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Water Budget for the lao Area, Island of Maui, Hawaii

Ground-water recharge is estimated as the
residual component of a monthly water budget cal-
culated using soil characteristics and long-term
average rainfall, streamflow, irrigation, and pan-
evaporation data. The water-budget components of
rainfall, direct runoff, evapotranspiration, and
ground-water recharge are defined seasonally,
through the use of monthly data, and spatially by
land-use and geohydrologic areas, through the use
of a geographic information system model.

The long-term average ground-water recharge
for the Tao area was estimated for four scenarios
using natural land-use, and using 1926-79, 1980~
85, and 1986-95 land-use and irrigation data. The
recharge rate for natural conditions is 34 million
gallons per day, which is 34 percent of rainfall. The
average annual ground-water recharge rate for
1926-79 conditions is 51 million gallons per day,
which is 41 percent of the sum of rainfall and irri-
gation. The recharge rates for 1980-85 and 1986—
95 conditions are 40 and 36 million gallons per
day, which are 37 and 35 percent of rainfall plus
irrigation, respectively.

iINTRODUCTION

Ground water developed from the Iao area is the
most important source for the municipal supply on the
island of Maui. Although there is abundant rainfall in
the mountainous upland watershed, ground-water
development in that area is difficult. Ground-water
development is concentrated in the basalt aquifer at a
few specific areas at lower altitudes closer to the coast.

land use overlying th
Sugar Company wa: f rmed in 1875 Thousands of
acres of sugarcane were irrigated from both surface-
and ground-water sources for more than 100 years. Cur-
rently Wailuku Agribusiness cultivates sugarcane, mac-
adamia nut trees, and pineapple that are irrigated from
surface-water sources. Ground-water recharge from the
application of millions of gallons of irrigation water
each day is a major component in the assessment of the
ground-water resource in this area.

Water Supply entered into a cooperative agreement

K

with the U.S. Geological Survey (USGS) to study
ground-water availability in the Iao area. The project
includes a water-budget calculation and analysis of the
ground-water flow system.

Purpose and Scope

e und-water recharge, compared
with calculations made on a mean annual basis, because
the method accounts for actual evapotranspiration and
water held in the soil root zone seasonally, rather than
assuming a maximum, potential evapotranspiration
rate. A water budget was calculated for four land-use
scenarios. The monthly spatial distribution of the water-
budget components is tabulated by geohydrologic and

Introduction 1



land-use areas, and the ground-water recharge spatial
distribution is displayed.

Previous Investigations
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studies: aining water-budg
this investigation include those by the Commission on
Water Resource Management (1990); Yamanaga and
Huxel (1970); and Caskey (1968).

Description of the Study Area

The study area encompasses 24.69 mi? from the
crest of the West Maui Mountain, an extinct volcano
(fig. 1), along the southern divide of Waihee River val-
ley and the northern topographic divide of Waikapu
Stream valley to the coast. Rainfall is abundant along
the crest, which peaks at an altitude of 5,785 ft at Puu
Kukui. Iao and Waiehu Streams originate in the area of
high rainfall and have carved deeply incised valleys into
this extinct volcanic dome. Streamflow in the uplands is
perennial, fed by ground-water discharge. Much of this
stream discharge is diverted through a network of
ditches and tunnels for irrigation of sugarcane, macad-
amia nut trees, and pineapple fields. Conservation land
use dominates the uplands. Small communities and
agriculture occupy the gently sloping coastal plain.

A geohydrologic subdivision of the study area was
helpful in tabulating the water-budget results for use in
subsequent ground-water modeling of the area. Ground
water moves from the West Maui Mountain toward the

barriers consisting of low-permeability basaltic dikes
impede ground-water movement and force water levels
in wells to several hundred feet above mean sea level

high-level ground-water area, as it is commonly
referred to in Hawaii, and the basal-water area. Basal
water, also called the Ghyben-Herzberg lens, is a body
of freshwater that floats on saltwater near sea level
within the more permeable, dike-free lava flows on the
flank of the volcano. This basal lens is somewhat pro-
tected from seawater encroachment by a relatively
impermeable layer of sedimentary deposits, locally
known as caprock.

2 Water Budget for the lao Area, Island of Maui, Hawaii

WATER-BUDGET MODEL

Aquifers are replenished by ground-water recharge
from rainfall and irrigation water that percolates
through and beyond the root zone in the soil to the sub-
surface rock. Ground-water recharge can be estimated
using a water-budget model. The method used in this
study for calculating the i i
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vat arge. This budgeting
method is a coarse representation of the continuous pro-
cesses of soil-wetting by and plant interception of rain-
fall, runoff in streams, the return of moisture to the
atmosphere by way of evapotranspiration (evaporation
from soil, plant, and water surfaces and transpiration by
plants), and percolation past the plant root zone to
recharge ground water. The relation of the water-budget
components is expressed by:

G=P+I-R-E-ASS, 1

where:

G = ground-water recharge,
P = precipitation (rainfail),

I = irrigation,
R = direct runoff,

E = evapotranspiration, and
ASS = change in soil-moisture storage.

In the water-budget model, direct runoff is calcu-
lated as a percentage of rainfall and thus the budgeting
method solves for the remaining components of ground-
water recharge, evapotranspiration and the change in
soil-moisture storage. The monthly values of each

onent represent n\lprnge long-term

mponent represent average long-term

Data Requirements

A geographic information system (GIS) modei was
created to calculate the monthly water budget by linking
the spatial and quantitative characteristics of the vari-
ables in equation 1. The data requirements for the GIS
water-budget model include spatial distributions of
rainfall, agricultural irrigation, land-use, runoff
(streamflow) and associated drainage area, pan-evapo-
ration, and soil properties. The spatial data allow the
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Figure 1. West Maui and the lao study area, Hawaii.
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water-budget components to be calculated and dis-
played by individual area or any combination of areas.

The study area was digitized from 1:24,000-scale
USGS topographic maps prepared in 1983. The area
was divided into two water-occurrence areas, high-level
ground water and basal ground water, by the delineation
of the approximate location of subsurface ground-water
flow barriers (fig. 2). This subdivision will aid subse-
quent ground-water flow-system analysis.

Rainfall

The rainfall distribution in the study area is influ-
enced by an orographic effect caused by the West Maui
Mountain. Because the mountain is cone-shaped, oro-
graphic rainfall can be generated by winds from any
direction, not only the prevailing northeast tradewinds.
The orographic lifting also is enhanced by the deeply
incised valleys that funnel air toward the summit
(Giambelluca and others, 1986). Thus, lines showing
equal annual rainfall have an elliptical shapc (fig. 3)
radiating from the mountain peak where the mean
annual rainfall exceeds 355 in., the second highest

recorded rainfall in the State {Giambelluca and others,

1986). Rainfall is abundant along the mountain crest in
the study area where mean annual values range from
about 155 in. at the southern end to about 315 in. near
the northern end. Rainfall decreases dramatically
toward the coast, where the average rainfall is about 30
in. along the shore of the study area near Waiehu.

Giambelluca and others (1986) prepared twelve
maps showing lines of equal mean monthly rainfall for
the island of Maui. The maps were compiled from data
collected at more than 250 stations including a network
of 18 base stations that had complete records for the
base period from 1916 through 1983. Records from an
additional 11 stations were used in their statistical anal-
yses. In the analysis of mean annual rainfall, the most
weight was given to stations with the longest record.
Yet some inconsistencies among nearby stations
remained. Adjustments were made on the basis of the
available data and on knowledge of the rainfall-produc-
ing mechanisms. Thus, there is an element of subjectiv-
ity incorporated into these maps (Giambelluca and
others, 1986). These monthly maps were digitized and
constitute the rainfall data set for the GIS model. The
value assigned to the area between the lines of equal
rainfall is the average value of the bounding lines. Fig-

4 Water Budget for the lao Area, Island of Maui, Hawaii

ures 4 and 5 are representative of the rainfall distribu-
tion in the wet and dry seasons, respectively. In March,
rainfall at Waiehu averages slightly less than 3 in. and
in June rainfall averages about 0.7 in. Although the
magnitude of rainfall at Puu Kukui is greater, a similar
variability occurs, with about 40 in. of rainfall in March
and 20 in. in June.

The spatial distribution of rainfall varies from
month to month, and most significantly from winter to
summer months. These data were integrated over the
study area to calculate mean monthly rainfall volumes
that range from a high of 146 Mgal/d in March to a low
of 37 Mgal/d in June. Rainfall ranges from about 126 to
146 Mgal/d from November through April and from
about 37 to 84 Mgal/d from May through October.

Irrigation

Irrigation water was distributed in the GIS model
by the use of a digital land-use map of the agricultural
fields digitized by the USGS from a 1:24,000-scale field

e il $ 3. by Wailialoas o
map proviaea oy vvauusu Agribusiness. Average val-
5 &

ues of applied water for various time periods were com-
niled from Wailnkn ‘A(rﬁhnunpcc data,

PlCU v Y daauana LIV LA IS et

Substantial volumes of water are used for agricul-
tural 1mgauon in the Tao area. Perennial flow in the
upper reaches of Jao and Waiehu Streams, and flow
from the Waihee River outside of the Jao area is
diverted by a large system of ditches (fig. 2). The aver-
age diversion for all agricultural irrigation is about 55
Mgal/d (Commission on Water Resource Management,
1990, p. D9). Ground water developed at an inclined
shaft, shaft 33, was also used to irrigate fields during the
period of scenario II. The distribution of large volumes
of irrigation water in the Iao area has significant effects
on the components of evapotranspiration and ground-
water recharge in the water budget.

Four scenarios of irrigation patterns were modeled.
Scenario I represents the natural land-use distribution
with no agricultural irrigation. Scenario Il represents
the plantation agricultural field distribution and a repre-
sentative value of applied water, 137 in/yr, for the
period from 1926 through 1979 (fig. 6). During this
period only sugarcane was grown on the plantation
using furrow irrigation methods. By identifying fields
on the map that were in production during this time, the
agricultural area for this scenario was calculated as
2,445 acres in the GIS model. The applied water for sce-
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nario IT was estimated as the sum of the annual ground-
water pumpage and surface-water diversions in 1979.
Because data were limited, irrigation was distributed
homogeneously through the months. The estimated
mean irrigation during 192679 is about 25 Mgal/d,
which distributed over this acreage equals about 137
inlyr of applied water. This rate is not unusual given the
e it aatinn mothad and tha neale

P o e Frzee
lll!:l.l. Iviciie lu.llUW'lll.lEC“-l.Ull ll.lbtllw Ay uiv poan

water-use of mature sugarcane of about 124 in/yr, doc-
nmented hv lveimeter sctundies in central Mani (Camnbell

ULIIVEILAL U 1Y OLIIIUIUE SLUALD AR Wi il S0 AV AGNeR (R 22222 2l

and others, 1959).

In scenario 11, 1980-85, the area of sugarcane cul-
tivation decreased to about 940 acres in the GIS model,
and about 1,505 acres were planted in macadamia nut
trees (fig. 6). During this time the sugarcane irrigation
method changed from furrow to drip, by which smaller
volumes of water are applied directly at the base of the
plants. From irrigation data available for 1985 and
information from Wailuku Agribusiness (Clayton
Suzuki, oral commun., 1996), about 8 Mgal/d (117
in/yr) was applied to the sugarcane area. Macadamia
tree acreage was irrigated by micro-sprinklers, but with
substantially less water than sugarcane, about 1 Mgal/d,
which equates to about 9 in/yr over the area.

In scenario IV (fig. 6), 198695, the area of sugar-
cane cultivation decreased to about 130 acres, the mac-
adamia nut tree acreage decreased slightly to about
1,320 acres, and pineapple cultivation began on about
380 acres. Irrigation rates for sugarcane and macadamia
nut trees were maintained at the scenario III rates. The
irrigation rate for pineapple was about 0.7 Mgal/d (26
in/yr) (Clayton Suzuki, Wailuku Agribusiness, oral
commun., 1996).

Runoff

Streamflow consists of direct runoff, the water that
flows into stream channels promptly after rainfall, and
base runoff, the part of streamflow that is sustained
through dry weather from discharge of ground water
(Langbein and Iseri, 1960). To avoid the inclusion of
the ground-water component of streamflow, monthly

direct runoff was calculated as the difference between
mean monthly streamflow and mean monthly base run-
off. Base runoff was calculated in this study from
monthly flow-duration analyses as the discharge quan-
tity that occurs at least 90 percent of the time during the
chosen month. This method yields a lower estimate of
base runoff than standard hydrograph separation analy-

ses, because it decreaces the volume of water ascribed

to base runoff during periods of high streamflow.

The Iao Stream drainage basin above stream-gag-
ing station 16604500 (fig. 1) was digitized from a
USGS 1:24,000-scale m imap bUlllpllCd in 1983. Mean
monthly rainfall volumes for this basin were calculated
by overlaying the basin area with each month’s rainfall
distribution in the GIS model. Monthly direct runoff
was calculated from 12 years of streamflow data avail-
able from station 16604500. The monthly direct runoff-
rainfall ratios (table 1) were calculated for this basin and
these monthly ratios were multiplied by the mean
monthly rainfall amounts within the basin and over the
entire high-level ground-water area (fig. 2) to compute
the monthly direct runoff values for these areas in the
water budget.

For the basal ground-water area (fig. 2) there are
no streamflow data available representative of the run-
off generated from within these boundaries. Therefore,
a second procedure was followed to calculate direct
runoff/rainfall ratios on the basis of soil type and rain-
fall. Rainfall in this area decreases from about 65 in/yr
at the highest altitudes to about 25 to 29 in/yr along the
coast. Runoff/rainfall ratios were developed for this

_range of annual rainfall, less than 100 in/yr, and three

generalized soil runoff characteristics: rapid, medium,
and slow.

Runoff characteristics of soils in this area are
described by Foote and others (1972). Soil typcs have a

broad runoff rating of siow, medium, or rapid on the
basis of texture, permeability, and slope. From results of

srntne halanna nemnsitad F
a water palance computed for the Pear] Harbor area of

Oahu (Giambelluca, 1983), comparable areas on Oahu

were chosen with similar mean annual rainfall, land use,

and soil properties as those of the basal ground-water

Table 1. Monthly direct runoff-rainfall ratios for the drainage area gaged at 16604500 and the high-level part of the lao area,

Maui, Hawaii
[Values in percent]
Jan. Feb. Mar. April May June July Aug. Sept. Oct. Nov. Dec.
53 43 54 70 57 90 67 45 50 67 42 53

10 Water Budget for the iao Area, isiand of iaui, Hawaii



part of the Iao area. The Oahu data provided average
annual runoff-rainfall ratios for each soil runoff rating
(table 2). Within the basal area, for each soil type, the
ratios were multiplied by the sum of the monthly rain-
fall to calculate annual runoff values. These annual run-
off values were multiplied by monthly rainfall/annual
rainfall ratios to calculate monthly direct runoff values.

Table 2. Annual direct runoff-rainfall ratios for basal ground-
water part of lao area, Maui, and Pearl Harbor, Oahu, Hawaii

L=t~ ey e e R

[Values in percent; <, less than; in/yr, inches per year]

Annual direct runoff / annual rainfall
ratio (in percent)

Soil Runoff Rain < 100 infyr
Rapid and medium rapid 13
Medium 12
Slow 12
Study Area Soils

The soils have been mapped, digitized, and their
characteristics tabulated by the Natural Resources Con-
servation Service (Foote and others, 1972) (table 3).
Values of permeability, available water capacity (a
measure of the quantity of water held by the soil avail-
able to plants between field capacity and wilting point),
root depth, and general runoff characteristics presented
by Foote and others (1972) were entered into data tables
associated with the mapped soil types.

Data that were not available from Foote and others
(1972) were provided by the Natural Resources Conser-

vation Service (Saku Nakamura, oral commun., 1995).
The available-water capacity for each soil group in table
3 is the average of the range reported by Foote and oth-
ers (1972). The root depth was assumed to be at the
depth where the soil-profile description changed from
“abundant roots” or “common roots” to “few roots” or
“no roots.” The maximum soil-moisture storage

Q< Y ic the nraduct of the rant denth and the nunil_

A\dmgx/ 19 AV pPLULULL Ul Wb AUUL UL GG v Gvar

able water capacity for the soil type (table 3). A digital
map (fig. 7) of the distribution of maximum soil-mois-
ture storage values was created for use in the GIS
model. The SS,,,,, value is important in the water-bud-
get model because it is the maximum limit for evapo-
transpiration and is also the limit above which ground-

water recharge occurs.

Pan Evaporation and Potential
Evapotranspiration

Pan evaporation data from class-A evaporating
pans provide an estimate of the potential (maximum)
evapotranspiration. Potential evapotranspiration (PE) is
an estimate of the amount of water that could be evapo-
transpired from a given area, assuming a continuous
water supply. Thus, potential evapotranspiration,
although influenced by other factors, is primarily a
function of solar radiation energy (Chang, 1968, p. 131
and Mather, 1978, p. 8). Therefore in dry, sunny areas,
actual evapotranspiration can rarely occur at the esti-
mated potential rate without irrigation, because there is
a lack of water to satisfy the maximum demand

Table 3. Average soil characteristics in the lac area, Maui, Hawaii
[Data from Foote and others, 1972; Saku Nakamura, Natural Resources Conservation Service, oral commun., 1995]

Maximum soil-

Soi seies romeabilty - Avalablewatercapacity oot depin e rorage
{inches per hour) {inch per inch of soil) (inche s) (inches)
Fillland ..............oooien. 0.6-2.0 0.15 30 4.50
Halawa......................... 2.0-6.3 0.135 44 572
130, .. oo 0.2-0.6 0.14 25 3.50
Jauncas. .. ... ... .ol 6.3-20 0.045 13 0.59
Naiwa.........ooooiiiiinninn. 2.0-6.3 0.10 52 5.20
Pulehu ... .. ........cooii... 0.6-2.0 0.135 33 4.46
Puuone . ............. i iiiinn 6.3-20 0.07 20 1.40
Rough brokenland................ 0.6-2.0 0.15 30 4.50
Rough mountainousland........... 2.0-6.0 0.135 25 338
Stony alluvialland . . .............. 2.0-6.0 0.06 50 3.00
Wailuku .. ... ... 0.6-2.0 0.14 12 1.68
Water-Budget Modei 11
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Figure 7. Maximum soil-moisture storage in the lao area, Maui, Hawaii.




described by the potential evapotranspiration value. For
this study, pan evaporation is assumed to equal potential
evapotranspiration on the basis of the results of lysime-
ter studies in sugarcane fields (Chang, 1968; Campbell
and others, 1959) where the average ratio between
potential evapotranspiration and pan evaporation was
about 1.0.

The map of mean annual pan evaporation for Maui
(Ekern and Chang, 1985) is shown in figure 8 and was
digitized for the GIS water-budget model of the study
area. The average of the values of the bounding lines of
equal pan evaporation was assigned to the area between
the two lines. Only a few pan evaporation stations have
been established by sugarcane growers in the study area
(fig. 8). Other pan evaporation stations outside of the
study area aid in estimating the location of lines of equal
pan evaporation. Data were not available for the area
towards the mountain crest above the 70-in. line.
Annual values for this area were estimated on the basis
of a rainfall-pan evaporation relation (eq. 2) established
using data from the island of Hawaii (Giambelluca and
others, 1983; and Ekern and Chang, 1985) for an area
with similar windward exposure to the prevailing
tradewind flow and similar gi‘&m&i‘lts of iﬁCﬁ&Sii‘lg rain-
fall cloud cover, and lower temperatures with increas-

Annual Pan Evaporation =295.96 x Annual Rain %% (2)

The annual pan evaporation was distributed
monthly on the basis of a set of monthly factors that
describe the relation between the monthly and annual
rainfall values: .

annual pan (x/Rain,,,)

Pan,, = , 3
y
where x = annual rain/12 and
12
y = X
Rain
m=

The monthly pan evaporation values are inversely
related to rainfall, decreasing in the wet and cloudy win-
ter months and increasing in the dry and sunny summer
months.

Actual Evapotranspiration and Soil-Moisture
Accounting

Actual evapotranspiration is the quantity of water
evaporated from water, plant and soil surfaces and tran-
spired by plants. Actual evapotranspiration data from
direct field measurements do not exist for the Iao area;
hrwwaryar it 3¢ magccihla ta actiata n~t s e e g o s

al o M
HNUWOVEL, 1L 1D PUSSIVIC LU CoLLIate aciuau UVﬂpUlldllel"

ration from pan evaporation and soil data.

The potential evapotranspiration (pan evaporation)
demand in a particular month can not always be met by
the amount of water in soil storage. In such situations
actual evapotranspiration will be less than the potential
evapotranspiration. Because of the sequence of calcula-
tions in the water-budget model, actual evapotranspira-
tion volumes cannot be greater than the value of
maximum soil-moisture storage. Thus, actual evapo-
transpiration can only equal the potential value where
the maximum soil-moisture storage (SS,,,,,) value is
greater than or equal to potential evapotranspiration.

Because the SS,,,, value limits evapotranspiration
a modification was made to the GIS model in irnigated
areas only. To more accurately simulate the evapotrans-
piration demand of the various crops and the continuous
soil wetting from irrigation, SS,,,, was set equal to the

avanarat 1 Ftl-\ ~alenlatad QQ
uluuthl-‘f panev ul.vufaliﬂn Vaiug, il ine CaiCliated Son,y

value was less than pan evaporation. This change in the
model creates the ability for evapotranspiration to occur
at the maximum (pan) rate if water is available.

The amount of water held in the soil changes from
month to month calculated by an accounting procedure.
The water-budget model is initialized by beginning the
month of January with three soil-moisture storage val-
ues: SSy .y, half of 8S, ., and zero. The resulting soil-
moisture storage values at the end of December were
identical for these three model runs. Thus the December
values were input for the initial soil-moisture storage in
January for the final water-budget calculation. In un-
irrigated areas, January runoff is subtracted from the
sum of the initial January soil-moisture storage plus
January rainfall. The remainder is added to soil-mois-
ture storage, and if this quantity exceeds SS,,,, the
excess recharges groundwater. Evapotranspiration is
then subtracted from soil-moisture storage at either the
potential (maximum) evapotranspiration rate or at some
lesser rate depending on the quantity of water in soil-
moisture storage available to meet the demand. Any
water remaining in soil-moisture storage is carried over

Water-Budget Modei 13
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to the next month. This bookkeeping procedure is
shown in the following equations and figure 9.

X, =S5, +P -R_, “

where:

SS,,, = beginning soil-moisture storage for the month,

n L 11 £ sl __al
l'm = Idlllldll 10I UIC 1oL,
R, = runoff for the month, and

— firct intarm on:i‘mn;ot‘d

Y. ro
lll = L1100 11IWA-11111 OUALITIIINOD A

IfX;>SSpae  OR

then G = X - SSpax
and X, =SS .«

If X; <SSy, (5)
then G=0and X; =X.

where:

SS1ax = maximum soil-moisture storage,
G = ground-water recharge for the month, and
X, = second interim soil-moisture storage in the

month.
If X, > PE,, OR If X, <PE, (6)
then ET =PE then ET =X,
and chd = X2 —PE. and chd =0.

where:

PE = potential (maximum) evapotranspiration for the
month, and
ET = evapotranspiration for the month,
Xend = soil-moisture storage at the end of the month
which becomes the beginning soil-
moisture storage for the next month.

In the high-level and part of the basal water areas,
there was no irrigation, and thus, the mean annual dis-
tribution of ground-water recharge is identical for all
four scenarios. For natural conditions scenario I (fig.
10), there was no irrigation and the mean ground-water
recharge was 34 Mgal/d (table 4). The recharge distri-
bution in the high-level ground water area is similar to
the rainfall distribution (fig. 3) with the highest values
occurring near Puu Kukui. Higher maximum soil-mois-
ture storage values (fig. 7) result in a decrease in
ground-water recharge because more water is available

ET
———— === ssmax

I 1

| solL

1 STORAGE

_____ .7/ x-|
RECHARGE 5 IASS

(G) ___________ - xend

Figure 9. Diagram showing soil-moisture storage.

far avanntrangniratinn Thic ralatinn ic annarant in aranc
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north and south of Wailuku and near Waihee where

maximum soil-moisture storage is greater than 2 and

less than or equal to 4 inches (fig. 7) and recharge is less
than 10 in/yr (fig. 10).

During 192679 (scenario II, table 4 and fig. 10),
the estimated irrigation was 25 Mgal/d and the mean
recharge was 51 Mgal/d. Because of sugarcane cultiva-
tion and irrigation by a relatively inefficient method,
recharge increased 17 Mgal/d compared with natural
conditions. Recharge increased substantially in the agri-
cultural fields compared with natural conditions; at
some locations near Waihee and southwest of Wailuku,
recharge increased from less than 10 in/yr in scenario I
to greater than 100 in/yr. In the high-level ground water
area there was no change in ground-water recharge
between scenarios I and II because there was no irriga-
tion in this area.

From 1980 to 1985 (scenario I1I, table 4 and fig.
10) effects of irrigation on the distribution of ground-
water recharge were distinct compared with scenarios I
and II. The average estimated irrigation decreased from
25 Mgal/d in scenario II to a total of 9 Mgal/d, of which
8 Mgal/d (117 in/yr) was for sugarcane and 1 Mgal/d (9
in/yr) was for macadamia nut trees. The decrease in the
mean ground-water recharge from 51 Mgal/d in sce-
nario II to 40 Mgal/d, is directly related to the decrease

AP e e i ar
vater-ouagetr moaeil 1>



in irrigation due to the replacement of several hundred
acres of sugarcane with lower water-use macadamia nut
trees (fig. 6), and the conversion of furrow irrigation to
the more efficient drip and micro-sprinkler irrigation

systems. In some of the sugarcane fields in the southern
part of the study area, ground-water recharge decreased
from greater than 100 in/yr in scenario II to between 50

and 100 in/vr in scenario I, In much of the northeast-

Quits AV an ya oaaa Sl il Lias AR nadis aaisa waandRS

ern macadarma-nut field area, recharge decreased from
greater than 100 in/yr in scenario IIto less than 25 in/yr.

The mean recharge for the Iao area for 198695
\aceucu"iu v J yconditions is 36 xnv'lg&l;’d (table 4 ). Ground-
water recharge ranges from about 4 in/yr at some loca-
tions along the southern coast to about 118 in/yr at the
West Mauni Mountain crest (fig. 10). Irrigation was
about 3 Mgal/d or 117 in/yr for sugarcane, 9 infyr for
macadamia nut trees, and about 26 in/yr for pineapple.
The distinct effect of irrigation is apparent where irri-
gated areas have recharge as much as six times greater
than that of adjoining areas. The decrease in recharge
from scenario II is directly related to the decrease in
irrigated acreage in the southern part of the study area

and the change from sugarcane to pineapple cultivation

(fig. 6).

Recharge during the winter months is considerably
greater than during the summer months (table 4). Con-
sidering all scenarios together, from November through
April, recharge ranges from a low of 48 Mgal/d in April
of scenario I (no irrigation) to a high of 91 Mgal/d in
February of scenario II (maximum irrigation). During
the summer months, from May through October,
recharge ranges from a low of less than 1 Mgal/d in June
for all scenarios to a high of 36 Mgal/d in May of sce-

narin IT a raflastinn aftha movimnm iesiaoatinn vnhimae
IEALIV L1, A VCLIVAGLIVII UL LG LIIAATLRIUIEL 11 15auuu yulLuLiiws

during this scenario. The low recharge values in June

are directlv inflnenced hv the dictinct low rainfall val-
are directly mnflnenced by the cistinct low ramnfall val

ues for this month.

In the high-level ground-water area there is no dif-
ference in the water-budget component values for the
four scenarios (table 5) because there was no irrigation.
The seasonal distribution of ground-water recharge in
this area is similar to the seasonal distribution of rain-
fall. During the summer months recharge ranges from
less than 1 Mgal/d in June to 23 Mgal/d in May.
Ground-water recharge increases substantially during
the winter months from a low of 31 Mgal/d in Decem-
ber to a high of 43 Mgal/d in February with a mean of

Table 4. Water-budget components for the lao area, Maui, Hawaii
[Scenario I is natural conditions, scenario I is 1926-79, scenario IIT is 198085, scenario IV is 1986-95. All values are in million gallons per day. The sum of
rainfall plus irrigation minus direct runoff, actual evapotranspiration, and recharge may not equal zero because of rounding. The mean is calculated as the sum

of monthly values divided by 12]

Water-budget Scenario

component Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct Nov. Dec. Mean
Rainfall LILIILIV 137 132 146 134 84 37 68 T4 60 79 130 126 100
Irrigation 1 0 0 0 0 0 0 0 0 0 0 0 0 0
I 24 27 24 25 24 25 24 24 25 24 25 24 25
I 9 9 9 9 9 9 9 9 9 9 9 9 9
v 3 3 3 3 3 3 3 3 3 3 3 3 3
Direct runoff LILIILIV 48 42 61 61 39 26 37 30 25 36 44 45 41
Pan evaporation LILIILIV @ 24 3i 27 3i 67 196 97 89 i0s 49 33 26 65
Actual evapo- | 23 28 24 26 32 16 22 23 23 31 27 25 25
transpiration 11 23 29 24 27 44 42 42 40 42 36 29 25 34
I 23 29 24 27 37 26 31 30 32 34 28 25 29
v 23 29 24 27 34 19 24 25 25 33 28 25 26
Recharge I 64 65 59 48 24 0.08 7 21 14 10 49 54 34
11 88 91 83 71 36 0.09 11 28 20 29 71 79 51
II 73 74 68 56 28 0.08 7 23 14 15 56 63 40
v 66 67 61 49 25 0.15 7 21 14 10 50 57 36
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Figure 10. Estimated ground-water recharge for four model scenarios, lao area, Maui, Hawaii.
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24 Mgal/d. As a consequence of persistent cloud cover
in this area, the mean evapotranspiration is only 17 per-
cent of rainfall and does not vary significantly through
the months. The ratio of actual evapotranspiration to

estimated pan evaporation is 100 percent during the wet
winter months and averages about 65 percent annually,

Nr an araqa (\‘F I’\lﬂ"\ FﬂlnFﬂ]] anr‘ ln‘ll
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DISCUSSION OF WATER-BUDGET
RESULTS

The relations between water-budget components
are summarized for various sub-areas for each scenario
in tables 6 through 8. The effect of irrigation was most
significant in scenario II (1926-79) when irrigation was
at the maximum for sugarcane (table 6). The mean
evapotranspiration was four times what it was during
natural scenario I. The mean evapotranspiration rate of
12 Mgal/d and the peak rate in June of 26 Mgal/d equal

0.18 in/d and 0.4 in/d, respectively over the sugarcane
area. These rates are supported by lysimeter data
(Campbell and others, 1959) from other sugarcane
fields on Maui where average and peak use rates were
0.23 in/d and 0.34 in/d, respectively. The mean actual
evapotranspiration/pan evaporation ratio of 86 percent
in the sugarcane area likewise is reasonable given the
extreme water-use rate of the crop for maximum pro-
duction. If the rainfall, mean direct runoff for this area
(about 1 Mgal/d or 12 percent of rainfall), and maxi-
mum soil-moisture storage values are reasonable, then

the validity of the calculated evapotranspiration values
supports a mean ground-water recharge of 19 Mgal/d
for scenario II. Ground-water recharge during scenario
IT was more than six times what it was estimated to be
in the natural scenario with no irrigation. Because the
water-budget for the sugarcane area plays a dominant

After 19 /9
l'I' Oom sugarcane

ost of the sugarcane acreage shifted
ulti 1vauon to macaaamla nut trees and

resulting in striking
espec1ally durmg the summer months and in echarge
particularly during the winter months compared with
scenario II. The peak actual evapotranspiration rate of
26 Mgal/d in June for scenario II decreased to 11
Mgal/d in both July and September in scenario III and
to 6 Mgal/d in several months in scenario IV. Peak
recharge rates decreased from 32 Mgal/d in February
during scenario II to 16 Mgal/d and 10 Mgal/d in Janu-
ary during scenarios III and IV, respectively. Evapo-
transpiration during the winter months and ground-
water recharge volumes for scenario IV are nearly the
same in the agricuiturai field areas as they were under

natural LUHUI[IUHS, bLGIldI'IU l

For the entire Iao area, the strongest seasonality in
evapotranspiration and recharge is during the most
heavily irrigated scenario II. The percentage of water
(rainfall and irrigation) in the budget that is apportioned
to evapotranspiration reaches a high of 68 percent in

Table 5. Water-budget components for high-level ground-water area, lao area, Maui, Hawaii
[Scenario I is natural, scenario II is 1926-1979, scenario III is 1980-85, and scenario IV is 1986-1995. All values are in million gallons per day. The sum of
rainfall plus irrigation minus direct runoff, actual evapotranspiration, and recharge may not equal zero because of rounding. The mean is calculated as the sum

of monthly values divided by 12. There is no change in values among scenarios]

Water-budget

Scenario Jan. Feb. Mar. Apr May dJune July Aug Sent. Qct Nov. Dec. Mean
component ’ ’ hd v
Rainfall LILIILIV 91 92 109 99 71 32 60 64 51 59 99 83 76
Irrigation LILIOLIV 0 0 0 0 0 0 0 0 0 0 0 0 0

Direct runoff LILHLIV 43 37 57 . 57 38 26

Pan evaporation LILIILIV 11 13 11 11 18 55 23 23 30 18 12 13 20

Actual evapo- LILILIV 11 13 11 11 16 11 14 14 15 17 12 13 13

transpiration
Recharge

LILIILIV 36 43 39 31 23 0.07 7 21 14 7 40 31 24




June and a low of 14 percent in both January and March
(table 9). A less striking range of evapotranspiration is
seen in scenarios Il and IV, 57 to 15 percent and 48 to
16 percent of the budget, respectively. Recharge shows
a conversely strong seasonality in scenario II, with the
highest ratios in the winter at 57 percent in February,

and tha lawact lace than 1 narrant Anring tha ciimmas
ana e 10west, 1€ss tnan 1 percent, auring n€ suminer,
in Tune All four scenariog have cimilarly wide rancec in
EiE J ULV £ A1l LVUUL DWwWIIKRIIV O 118 Y W N’l“ulml] YV ANS l“‘lsvc ALK

ao sluuy area. The
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It should be noted that the volume of mnoff is the same
for all scenarios. However, in this table the runoff
apportionment changes with the scenarios because of
the increase in the denominator values from irrigation in

svid
1V

scenarios II, ITI, and IV. Area-wide, the relatively small
proportion (12 to 15 percent) of the total area over
which irrigation water was applied resulted in only a 2
point increase in the evapotranspiration ratios for the
highest irrigation scenarios II and III and only a 7 point
1ncrease in the recharge ratlo between scenario II and
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about 39 percent recharze Dun I erlods of no or low
irrigation, scenarios I and IV, the apportionment of

"U
4

- evapotranspiration and recharge decreases slightly to 25

and 35 percent, respectively.

Comparison with results of previous studies.--
Water-budget results are compared in table 11 with

Table 6. Water-budget components for sugarcane area, lao area, Maui, Hawaii
[All values are in million gallons per day. Scenario I is natural, scenario Il is 1926-1979, scenario IIl is 1980-85, and scenario IV is 1986-1995. The sum of

irmioation minne direct rungff actual o

rainfall nha

vanatrancniration and racharga mou nat agual zars hacanca af roundinge

a mann 1o calenlatad ao tha g

3 Th,
Tainian pius HTigation Minus Girect rundii, actua: Svapowanspiration, and réCnarge may not Squai Zero oeCause O1 roundGing. 1 nC Mcan is CaiCuiatea as tin€ sum

of monthly values divided by 12. Acreage decreased from 2,245 acres in scenario II to about 940 acres in scenario III, and to about 130 acres in scenario V]

Water-budget .

component Scenario Jan. Feb. Mar. Apr. WMay June July Aug. Sept. Oct. Nov. Dec. hiean
Rainfall LII 12 11 11 9 3 1 2 3 2 6 8 13 7
I 5 4 4 3 1 0.38 061 0.83 0.66 2 3 5 2

iv 056 048 051 034 0.17 0.08 0.1f 009 014 032 034 0.67 0.32
Irrigation I 0 0 0 0 0 0 0 0 0 0 0 0 0
I 24 27 24 25 24 25 24 24 25 24 25 24 25
11 8 9 8 8 8 8 8 8 8 8 8 8 8
v 1 1 1 1 1 1 1 1 1 1 1 1 1

Direct I 1 1 1 1 037 0.16 027 031 029 067 093 2 0.81

runoff I 1 1 1 1 037 0.16 027 031 029 067 093 2 0.81

I 054 047 046 037 0.13 0.05 0.07 0.10 0.08 022 030 0.57 0.28

v 0.07 006 006 004 002 0.01 0.01 001 0.02 0.04 0.04 0.08 0.04
Pan evaporation LI 4 5 4 6 16 42 23 20 23 9 7 4 14
I 1 2 2 2 6 19 10 10 3 2 1 6

v 0.2 03 0.3 0.4 0.8 2 1 1 1 0.4 0.4 0.2 0.7

Actual evapo- H 4 4 4 5 4 H 2 2 2 4 5 3 3
transpiration I 4 5 4 6 16 26 22 19 22 9 7 4 12
[ 1 2 2 2 6 9 8 7 8 3 2 1 4

v 023 033 028 040 078 1 1 1 0.98 041 040 0.19 0.62
Recharge I 7 6 6 4 003 O 001 001 o0.01 092 2 6 3
1 31 32 30 27 12 0.01 5 7 6 20 25 30 19
111 i1 11 10 9 3 0 021 2 0.41 6 8 10 6

v 1 1 1 1 047 O 0.15 0.05 0.28 096 1 1 0.78




Table 7. Water-budget components for the basal ground-water area of the lao area, Maui, Hawaii

[Scenario I is natural conditions, scenario Il is 1926-79, scenario III is 198085, scenario IV is 1986-95. All values are in million gallons per day. The sum of
rainfall plus irrigation minus direct runoff, actual evapotranspiration, and recharge may not equal zero because of rounding. The mean is calculated as the sum
of monthly values divided by 12]

Water-budget

Scenario Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Mean

component

Rainfall LILIILIV 45 40 37 35 13 5 9 10 9 20 31 44 25
Irrigation I 0 0 0 0 0 0 0 0 0 0 0 0 0
I 24 27 24 25 24 25 24 24 25 24 25 24 25
I 9 9 9 9 9 9 9 9 9 9 9 9 9
v 3 3 3 3 3 3 3 3 3 3 3 3 3
Direct runoff LILIILIV 5 5 4 4 1 0.58 1 1 1 2 4 5 3
Pan evaporation LILIILIV 13 18 16 20 49 141 74 67 76 31 21 13 45
Actual evapo- I 12 15 13 15 16 5 8 9 8 14 15 12 12
transpiration II 12 16 14 16 28 30 27 26 27 19 17 12 20
III 12 16 14 16 21 14 16 16 17 18 17 12 16
v 12 15 14 16 18 8 10 11 10 16 16 12 13
Recharge I 28 22 20 17 2 0.01 0.09 0.08 0.09 3 9 23 10
1 52 48 44 41 14 0.02 5 7 6 22 31 47 26
I 37 31 28 25 5 0.01 029 2 0.48 8 16 32 15

1A% 30 24 22 19 2 0.08 032 0.21 0.45 3 10 25

Table 8. W;nnr-hnrlnpf components for anrmnlfnral fields in the lao area, Maui, Hawaii

[Scenario I is natural, scenario II is 1926-1979, scenario III is 198085, and scenario IV is 1986—1995. All values are in million gallons per day. The sum of
rainfall plus irrigation minus direct runoff, actual evapotranspiration, and recharge may not equal zero because of rounding. The mean is calculated as the sum
of mommy values divided Dy lL]

Water-budget

Scenario Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Mean

component
Rainfall LILIILIV 12 11 11 9 3 1 2 3 2 6 8 13 7
Irrigation I 0 0 0 0 0 0 0 0 0 0 0 0 0
I 24 27 24 25 24 25 24 24 25 24 25 24 25
I 9 9 9 9 9 9 9 9 9 9 "9 9 9
v 3 3 3 3 3 3 3 3 3 3 3 3 3
Direct LILIILIV 1 1 1 1 037 016 027 031 029 067 093 2 081
runoff
Pan evaporation  LILIILIV 4 5 4 6 16 42 23 20 23 9 7 4 14
Actual evapo- I 4 4 4 5 4 1 2 2 2 4 5 3 3
transpiration i 4 5 4 6 16 26 22 19 22 9 7 4 12
I 4 5 4 6 9 10 11 10 11 8 6 4 7
v 4 5 4 6 6 4 4 5 5 6 6 4 5
Recharge I 7 6 6 4 003 0 001 001 001 092 2 6 3
I 31 32 30 27 12 0.01 5 7 6 20 25 30 19
11 16 15 14 12 4 0 021 2 041 6 9 15 8
v 10 8 8 5 076 007 024 014 038 1 3 8 4

......



water budgets from previous investigations. The water
budgets are not directly comparable because of differ-
ences in areas for which they were calculated. There-
fore, several columns are included in the table
indicating the apportionment of the budget components
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get results from a study
(Yamanaga and Huxel, 1970) of Iao Valley only, which
addresses only the “permeable volcanic slopes” of that
area. Caskey’s (1968) study addressed the eastern
slopes of the West Maui Mountain including the part of
Tao Valley for which runoff was measured at a gaging

station (discontinued in 1915). Caskey created a rainfall
map from data collected at 25 stations in the west Maui
area. Because the budgets Caskey calculated for this
part of Iao Valley and other west Maui basins did not
have enough water from rainfall to satisfy runoff and
estimated evapotranspiration demands, Caskey rea-

canad that tha ratnfall valhiag Ffram hig mmas ot o ¢an
O ICTU Lilal UIv lalliidll valuod 1ivViiL 11D 1 lay 1IUdDL UCT LU
lnw Caclkav tharafara davicad a mathad o anoamant
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rainfall and calculated an increase of 30.7 Meal/d of
1diiildll dllIv vAailvuldivua Al Luvivaow Vi JVUL g Av15uuu AV} 8
rainfall to the Iao Vallev area, Caskev assumed the

h alley area. Caskey assumed the
entire additional rainfall was dispersed as ground-water
discharge, and therefore, increased the estimate of

ground-water recharge g

32.3 Mgal/d. A comparison of the result from the
present study for a part of the Jao area thought to be
comparable to the area from the Commission on Water
Resource Management (1990) shows a discrepancy in
area. The boundaries of the area in the 1990 study were

Table 9. Monthly water-budget ratios for four model scenarios for the lao area, Maui, Hawaii
[Values, in percent, represent the fractional disposition of inflows (rainfall and irrigation) among the outflow components (runoff, actual evapotranspiration,
and recharge). Sum of runoff, actual evapotranspiration and recharge may not equal 100 percent due to rounding; I, natural scenario, 11, 1926-79 scenario, III,

aon o= aos o

1980~85 scenario, IV, 1986-95 scenario; values were calculated by dividing the monthiy vaiues found in tabie 4, of direct runoff, for exampie, by the sum of
the rainfall plus irrigation value for the respective scenario and month. There is no irrigation for scenario I]

Ratio Scenario  Jan. Feb. Mar. Apr May June July Aug. Sept, Oct. Nov, Dec.

Runoff I 35 32 42 46 46 70 54 41 42 46 34 36
II 30 26 36 38 36 42 40 31 29 35 28 30

111 33 30 39 43 42 57 48 36 36 41 32 33

v 34 31 41 45 45 65 52 39 40 44 33 35

Actual evapo- I 17 21 16 19 38 43 32 31 38 39 21 20
transpiration i 14 18 14 17 41 68 46 41 49 35 19 17
11 16 21 15 19 40 57 40 36 46 39 20 19

v 16 21 16 20 39 48 34 32 40 40 21 19

Recharge I 47 49 40 36 29 0.2 10 28 23 13 38 43
11 55 57 49 45 33 0.1 12 29 24 28 46 53

I 50 52 44 39 30 0.2 9 28 20 17 40 47

iv 47 50 41 36 25 0.4 10 27 22 i2 38 44

Table 10. Annual water-budget ratios for four model scenarios, lao area, Maui, Hawaii

[Values, in percent, represent the fractionai disposition of infiows (rainfali and irrigation) among the outfiow components (runoff, actual evapotranspiration,
and recharge). Sum of runoff, actual evapotranspiration and recharge may not equal 100 percent due to rounding; I, natural scenario; II, 1926-79 scenario; II1,
1980-85 scenario; IV, 1986-95 scenario; values were calculated by dividing the mean values found in table 4, of direct runoff, for example, by the sum of the
mean rainfall and mean irrigation for the respective scenario. There is no irrigation for scenario I]

Scenario Runoff Actual evapotranspiration Recharge
I . 41 25 34
I 33 27 4]
11 38 27 37
v 40 25 35
22 Water Budget for the lac Area, Island of Maui, Hawaii



not clearly presented, and therefore the inconsistency is
not surprising.

The rainfall maps (Giambelluca and others, 1986)
used in the present water-budget calculations were not
available when the Yamanaga and Huxel (1970) and
Caskey (1968) reports were prepared. Both maps used
in these previous reports show considerably more rain-
fall over the high-level part of the study area, than the
present maps. The various estimates in rainfall directly
affect the other water-budget components. Although the
same rainfall maps were used for the Commission on
Water Resource Management (1990) report and the
present study, comparabie rainfaii values were not cai-
culated. Commission on Water Resource Management
(1990) indicates some “weighted average” was applied
to the rainfall which, over the given larger area, may be
expected to yield a larger rainfall value compared with
the value from a slightly smaller area in the present

study.

All the previous water-budgets were calculated on
an annual basis. Evapotranspiration was estimated as
potentiai (maximum) evapotranspiration which overes-
timates evapotranspiration and, in tum minimizes t'ne

.-...;,__ .__.\ g P i,

ration rate in Commission on Water Resource
Management (1990) is almost twice the rate estimated
for a similar area in the present study. Similarly, the
estimate of recharge from Commission on Water
Resource Management (1990) is about half the recharge
value estimated in the present study.

Limitations of the model.--The water-budget
results indicate limitations of the water-budget model.
Three aspects to note are the regional nature of the
model, the average values of all input data, and the
monthly time-step of the calculations. For part of the
Iao area, the runoff caicuiations are regionalized by
applying average relations, determined from an individ-
ual basin, over large areas. The available-water capacity
and the calculated maximum soil-moisture storage of
the soil types in the Iao area are important components
in the water-budget model, because they govern
ground-water recharge and evapotranspiration. The
data used to calculate these components come from
individual soil-core profiles that are regionalized for the
soil series. Similarly, for irrigated areas, irrigation water
was applied homogeneously over the area in the budget,
with no adjustments for high and low rainfall areas or
for high or low mean rainfall during the month.

All rainfall, direct runoff, pan evaporation, and soil
data are averages that eliminate the extremes that occur
in nature over time and varying terrain. The error asso-

Table 11. Water-budget estimates from various investigations, lao area, Maui, Hawaii

[Mgal/d, million gallons per day; mi?, square miles; ET, evapotranspiration; the difference of rainfall minus direct runoff, [actual} evapotranspiration, and recharge

may not equal zero because of rounding]

(Mgal/d) (Mgal/d/mi?) Percentage of rainfall
Area Direct Direct Direct
Reference (mi?)  Rainfall runoff ET Recharge Rainfall runoff ET Recharge runoff ET Recharge

This studyl 24.69 100 41 25 34 4.05 1.66 1.01 1.38 41 25 34
This study2 16.15 87 40 18 29 5.39 248 1.11 1.8 46 21 33
Commission on

Water Resource

1v1&ﬁagci‘l‘1cul ( i 990) }7.31 32 33 34 i5 6 1.85 1.91 6.34 40 41 i8
Ycuuauaga and Huxel

(1970) 9.2 95 50 10 35 10.33 5.43 1.09 3.8 53 11 37
Caskey ( 1968)3 6.02 52.63 387 12.33 1.6 8.74 6.43 2.05 0.27 74 23 3
Caskey (1968)4 6.02 83.33 387 12.33 323 13.84 6.43 2.05 5.37 46 15 39
! For entire lao area, for natural conditions, scenario I
2 For area thought to be comparable to area used in Commission on Water Resource Management (1990), Scenario IV values
3 Jao drainage basin gaged at discontinued station 16604000
4 lao drainage basin with “augmented rainfall”

Discussion of Water-Budget Results 23



ciated with these average data is likely compounded by
the budget accounting with a monthly time interval.
Although this monthly budget estimates evapotranspi-
ration more accurately than assuming the maximum
evapotranspiration rate, in reality, the components of
the water budget are mteractmg on the order of minutes
a I ll'llel'Vd.l

areas. The comparison of pan evaporation and calcu-
lated evapotranspiration showed evapotranspiration
occurring at reasonable rates of 100 percent during the
wet winter months and at about 65 percent of the mean
pan rate. If all other budget components are similarly,
reasonably estimated, it follows that the recharge esti-
mate is also reasonable. In irrigated areas, the soil-mois-
ture storage value was set equal to the maximum
evapotranspiration value. This adjustment caused
evapotranspiration to occur at the maximum rate if
water was available. Assuming other budget compo-
nents are reasonably estimated in the irrigated areas,
recharge would not be overestimated. Although daily,
watershed-scale, temporal data could more accurately
determine evapotranspiration and ground-water
recharge, these data are not available, and a monthly
budget for the area is the time interval the available data
warrant.

SUMMARY AND CONCLUSIONS

Land use has changed during the past 70 years in
the Iao area of Maui. Extensive agricultural develop-
ment has occurred since the late 1800’s when stream-
flow was diverted to irrigate thousands of acres of
sugarcane by way of furrow methods. Until the late
1970’s sugarcane was the only plantation crop being
cultivated. During the 1980’s crops were diversified in
the area. The irrigation system was replaced by more
efficient drip and micro-sprinkler systems and several
hundred acres of sugarcane were replaced with macad-
amia nut trees. From the mid-1980’s until the present,
most remaining sugarcane acreage has shifted to pine-
apple cultivation.

A preliminary step in understanding the ground-
water system that has been tapped for water supply in
the Iao area is the calculation of a water budget. A mean
monthly water budget was developed to estimate
ground-water recharge for four scenarios: natural con-
ditions, and agricultural conditions during 1926—79
10Q{\_Q< and 1986-95. Th
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Irrigation has varied over time, decreasing from a hlgh
of about 25 Mgal/d during 1926 to 1979 to about 3
Mgal/d during the 1986 to 1995 scenario.

Average ground-water recharge for 1986-95 con-
ditions, estimated by the water-budget analysis, is about
36 Mgal/d for the Iao area. Average rainfall, irrigation,
direct runoff, and evapotranspiration are 100 Mgal/d, 3
Mgal/d, 41 Mgal/d, and 26 Mgal/d, respectively. Aver-
age ground-water recharge was 51 Mgal/d during 1926
79 when irrigation averaged 25 Mgal/d. Recharge was
less (34 Mgal/d) in the natural scenario during which

there was no agricultural irrigation.
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