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

By Patricia J. Shade

Abstract

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.

INTRODUCTION

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.

Irrigated plantation agriculture has been the dominant
land use overlying the basalt aquifer since Wailuku
Sugar Company was formed 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.

In an effort to meet the present and future water
demand and to increase knowledge of the ground-water
system in the Iao area, the Maui County Department of
Water Supply entered into a cooperative agreement
with the U.S. Geological Survey (USGS) to study
ground-water availability in the Jao area. The project
includes a water-budget calculation and analysis of the
ground-water flow system.

Purpose and Scope

The purpose of this report is to describe the calcu-
lation of a mean monthly water budget for the Iao area
of the island of Maui. Included in the water budget is a
calculation of ground-water recharge, which is an
important element in the analysis of the ground-water
flow system. The monthly calculations yield a more
accurate value of ground-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
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land-use areas, and the ground-water recharge spatial
distribution is displayed.

Previous Investigations

Several reports address various aspects of the
water resources of the Iao aquifer-system area. The
studies containing water-budget estimates relevant to
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
ocean. Within the rift zone of this volcano, subsurface
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.
As described by Takasaki (1978), the effect of the dike
barriers is to subdivide the aquifer-system area into the
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 water budget is similar to that
developed by Thornthwaite (1948) and Thornthwaite
and Mather (1955) and is an accounting procedure that
balances moisture inputs of rainfall and irrigation water,
and moisture outputs of direct runoff, evapotranspira-
tion, and ground-water recharge. 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 (rainfall),
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
water-budget component represent average long-term
climatic conditions.

Data Requirements

A geographic information system (GIS) model 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



















































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,
a reasonable value for an area of high rainfall and low
solar radiation.

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 Mani 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
role in the budget for the entire basal area (table 7, sce-
nario II) the latter values are similarly reasonable.

After 1979, most of the sugarcane acreage shifted
from sugarcane cultivation to macadamia nut trees and
pineapple during scenarios III and IV (fig. 6 and table
8). The crop changes dictated decreases in irrigation
resulting in striking decreases in evapotranspiration,
especially during the summer months, and in recharge,
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 agricultural field areas as they were under
natural conditions, scenario 1.

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

component Scenario Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Mean
Rainfall LILIILIV 91 92 109 99 71 32 60 64 51 59 99 83 76
[rrigation LILILIV 0 0 0 0 0 0 0 0 0 0 0 0 0

Directrunoff ~ LILILIV 43 37 57 57 38

Pan evaporation LILIILIV 11 13 11 11 18

Actual evapo- LILHLIV 11 13 11 11 16
transpiration

Recharge LILIILIV 36 43 39 31 23

26 36 28 24 33 40 40 38

55 23 23 30 18 12 13 20
11 14 14 15 17 12 13 13
0.07 7 21 14 7 40 31 24
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June and a low of 14 percent in both January and March
(table 9). A less striking range of evapotranspiration is
seen in scenarios III and IV, 57 to 15 percent and 48 to
16 percent of the budget, respectively. Recharge shows
a conversely strong seasonality in scenario I, with the
highest ratios in the winter at 57 percent in February,
and the lowest, less than 1 percent, during the summer,
in June. All four scenarios have similarly wide ranges in
recharge from winter to summer months.

Table 10 summarizes the disposition of the water-
budget components for the entire Iao study area. The
volume of runoff, evapotranspiration, or ground-water
recharge is divided by the sum of rainfall plus irrigation.
It should be noted that the volume of runoff 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

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
increase in the recharge ratio between scenario II and
scenario I, in which there is no irrigation. During irriga-
tion scenarios II and III, the water-budget components
for the study area are apportioned roughly at about 35
percent runoff, 27 percent evapotranspiration, and
about 39 percent recharge. During periods of no or low
irrigation, scenarios I and IV, the apportionment of

- 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 III is 198085, and scenario IV is 1986-1995. 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. Acreage decreased from 2,245 acres in scenario II to about 940 acres in scenario IIl, and to about 130 acres in scenario IV]

Water-budget Scenario Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Mean
component
Rainfall LIl 12 1 11 9 3 1 2 3 2 6 8 13 7
11 5 4 4 3 1 0.38 0.61 0.83 0.66 2 3 5 2
v 056 048 051 034 017 0.08 0.11 009 014 032 034 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 0.37 0.16 027 031 029 067 093 2 0.81
runoff ¢ 1 1 1 1 037 0.16 027 031 029 067 093 2 0.81
I 054 047 046 037 013 005 0.07 0.10 0.08 022 030 057 0.28
v 007 006 006 004 0.02 0.01 0.01 0.01 0.02 004 0.04 0.08 0.04
Pan evaporation LII 4 5 4 6 16 42 23 20 23 9 7 4 14
11 1 2 2 2 6 19 10 8 10 3 2 1 6
v 0.2 0.3 0.3 04 0.8 2 1 1 1 04 0.4 0.2 0.7
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 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 0 001 0.01 0.01 092 2 6 3
11 31 32 30 27 12 0.01 5 7 6 20 25 30 19
I 11 11 10 9 3 0 021 2 041 6 8 10 6
v 1 1 1 1 047 O 0.15 0.05 028 096 1 1 0.78
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Table 7. Water-budget components for the basal ground-water area of the lao area, Maui, Hawaii

[Scenario I is natural conditions, scenario H is 1926-79, scenario Il 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 LILILIV 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
m 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 I 12 16 14 16 28 30 27 26 27 19 17 12 20
HI 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 2 001 009 008 0.09 3 9 23 10
I 52 48 44 41 14 0.02 5 7 6 22 31 47 26
m 37 31 28 25 5 0.01 029 2 0.48 8 16 32 15
v 30 24 22 19 2 0.08 032 0.21 0.45 3 10 25 11

Table 8. Water-budget components for agricultural fields in the lao area, Maui, Hawaii

[Scenario I is natural, scenario II is 1926-1979, scenario 11l 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] ’

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 0.81
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
11 4 5 4 6 9 10 11 10 i1 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 O 001 001 001 092 2 6 3
II 31 32 30 27 12 0.01 5 7 6 20 25 30 19
111 16 15 14 12 4 0 021 2 0.41 6 9 15 8
v 10 8 8 5 076 007 024 014 0.38 1 3 8 4
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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
and the values of the components per unit area. The pre-
sentation highlights the comparative magnitude of the
effects of assumptions made in the water-budget calcu-
lations on the water-budget results. Following results
from this study, the next results listed (Commission on
Water Resource Management, 1990) are for an area
described as the basal part of the [ao area, not including
caprock areas. Next are budget 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
ITao 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 Jao Valley and other west Maui basins did not
have enough water from rainfall to satisfy ranoff and
estimated evapotranspiration demands, Caskey rea-
soned that the rainfall values from his map must be too
low. Caskey therefore devised a method to augment
rainfall and calculated an increase of 30.7 Mgal/d of
rainfall to the Iao Valley area. Caskey assumed the
entire additional rainfall was dispersed as ground-water
discharge, and therefore, increased the estimate of
ground-water recharge from the original 1.6 Mgal/d to
32.3 Mgal/d. A comparison of the result from the
present study for a part of the Iao 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,
1980-85 scenario, IV, 1986-95 scenario; values were calculated by dividing the monthly values found in table 4, of direct runoff, for example, 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

I 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 II 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
II 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

v 47 50 41 36 29 04 10 27 22 12 38 44

Table 10. Annual water-budget ratios for four model scenarios, 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; II, 1926-79 scenario; III,
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 41
I 38 27 37
v 40 25 35
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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, comparable rainfall values were not cal-
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
potential (maximum) evapotranspiration which overes-
timates evapotranspiration and, in turn, minimizes the
estimate of ground-water recharge. Again, a compari-
son of Commission on Water Resource Management
(1990) and the present study shows the result of assum-
ing potential evapotranspiration rates: the evapotranspi-

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 calculations 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 lao 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, iao area, Maui, Hawaii
[Mgal/d, million gallons per day; mi2, square miles; ET, evapotranspiration; the difference of rainfall minus direct runoff, factual} evapotranspiration, and recharge

may not equal zero because of rounding}

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

This study’ 2469 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

Management (1990) 17.81 82 33 34 15 4.6 1.85 1.91 0.84 40 41 18
Yamanaga and Huxel

(1970) 9.2 95 50 10 35 10.33 543 1.09 3.8 53 11 37
Caskey (1968)3 6.02 52.63 387 1233 1.6 8.74 6.43 2.05 0.27 74 23 3
Caskey (1968)4 6.02 8333 387 1233 323 13.84 6.43 2.05 5.37 46 15 39

! For entire Iao area, for natural conditions, scenario [

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
*Jao drainage basin with “augmented rainfall”
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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 interacting on the order of minutes
and hours within small areas. The monthly time interval
does not allow for filling and draining of the soil-mois-
ture storage more than once a month. Therefore, the
entire month’s rainfall is modeled as a single event, in
many cases more than filling the soil-moisture storage
and thereby producing recharge. This process may
overestimate recharge, particularly in the wet upland
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 Tao 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.

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

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,
1980-85, and 1986-95. These recharge estimates are
integral to the understanding of the ground-water sys-
tem over time and to the assessment of ground-water
availability in the Iao area.

Rainfall in the Iao area ranges from about 30 in/yr
along the coast near Waiehu to greater than 300 in/yr at
the mountain crest at the northern end of the study area.
Irrigation has varied over time, decreasing from a high
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 198695 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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