).
	Figure 15. Average annual pan evaporation, north Kohala, Hawaii (modified from Ekern and Chang, 1985).
	Figure 16. Ratios of monthly mean pan evaporation to annual pan evaporation at selected sites in the Hawi area, north Kohala, Hawaii.
	Figure 17. Estimated soil-moisture storage capacity in the Hawi area, north Kohala, Hawaii.
	Figure 18. Variations in estimated annual recharge and cumulative average annual recharge with number of years of recharge simulation for the Hawi area, north Kohala, Hawaii.
	Figure 19. Estimated average annual ground-water recharge (intermediate estimate of 37.5 million gallons per day) in the Hawi area, north Kohala, Hawaii, computed with a water budget.
	Figure 20. Estimated average annual ground-water recharge (low estimate of 19.9 million gallons per day) in the Hawi area, north Kohala, Hawaii, computed with a water budget.
	Figure 21. Estimated average annual ground-water recharge (high estimate of 55.4 million gallons per day) in the Hawi area, north Kohala, Hawaii, computed with a water budget.
	Figure 22. Leakance zones used in the numerical ground-water flow model for the Hawi area, north Kohala, Hawaii.
	Figure 23. Hydraulic-conductivity zones used in the numerical ground-water flow model for the Hawi area, north Kohala, Hawaii. In the model mesh, hydraulic-conductivity values are assigned to nodes. If a node is associated with elements in tw...
	Figure 24. Low estimate of average annual ground-water recharge (19.9 million gallons per day from infiltration of rain fall, fog drip, and irrigation) used in the numerical ground-water flow model (model 1) for the Hawi area, north Kohala, Hawaii.
	Figure 25. Intermediate estimate of average annual ground-water recharge (37.5 million gallons per day from infiltration of rainfall, fog drip, and irrigation) used in the numerical ground-water flow model (model 2) for the Hawi area, north K...
	Figure 26. High estimate of average annual ground-water recharge (55.4 million gallons per day from infiltration of rain fall, fog drip, and irrigation) used in the numerical ground-water flow model (model 3) for the Hawi area, north Kohala, Hawaii.
	Figure 27. Measured and model-calculated water levels for 1990's pumping conditions and three estimated recharge distri butions, Hawi area, north Kohala, Hawaii.
	Figure 28. Measured and model-calculated water levels in the Hawi area, north Kohala, Hawaii, using the low recharge estimate (19.9 million gallons per day from infiltration of rainfall, fog drip, and irrigation).
	Figure 29. Measured and model-calculated water levels in the Hawi area, north Kohala, Hawaii, using the intermediate recharge estimate (37.5 million gallons per day from infiltration of rainfall, fog drip, and irrigation).
	Figure 30. Measured and model-calculated water levels in the Hawi area, north Kohala, Hawaii, using the high recharge estimate (55.4 million gallons per day from infiltration of rainfall, fog drip, and irrigation).
	Figure 31. Model-calculated water levels in the Hawi area, north Kohala, Hawaii, with 19.9 million gallons per day recharge from infiltration of rainfall, fog drip, and irrigation and different withdrawal rates and distributions: (A) 10 mil l...
	Figure 32. Model-calculated water levels in the Hawi area, north Kohala, Hawaii, with 37.5 million gallons per day recharge from infiltration of rainfall, fog drip, and irrigation and different withdrawal rates and distributions: (A) 15 mil l...
	Figure 33. Model-calculated water levels in the Hawi area, north Kohala, Hawaii, with 55.4 million gallons per day recharge from infiltration of rainfall, fog drip, and irrigation and different withdrawal rates and distributions: (A) 15 milli...

	Tables
	Table 1. Periods of record used to develop monthly fragment sets for selected rain gages in the Hawi area, north Kohala, Hawaii
	Table 2. Estimated fog-drip to rainfall ratios for the Hawi area, north Kohala, Hawaii
	Table 3. Estimated runoff-to-rainfall ratios in the Hawi area, north Kohala, Hawaii
	Table 4. Estimated available water-capacity values for soils in the Hawi area, north Kohala, Hawaii
	Table 5. Sensitivity of the water-budget estimate of average annual recharge to potential evapotranspiration, available water capacity, root depth, runoff, fog drip, and irrigation in the Hawi area, north Kohala, Hawaii
	Table 6. Steady-state ground-water budget (1990’s withdrawal conditions) for the numerical ground-water flow models, Hawi area, north Kohala, Hawaii
	Table 7. Recharge and withdrawal (scenarios 1 to 12) for the numerical ground-water flow models, Hawi area, north Kohala, Hawaii
	Table 8. Model-calculated water levels for scenarios 1 to 12 at proposed sites of withdrawal, Hawi area, north Kohala, Hawaii
	Table 9. Steady-state ground-water budget (scenarios 1 to 12) for the numerical ground-water flow models, Hawi area, north Kohala, Hawaii


