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Abstract 

Concern surrounding recent evidence of over-pumping in the lao aquifer on Maui 

has prompted an investigation into the long-term sustainability of current and future 

withdrawal scenarios. As part of this investigation, a water budget of the central and west 

Maui region was computed from which (1) historic ground-water recharge was estimated 

and (2) the effects of agricultural land use and drought were analyzed. Estimated annual 

ground-water recharge decreased 44 percent from 1979 to 2004 in central and west MauL 

Reduction in agricultural irrigation, resulting from more efficient irrigation methods and 

reduction in agricultural land, is largely responsible for declining recharge. Recently, 

periods of lower-than-average rainfall have had an exacerbating effect. Simulations of 

hypothetical future conditions indicate that a cessation of agriculture in central and west 

Maui would reduce annual ground-water recharge by 18 percent over current conditions, 

and a period of drought, identical to 1998-2002, would reduce annual recharge by 27 

percent over current conditions. 
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Introductio.n 

Recent population growth on Maui, Hawaii has led to an increase in ground-water 

demand. The resident population on the island increased more than 200 percent between 

1970 and 2000---from 38,691 to 117,644 (State of Hawaii, 2004). The lao aquifer, a 

freshwater-lens system in west Maui, is the principal source of domestic water supply for 

the island of MauL Ground-water withdrawals from the lao aquifer increased from less 

than 10 million gallons per day (Mgalld) during 1970 to about 17 Mgalld during 2005. 

Over this period, water levels have declined, the transition zone between freshwater and 

saltwater has risen, and the chloride concentration of water pumped from wells in the lao 

aquifer has increased (Meyer and Presley, 2000). These conditions have led to concern 

over the long-term sustainability of withdrawals from existing wells in the lao aquifer. 

Ground-water withdrawals in the surrounding region have also increased, and likely will 

continue to increase to meet future water demands. However, the amount of ground water 

that is available to meet future demands is uncertain. 

Ground-water recharge is one of the most important factors controlling ground

water aVailability. Two major contributors to ground-water recharge in central and west 

Maui are agricultural irrigation and rainfall. Overall irrigation rates in the region have 

been steadily decreasing since the 1970's, when plantations began a conversion to more 

efficient irrigation methods and began reducing the amount of acreage dedicated to 

sugarcane production. Decreasing irrigation has coincided recently with periods of 

below-average rainfall, creating the potential for substantially depressed recharge rates in 

many areas. 
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In an effort to ensure prudent management of ground-water resources and plan for 

sustainable growth on Maui. the County of Maui Department of Water Supply (DWS) 

entered into a cooperative agreement with the U.S. Geological Survey (USGS) to 

increase the overall understanding of the ground-water flow system and recharge 

processes in central and west Maui. The project includes the computation of a water 

budget to estimate historic recharge and assess the effects of land-use change and drought 

on ground-water recharge. 

Purpose and Scope 

The purpose of this report is to (1) describe the computation of a historic daily 

water budget for central and west Maui from which ground-water recharge can be 

estimated and (2) assess the effects of agricultural land-use changes and rainfall reduction 

on historic ground-water recharge for central and west Maui. 

Previous Investigations 

Although no previous water budget has been computed for the entire central and 

west Maui area covered by this study. numerous water budgets have been previonsly 

developed for regions within and adjacent to central and west Maui (table 1). The water 

budgets listed in table 1 were computed using either annual or monthly time steps. as 

opposed to the daily time step nsed in this study. The daily time step provides a more 

realistic simulation of short-duration events such as daily irrigation and episodic rainfall 

than annual or monthly time steps (Izuka and others. 2005). 
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Table 1. Previous water-budget investigations in and around central and west Maui, Hawaii. 

Shade (1999) 
Shade (1997) 
Shade (1996) 

Refarence 

Austin, Tsutsumi and Associates (1991) 
George A.L Yuen and Associates (1990) 
Takasaki (1972) 
Yamanaga and Huxel (1970) 
Division of Water and land Development (1970) 
Belt, Collins and Associates (1969) 
Yamanaga and Huxel (1969) 
Caskey (1968) 

Description of Central and West Maui 

Area 
East Maui 
lao Area 

lahaina District 
West Maui 
lao Area 

Central Maui 
Wailuku Area 

Windward west Maui and central Maul 
lahaina District 
lahaina District 

lao and Waikapu Valleys 

Maui, the second largest island in the Hawaiian archipelago, is composed of two 

shield volcanoes. The older volcano, the West Maui Mountain, rises to an altitude of 

5,788 ft at Puu Kukui, and the younger volcano, the East Maui Volcano (commonly 

referred to as Haleakala), rises to an altitude of 10,023 ft at Puu Ulaula (Red Hill) (fig. 1). 

The two volcanoes are connected by an isthmus which is covered with terrestrial and 

marine sedimentary deposits that are as much as 5 miles wide (Stearns and Macdonald, 

1942). The area of interest for this study is approximately 400 square miles and includes 

all of west Malli, the central isthmus, and about a third of east Maui. The eastern 

boundary of the study area is roughly formed by the north and southwest rift zones of 

Haleakala 
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Numerous streams deeply dissect the West Maui Mountain, including Waikapu, 

lao, Kahakuloa, and Honokohau Streams, and Waihee River. These streams and the 

Waihee River originate from near the summit of the West Maui Mountain, where avemge 

aunual minfall exceeds 350 inches per year (Giambelluca and others, 1986). Within the 

study area, the surface of Haleakala is little dissected, and average aunual minfall over 

this part of Haleaka1a is generally less than 100 inches per year (Giambelluca and others, 

1986). 

Geology 

The geology of Maui was described in detail by Stearns and Macdonald (1942), 

and some of the geologic units were subsequently reclassified by Langenheim and Clague 

(1987). The West Maui Mountain has a central caldem and two main rift zones that trend 

in northwestern and southeastern directions from the caldera. Thousands of dikes exist 

within the rift zones, with the number of dikes increasing toward the caldera and with 

depth. Additional dikes exist outside the general trends of the rift zones, creating a mdial 

pattern of dikes emanating from the caldem (Macdonald and others, 1983). Thousands of 

lava flows emanated from vents in and near the caldem and rift zones. 

The central isthmus is formed by nearly flat-lying lava flows of the Honomanu 

Basalt, which are interbedded with consolidated and unconsolidated sedimentary 

deposits. Beneath the'isthmus, Honomanu Basalt of Haleaka1a overlies sediments and 

older Wailuku Basalt of West Maui Volcano. 
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Surface Water 

Much of the water used to irrigate crops on Maui is diverted from streams, in both 

east and west Mani, with an extensive system of ditches (Wilcox, 1996). Within the study 

area, the USGS currently maintains stream gages on Waihee River and Honokohau, 

Kahakuloa, and lao Streams in west Mani. In the past, the USGS has maintained 

numerous gages on other streams and ditches within the study area (Fontaine, 1996), 

although the periods of record for some gages are limited. 

Perennial streams mainly exist where they intersect the ground-water table of 

either the freshwater-lens or dike-impounded ground-water systems or where rainfall is 

persistent Some of the perennial streams in west Maui include the lao, Honokohau, 

Kahakuloa, Makamakaole, Waiehu, and Waikapu Streams, and Waihee River. 

Ground Water 

Fresh ground water in the study area occurs mainly in freshwater-lens systems 

and dike-impounded systems (Yamanaga and Huxel, 1970; Takasaki, 1972; Meyer and 

Presley, 2000). A freshwater-lens system includes a lens-shaped freshwater body, an 

intermediate transition zone of brackish water, and underlying saltwater. The thickness of 

the transition zone is dependent on the extent of mixing between freshwater and 

saltwater. Within the study area, freshwater-lens systems are found in dike-free volcanic 

rocks of high permeability and sedimentary deposits. A thick wedge of sedimentary 

deposits forms a confining unit (caprock) over the high-permeability volcanic rocks near 

parts of the northeastern coast of West Mani Volcano and impedes the discharge of water 

from the freshwater-lens system. Where a coastal confining unit exists, water levels in the 

freshwater-lens system have exceeded 25 ft above sea level (Meyer and Presley, 2000). 
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In areas of West Maui that lack a coastal confining unit, water levels in the freshwater

lens system generally are less than 5 ft above sea level. Water levels in the freshwater

lens system in the isthmus also are generally less than 5 ft above sea level. Burnham and 

others (1977) estimated a hydraulic gradient of about 1.6 ftlmi in the volcanic rocks in the 

isthmus near Kahului. The chemical quality of ground water in the isthmus is highly 

dependent on irrigation and withdrawals for agricultural uses (Tenorio and others, 1970; 

Takasaki, 1972). 

Dike-impounded systems are found near the caldera and rift zones of the 

volcanoes, where low-permeability dikes have intruded other rocks. The flow system 

includes a freshwater body, and where it exists, the underlying brackish water and 

saltwater. Near-vertical dikes tend to compartmentalize areas of more permeable volcanic 

rocks. Dikes impound water to thousands of feet above sea level in the interior of the 

West Maui Mountain. 

Land Use in Central and West Maui 

Agriculture 

The plantation-scale cultivation of sugarcane (and pineapple and macadamia nuts 

to lesser degrees) has had a profound effect on the hydrologic water budget of central and 

west Maui. Historically, 100 billion gallons of surface water each year have been diverted 

from Maui streams for the irrigation of crops within the study area. More than half of this 

diverted water, about 59 billion gallons per year, originates outside the study area, in east 

Maui. Under natural conditions, most diverted surface water would flow to the ocean. 

Instead, this water has been artificially applied to the plant-soil system, creating a net 
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increase in evapotranspiration and recharge. Irrigation-enhanced recharge greatly affects 

the ground-water system within the study area, and assessing the historic changes in 

amount and spatial distribution of irrigation-enhanced recharge is critical to 

understanding the ground-water system. 

To track the historic application of irrigation water, it is important to track the 

historic changes in plantation agriculture within the study area (see figs. 2a-f, table 2). 

The following is a short summary of agricultura11and-use changes on the plantation scale 

over the last century. 

On the west (Lahaina) side of the West Maui Mountain, Pioneer Mill Co. was a 

major cultivator of sugarcane from the late 1800's until 1999, when it ceased sugarcane 

production and was subsequently bought by Maui Land and Pineapple Co. (ML&P). 

ML&P currently grows pineapple on the northwest slope of the West Maul Mountain, 

where pineapple has a long history of cultivation, and on a small portion of former 

Pioneer Mill sugarcane lands. However, the amount of pineapple cultivation in west Maul 

has decreased considerably since the late 1990' s. 

On the eastern slope of the West Maul Mountain, Wailuku Sugar CQ. (currently 

Wailuku Water Co.) first began growing sugarcane in 1856. In the mid-1980's, sugarcane 

was replaced by macadamia nut trees on the northern extent of the plantation. Additional 

sugarcane lands were replaced by pineapple by the end of that decade. In the 1990's, 

Wailuku Agribusiness, as the company was named then, continued to diversify away 

from sugarcane and agriculture altogether. By 2005, the company had leased the southem 

portion of the plantation to Hawaiian Commercial and Sugar Co. (HC&S), halted 

macadamia operations, and sold a large portion of its land for residential development. 

8 
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Table 2. Differences in the areas of selected agricultural and urban land-cover catagories for aach of the 
historic modal scanarios used in the water-budget computation for central and west Maui, Hawaii. 

[Urban includes all urban end built-up land categorias) 

Araa usad in water-budget scanario. In acres Change In area 
Land-cover from 1928-1979 
catagory 1928- 19811- 1985- 1990- 1895- 2lIOII- to 2D00-2lI04.ln 

1919 1884 1989 1994 1999 2lI04 percant 

Sugarcane 50,899 50,926 47,206 47,206 46,930 39.629 -22 
Pineapple 10,919 8,340 11,184 11,184 11,184 7.521 -31 
Macadamia nuta 0 1,407 1,407 1,407 1,407 0 0 
Urban 6,928 6,928 12,297 12,297 12,297 12,297 78 

On the central isthmus, sugarcane has been grown continuously from the late 

1800's until the present by HC&S and predecessor plantations. ML&P and several 

smaller entities currently cultivate pineapple on the lower northwest slope of Haleakala. 

Pineapple has been grown in this area for over a hundred years. 

Land cover and plantation field maps from various sources were combined in 

geographic information system (GIS) software to track the history of land use in central 

and west Maui. A GIRAS (Geographic Information Retrieval and Analysis) map of land 

use and land cover on Maui as of 1976 was used as the base map for land cover (State of 

Hawaii, 1976). It was assumed that land cover outside of plantation and urban areas did 

not change with time. Plantation field maps were superimposed on the 1976 GlRAS map. 

GIS coverages of plantation field maps from Shade (1996 and 1997) for Pioneer Mill, 

Wailuku Agribusiness, and west Maui ML&P fields were modified with additional 

information gathered from the plantations (Clayton Suzuki, Wailuku Agribusiness, oral 

and written commun., 2005; Wes Nohara, ML&P, oral and written common., 2005) in an 

effort to track changes in crop type and field layouts continuously over time. A field map 
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was provided by HC&S in GIS-shapefile format (Lee Jngamells, written commun., 

2005). A paper map of ML&P pineapple fields in central Maui (Wes Nohara, written 

commun., 2(05) was used to identify which land areas designated as "ariculturalland" in 

the GIRAS shapefile were used for pineapple cultivation. 

Urban 

To simulate the growth of urban areas, a GIS coverage of Maui land cover in 

2000 (National Oceanic and Atmospheric Administration, 2000) was used. Areas on the 

NOAA map designated as "high-intensity developed" and "low-intensity developed" 

were superimposed on the GIRAS base map and assigned the GIRAS land-cover 

categories "residential" and "commercial", respectively. This combination of GIRAS and 

NOAA urbanized areas was used in the water-budget model for all time periods after 

1984. 

Water-Budget Method 

Background 

The daily water-budget method used in this study is a variant of the Thornthwai~ 

and Mather (1955) mass-balance procedure that accounts for water entering, leaving, and 

being stored within the plant-soil system. Water entering the plant-soil system is the sum 

of rainfall infiltration, irrigation, and fog drip. Water leaving the plant-soil system is the 

sum of evapotranspiration and recharge (fig. 3). The water-budget method can be used to 

compute recharge if values for the other components are known or can be reasonably 

16 



estimated. Recharge to an aquifer occurs when more water enters the plant-soil system 

than can be held in the plant-soil system given its moisture-storage capacity, antecedent 

moisture content, and moisture losses due to evapotranspiration. 

Under natural conditions, the timing of water input, water output, and changes in 

soil moisture is irregular. In this study, the water budget was computed on a daily basis. 

The water budget was computed by stepping through consecutive days, nsing the ending 

soil moisture for one day as the initial soil moisture for the next day. 

Figure 3. Generalized water-budget model flow chart. 
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Water-Budget Computations 

Daily ground-water recharge for central and west Maui was computed using the 

daily water-budget method and input data that quantify the spatial and temporal 

distribution of rainfall. fog drip, pan evaporation. runoff. soil. irrigation. land use, and 

land cover. Daily recharge is computed for areas of homogeneous climatic, hydrologic, 

soil, land-use, and land-cover properties. The areas of homogeneous properties are 

generated by merging GIS shapefiles that characterize the spatial and temporal 

distribution of rainfall, fog drip, pan evaporation, runoff, soil, land use, and land cover. In 

the water budget computations, water volume is expressed as an equivalent depth of 

water over an area 

An interim soil moisture, which is the amount of water that enters the soil-water 

system for the current day plus the amount of water already in the soil from the previous 

day, is calculated at the start of each day. Interim soil moisture is given by the equation: 

X, = P, + I, + F, + W,-R, + S,.!, (1) 

where: 

X, = interim soil-moisture storage for current day [L], 

S,ot = ending soil-moisture storage from previous day (i-I) [L], 

P, = rainfall for current day [L], 

I, = irrigation for current day [L], 

F, = fog drip for current day [L], 

W, = excess rainfall from the impervious fraction of an urban 
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R, 

i 

= 
= 

area [L], 

runoff for current day [L], and 

subscript designating current day. 

In urbanized areas, the interim soil-moisture equation includes the factor W, which 

pertains to the fraction of urban areas that are estimated to be impervious. In non-urban 

areas where there is no impervious fraction, W; is zero. Urbanized areas are assigned a 

fraction (z) that is impervious. This fraction is used to separate, from the total rain that 

falls in an urbanized area, a depth of water that is treated computationally as though it fell 

on an impervious surface. Based on this impervious water fraction, some water is 

subtracted to account for direct evaporation. The remainder of the water (W,) is added to 

the water budget of the pervious fraction. Thus, for the pervious fraction of an urban area, 

the total daily water input includes an excess of water from the impervious fraction. 

For the impervious fraction of an urbanized area with homogeneous properties, 

excess rainfall, W" and moisture storage were determined using the following conditions: 

Xl, = P,-R, + T, .• , 

for Xl, ~N, W; = 0, and 

X2,=Xl" 

for Xl, > N, W, = (Xl,- N)(I-z)/z, and 

X2,=N, 
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where: 

Xl, = first interim moisture storage for impervious area for 

current day [L], 

X2, = second interim moisture storage for impervious area for 

current day [L], 

T,-l = ending moisture storage for impervious area from previous 

day (i-I) [L], 

N = rainfall interception capacity (maximum amount of water 

that can be retained on the surface) of impervious area [L], 

and 

z = fraction of area that is impervious_ 

The ending moisture storage on the impervious area for the current day, T" is 

determined from the equation: 

for X2, > V" T, = X2,-V" and 

for X2,;5; V" T, = 0, (4) 

where: 

= pan evaporation for current day [L]. 

The next step in the water-budget computation is to determine the amount of 

water that will be removed from the soil by evapotranspiration. Actual evapotranspiration 

is a function of potential evapotranspiration and interim soil moisture (XJ. A vegetated 
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surface loses water to the atmosphere at the potential-evapotranspiration rate if sufficient 

water is available. Although Penman (1956) defined potential transpiration as "the 

amount of water transpired in unit time by a short green crop, completely shading the 

ground, of uniform height and never short of water," in this study the potential

evapotranspiration concept was applied to all vegetated surfaces and was not restricted to 

a reference short green crop. 

At all sites, the potential evapotranspiration was assnmed to be equal to pan 

evaporation multiplied by an appropriate vegetation factor (see Potential 

Evapotranspiration section). For soil-moisture contents greater than or equal to a 

threshold value, C/, the rate of evapotranspiration was assnmed to be equal to the 

potential-evapotranspiration rate. For soil-moisture contents less than C/O the rate of 

evapotranspiration was assumed to occur at a reduced rate that declines linearly with soil 

moisture content: 

where: 

E = 
(PE)/ = 
S = 
C/ = 

E = (PE)/, and 

(5) 

instantaneous rate of evapotranspiration [lJI'], 

potential-evapotranspiration rate for current day [lJI'], 

instantaneous soil-moisture storage [L], and 

threshold soil-moisture content below which 

evapotranspiration is reduced below the potential-
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evapotranspiration rate [L]. 

The threshold soil moisture, C" was estimated using the model of Allen and 

others (1998). In this method, a depletion fraction, p, which ranges from 0 to I, is defined 

as the fraction of maximum soil-moisture storage that can be depleted from the root zone 

before moisture stress causes a reduction in evapotranspiration. The threshold soil 

moisture, C" is estimated from p by the equation: 

C,=(I-p)xSm , (6) 

where: 

= maximum soil-moisture storage [L]. 

The maximum soil-moisture storage, S.., expressed as a depth of water, is equal to 

the root depth multiplied by the available water capacity, ¢, which is the difference 

between the volumetric field-capacity moisture content and the volumetric wilting-point 

moisture content. 

where: 

D 

¢ 

= 

= 

plant root depth [L], 

Btc - Bwp [L3JL3], 
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Owp = 

volumetric field-capacity moisture content [VIL3
], and 

volumetric wilting-point moisture content [L31Ll 

Values for p depend on vegetation type and can be adjusted to reflect different 

potential-evapotranspiration rates. In this study, a p value of 0.65 was used for sugarcane 

and 0.50 for all other types of vegetation based on data in Allen and others (1998). 

In the water budget, the evapotranspiration rate may be (1) equal to the potential

evapotranspiration rate for part of the day and less than the potentia1-evapotranspiration 

rate for the remainder of the day, (2) equal to the potential-evapotranspiration rate for the 

entire day, or (3) less than the potential-evapotranspiration rate for the entire day. The 

total evapotranspiration during a day is a function of the potential-evapotranspiration rate, 

interim soil-moisture storage, and threshold soil-moisture content, C,. By recognizing that 

E = -dS/dt. the total depth of water removed by evapotranspiration during a day, E" was 

determined as follows: 

and 

for X,> C" 

E, = (PE)!, + C,{ l-exp[-(PE),(l-t,)/CJ}, 

for X, :s: C, and C, > 0, 

E, = X,{l-exp[-(PE)!CJ}, 

for X, :s: C,' and C, = 0, 

E,=O, 
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where: 

= fraction of day during which soil-moisture storage is above 

C, and is computed as follows: 

and 

for (X,- C,)< (PE),. 

t, = (X,- CJ/(PE),. 

for (X, - CJ ~ (PE),. 

t, = 1. (9) 

Evapotranspiration for a given day was subtracted from the interim soil-moisture 

storage. Any soil moisture remaining above the maximum soil-moisture storage was 

assumed to be recharge. Recharge and soil-moisture storage at the end of a given day 

were assigned according to the following conditions: 

for X,-E, :5: Sm • Q,= O. and 

S,=X,-E,. 

and 

for X,-E, > Sm • Q, = X,-E,-S,.. and 

S, = Sm. (10) 

where: 

= evapotranspiration during the day [L). 
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= 
= 

ground-water recharge during the day [L], and 

soil-moisture storage [L] at the end of the current day. i. 

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 volumetric soil 

moisture content within the root zone for the current day, and the volumetric wilting

point moisture content 

where: 

D = 

~ = 

Owp = 

Rainfall 

(11) 

plant root depth [L], 

ending volumetric soil-moisture content for the current day, 

i, [L3/I}], and 

volumetric wilting-point moisture content [L3/I}]. 

Maps of mean monthly rainfall for Maui (GiambeIIuca and others. 1986) were 

digitized and used as a basis for the spatial variability and relative distribution of rainfall 

(fig. 4). Areas between lines of equal monthly rainfall were assigned the average values 

of the bounding lines. To model the temporal Variability of rainfall, continuous time 

series of monthly rainfall data were collected for gages within the study area. 
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Rainfall data were obtained from the Hawaii Commission on Water Resources 

Management (CWRM), the National Climatic Data Center (NCDC), and the National 

Weather Service (NWS). Rainfall data from the CWRM were in the form of monthly 

rainfall totals through 1986. Rainfall data from the NCDC consisted of daily rainfall in 2 

volumes. One was for the pre-1949 period, and the other for the period 1949 to 2001 

(NCDC, 200~, 2(03). Rainfall data from the NWS (Kevin Kodama, written cornmun., 

2005) consisted of monthly totals from 2001 to 2005. 

Thirty-three rain gages were selected based on (1) completeness of record and (2) 

temporal resolution of rainfall measurements (fig. 4). Gages with daily measurements 

were selected over gages with monthly measurements. In areas where the densities of rain 

gages were poor, such as the higher elevation areas of the West Maui Mountain. the 

utilization of rain gages with only monthly measurements was necessary. 

Monthly weighting factors, ratios of observed monthly rainfall to mean monthly 

rainfall, were computed for the entire period of record for each gage. Mean monthly 

rainfall values for each gage were obtained from Giambelluca and others (1986). 

Monthly weighting factors were applied spatially over the study area using Thiessen 

polygons drawn around the gages (fig.4). In this method, rainfall for a given month in a 

given area is equal to the weighting factor for that month in that area multiplied by the 

mean rainfall for that month in that area. 

P, = WF, x Pmean" 

where: 

P, = rainfall for month i [Ll, 
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weighting factor for month i, and 

mean rainfall for month i [L]. 

Most of the gages used in the study have periods of missing or incomplete 

monthly rainfall data. Multiple gages often share coinciding periods of missing or 

incomplete monthly rainfall data. This is especially true for gages located in the West 

Maui Mountain area. Without an available measurement of rainfall for a given month, it 

is impossible to compute a weighting factor for that month. To achieve a complete time 

series of rainfall for the study area, a method for estimating weighting factors for months 

with unavailable rainfall measurements was developed. 

For each month of the year, a linear correlation coefficient, Spearman's rho 

(Conover, 1999), was computed between every gage based on the complete series of 

weighting factors for that month for the entire period of record This resulted in twelve 33 

by 33 correlation matrices, one for each month. Table 3 shows an example correlation 

matrix for 10 gages for the month of January. If a gage had no weighting factor for a 

given month, the weighting factor from the gage with the highest correlation coefficient 

for that month was used If data were unavailable for the gage with the highest correlation 

coefficient, the weighting factor for the gage with the next highest correlation coefficient 

for that month was used This process continued until a surrogate weighting factor was 

determined. 
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Figure 4. Mean annual rainfall (modified from Giambelluca and others, 1986) and area of 

fog contribution in central and west Maui, Hawaii. 
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Tabla 3. January correlation matrix for 10 selected rainfall gages used In the water-budget computation 
for central and west Maui, Hawaii. 

IAbbravla1lon: NWS, National Waather Servicel 

NWS Correlation collfficient, Sl!eannen's p 
number 0790 0995 D999 1004 1088 1887 1892 2552 2572 4489 

0790 1 0.8160 0.7295 0.6956 0.8054 0.7273 0.8549 0.8077 0.6589 0.5301 
0995 0.8160 1 0.8870 0.m2 0.8229 0.7448 0.8195 0.8123 0.7272 0.6079 
D999 0.7295 0.8870 1 0.8586 0.8104 0.8291 0.8021 0.8180 0.8292 0.7396 
1004 0.6956 0.m2 0.8568 1 0.7970 0.8009 0.8050 0.8455 0.7893 0.8073 
1088 0.8054 0.8229 0.8104 0.7970 1 0.8705 0.8246 0.8207 0.7708 0.7018 
1887 0.7273 0.7448 0.8291 0.8009 0.8705 1 0.7317 0.8175 0.8116 0.7525 
1892 0.8549 0.8195 0.8021 0.8050 0.8246 0.7317 1 0.8759 0.6980 0.7255 
2552 0.8077 0.8123 0.8180 0.8455 0.8207 0.8175 0.8759 1 0.7649 0.7818 
2572 0.8589 0.7272 0.8292 0.7893 0.7708 0.8116 0.6980 0.7649 1 0.8518 
4489 0.5301 0.6079 0.7396 0.8073 0.7018 0.7525 0.7255 0.7818 0.8518 1 

Daily rainfall was synthesized by disaggregating the monthly rainfall values 

derived using the methods described in the previous section using the method of 

fragments (see, for example, OId, 2(02). The method creates a synthetic sequence of 

daily rainfall from monthly data by imposing the rainfall pattern from a rain gage with 

daily data. Fragments were created by dividing each daily rainfall measurement for a 

particular month by the total rainfall for that month. This created a set of fragments for 

that particular month in which the total number of fragments was equaI to the number of 

days in the month. Fragment sets were created for every gage for every month in which 

complete daily rainfall measurements were available. Fragment sets were grouped by 

month of the year and by rain gage. The fragment set to be used for a given gage for a 

given month was selected randomly from among all available sets for that gage for that 

month of the year. Synthesized daily rainfall for a given month was created by 

multiplying total rainfall for that month by each fragment in the set 
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Rain gages 0790, 6635, 6645, and 7066 lacked adequate daily rainfall 

measurements from which to derive fragment sets (fig. 4). These gages were assigned 

fragment sets from other gages in the same representative rainfall region. Gage 0790 was 

assigned the gage 1892 fragment set, gage 6635 was assigned the gage 4887 fragment set, 

gage 6645 was assigned the gage 9315 fragment set, and gage 7066 was assigned the 

gage 5404 fragment set. 

To assess the error involved in the correlation-based procedure for assigning 

surrogate monthly weighting factors to gages with missing monthly data. monthly rainfall 

computed with actual weighting factors was compared to monthly rainfall computed with 

surrogate weighting factors at gages 4489, 4887, and 9484 (figs. 5a-c) Gage 4489 (Kihei) 

was chosen as 
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Figure 58. Measured and model-calculated monthly rainfall for gage 4489. 
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Table 4. Error in monthly rainfall computed with surrogate weighting factors versus actual weighting 
factors for selected rainfall gages used in the weter·budget computation for central and west Maui, 
Hawaii. 
[Abbravlatlon: NWS, National Weather Service; WF, monthly relnfall weighting factor) 

Muen of 
Error In monthly rainfan computed from 

NWS surrogate WFs versus actual WFs 
Gege Number of actuelWF gage 

location actuelWPs monthly Average- Root-mean-number 
rainfall values Avarage ralative, In 

percent sqUBra 

4489 Kihei 887 0.92 0.03 3.30 0.79 

4887 Puu Kukui 727 28.46 -0.17 -0.59 13.70 
9484 Wailuku 912 2.59 -0.25 -9.66 1.09 

representative of low-rainfall sites; gage 4887 (Puu Kukui) was chosen as representative 

of high-rainfall sites; and gage 9484 (Wailuku) was chosen as representative of medium-

rainfall sites and for its location in the lao area. Table 4 summarizes the error 

measurements computed for each case. Relative error was highest for gage 9484 and 

lowest for gage 4887. The root-mean-square error was highest for gage 4887 and lowest 

for gage 4489. 

Fog Drip 

Fog drip is a term commonly used in Hawaii to describe cloud water intercepted 

by vegetation that subsequently drips or flows down branches or stems to the ground. In 

high-elevBtion areas of Hawaii where fog is persistent, fog drip can be a significant 

component of the water budget. Fog formation in the Hawaiian Islands is generally 

capped at the base of the trade-wind inversion which commonly occurs between 5,000 

and 10,000 ft (Giambelluca and others, 1998). Fog has been shown to be persistent at 
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elevations as low as 2,000 to 3,000 ft on the Island of Hawaii (Juvik and Ekern, 1978). 

Giambelluca and Nullet (1991) defined the fog zone on the leeward slopes ofHaIeakaIa 

as extending from roughly 3,900 to 5,900 ft and estimated a thicker fog zone, 2,000 to 

6,560 ft, along windward slopes. 

In water budgets, fog drip is often applied spatially in defined fog zones by using 

a ratio of fog drip to rainfall. One common method of estimating this ratio has been to 

compare the amount of cloud water collected in a fog gage to the amount of rainfall 

collected in a rain gage in the same area during concurrent periods. However, the 

accuracy of fog-gage measurements is questionable due to the lack of an established 

procedure for separating fog deposition from rain deposition and the inherent inability of 

fog gages to accurately mimic the complexity of forest canopy (Scholl and others, 2004; 

Bruijnzeel, 2001). Measurement of canopy drip, or throughfall, can be used in place of 

fog-gage data to compute fog drip-to-rainfall ratios, however this approach has 

limitations as well. Canopy throughfall has a high degree of spatial variability. Accurate 

measurement is highly sensitive to the number and location of measurement points 

(Bruijnzeel, 2001). 

Long-term data on fog drip in central and west Maui are not presently available. 

A 2-year study conducted concurrently at Auwahi (elevation 4,000 ft) on the leeward side 

of HaleakaIa and Waikamoi (elevation 6,400 ft) on the windward side of HaIeakaIa 

measured canopy throughfall as a percentage of rain at both locations (Scholl and others, 

2004). Throughfall was reported as 65 percent of incident rainfall at the leeward site, and 

119 percent at the windward site. At USGS climate station 205604156365801, installed 

in 2004 as part of the Central Maui Groundwater Availability Project, canopy throughfall 

was measured for a period of 8 months. Data from this site, located at Kaulalewelewe on 

33 



the leeward side of the West Maui Mountain (fig. 9), indicate that throughfall is roughly 

58 percent of incident rainfall. 

Because these two studies indicate that throughfall is less than 100 percent of 

rainfall at leeward sites on Maui, fog drip was not included in the water budget in any 

leeward areas in this study. On the windward side of the West Maui Mountain above the 

elevation of 2,000 ft (fig. 4), fog drip was estimated to be 20 percent of rainfall, 

consistent with measured thmughfall at Waikamoi. 

Irrigation 

Sugarcane Irrigation 

Historic records of the volume of irrigation water applied to individual sugarcane 

fields were generally not maintained by the plantations. Therefore, it was necessary to 

develop a model to simulate the temporal and spatial distribution of sugarcane irrigation. 

Two basic approaches were considered: supply-based modeling and demand-based 

modeling. 

Previous water-budget studies in the area (Shade, 1996 and 1997) have used 

irrigation system supply (surface-water diversions and ground-water pumpage) as the 

basis for estimating irrigation. Although large gaps exist in west Maui diversion records, 

surface-water diversion and ground-water pumpage records for central Maui are 

generally well-maintained and available. In using a supply-based method, it is generally 

assumed that all water input to the ditch and reservoir system is applied to the fields. A 

nominal percentage (roughly 5 to 7 percent) is sometimes used to account for seepage 

and evaporation losses, but often no accounting is attempted (Izuka and others, 2005; 
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Shade, 1996 and 1997). 

Several issues make the application of a supply-based approach problematic for 

this study. One issue is that spatial distribution of applied irrigation water is not obvious 

from ditch-flow records. Shade (1996 and 1997) did not apply any spatial variation to 

irrigation depths. In reality, sugarcane irrigation is spatially variable. It is dependent on 

spatially-varying parameters such as rainfall, potential evapotranspiration, and soil 

characteristics (Clayton Suzuki, Wailuku Agribusiness, oral commun., 2005; Randall 

Moore and Lee Ingamells, HC&S, oral commun., 2005). Another issue lies in the 

assumption that all water entering the system ends up on the sugarcane fields, or that 

losses can be simply estimated. In reality, significant water is lost in ditches and 

reservoirs through seepage and evaporation. To accurately estimate the amount of water 

applied to fields, a complete water balance of the ditch and reservoir system would need 

to be performed. This balance would also need to include variations in reservoir levels. 

For relatively small areas and small irrigation systems, the issues of spatial variation and 

system water balances may not be very significant (Izuka and others, 2(05). However, 

the irrigated portions of the study area are relatively large, and the ditch and reservoir 

systems that irrigate central and west Maui plantations are vast, complex networks (see 

Wilcox, 1996). For these reasons, an irrigation model based on supply was not pursued. 

Average annual ditch flows and ground water pumpage were used only to assess the: 

upper limit of possible irrigation volume. 

Sugarcane irrigation practices were described in meetings with Randall Moore 

and Lee Ingamells ofHC&S and Clayton Suzuki of Wailuku Agribusiness. The described 

practices formed the general basis for the sugarcane irrigation model used in this study. 

According to HC&S, sugarcane irrigation is driven by evapotranspirative demand. In this 
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study, irrigation demand was computed as the amount of evapotranspirative demand not 

satisfied by infiltration of rainfall. The amount of irrigation applied was computed as 

irrigation demand divided by irrigation method efficiency (table 5). It was indicated by 

HC&S that some of its fields do not have an adequate supply of irrigation water from 

which to meet demand. These fields are located above Lowrie Ditch north of Haleakala 

Highway and above Haiku Ditch south of Haleakala Highway. HC&S estimated that the 

supply for these fields is roughly 80 percent of demand. Accordingly, daily irrigation 

computed in the water budget for these fields was multiplied by a factor of 0.8. 

On Maui, sugarcane is typically cultivated in cycles of approximately 24 to 26 months. 

For simplicity, a cycle of 24 months was selected for this study. Irrigation water is 

applied for approximately the first 20 months of the cycle. This is termed the growing 

period. During the last 40 days or so of the growing period, irrigation is gradually 

reduced to zero. During the ripening period, the next 2 months, no irrigation is applied. 

After the ripening period, the sugarcane is harvested and the field lies fallow until the 

next cycle begins. To simplify the modeling of this cycle, there was no reduction assessed 

to irrigation during the last 40 days of the growing period. Full irrigation was applied 

during the first 20 months of the cycle. During the last 4 months of the cycle, the 

sugarcane field was not irrigated. Plantations pian the cultivation cycles of sugarcane 

fields such that about one-half of the fields will be harvested in any year. In the water

budget calculation, sugarcane fields were randomly divided into two groups such that 

half of each plantation began active cultivation at the start of the simulation and the other 

half began 12 months into the cycle. 
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Tabla 5. Monthly irrigation depths used in water-budget computation for central and west Maui, Hawaii. 

[Monthly urban-irrigation depths are from Glambelluca, 19831 

Land-caver Applied Irrigation depth In Inches 
category Jan Feb Mar Apr May June July Aug Sap Oct Nov Dec 

Urban' 0.27 0.32 0.43 0.75 0.93 1.56 2.09 1.99 1.90 1.16 0.70 0.38 

Golf course 1.27 1.47 1.93 1.59 1.78 1.86 2.05 2.32 2.07 2.08 1.51 1.38 

Diversified ago 1.27 1.47 1.93 1.59 1.78 1.86 2.05 2.32 2.07 2.08 1.51 1.38 

Sugarcane 

Pineapple 

Mecadamia 
nuts 

Irrigation for month = (pdtential avapotranspiration for month - rainfall for month + 
runoff for monthll irrigation method efficiency 

Irrigation for month = (52 inches per year /12 months) - rainfall for month + runoff for 
month 

Irrigation for month = 52 inches per year /12 months 

'Includes all urban and built-up land-cover cetagories 

The two major methods of sugarcane irrigation historically used on Maui and 

throughout Hawaii have been furrow and drip. Furrow irrigation was the primary method 

used prior to about 1980. The more efficient drip method gradually began replacing 

furrow irrigation beginning in the mid-1970's (Fukunaga, 1978). Drip irrigation had 

almost completely replaced furrow irrigation on Maui by the mid-1980's (Clayton 

Suzuki, oral commun., 2005). To simplify the water-budget calculation, all sugarcane 

fields were assumed to be furrow irrigated prior to 1980. For subsequent periods, all 

fields were assumed to be drip irrigated. 

In furrow-irrigated fields, large volumes of water were applied about twice a 

month to furrows dug in the fields. In drip-irrigated fields, relatively small volumes of 

water are applied for 2 to 3 consecutive days every week. In the water-budget 

computation, irrigation water was applied to furrow-irrigated fields on days I and 15 of 
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each month, and to drip-irrigated fields on days 1,2,3,8,9,10,15,16,17,22,23,24, 

and 28 of each month. 

Irrigation efficiency is the ratio of water consumed by a crop to water applied to 

the field. For Hawaii, estimates of furrow irrigation efficiency range between 0.30 and 

0.70, and estimates of drip irrigation range between 0.80 and 0.95 (Fukunaga, 1978; 

Izuka and others, 2005). HC&S uses 0.50 for furrow efficiency and 0.80 for drip 

efficiency (Randall Moore and Lee lngamells, oral commun., 2005). These HC&S values 

for irrigation efficiency were used in the water-budget calculation. 

Because of the previously-discussed paucity of sugarcane field irrigation data, 

analysis of the accuracy of the irrigation model used in this study was difficult For the 

study period 1926-1979, the irrigation model computed an average annual sugarcane 

irrigation depth of 114 inches (437 Mgalld) over all fields in the study area. The average 

sum of stream diversions and ground-water pumpage for irrigation purposes for this time 

was about 501 Mgalld (Belt, Collins and Associates, 1%9; Yamanaga and Huxel, 1970; 

Takasaki, 1972). If water system losses occurred at the commonly assumed 7 percent rate 

(Randall Moore, HC&S, oral commun., 2005), then about 466 MgaVd was available for 

irrigation. This is about 6 percent more irrigation water than was simulated by the 

irrigation model (table 12). After the 1970s, surface-water diversion data for west Maui 

was not well maintained, making this method of comparison impractical for more recent 

time periods. 

One point of comparison for more recent time periods was water-balance data 

supplied by HC&S for Field 213 on the northern side of the plantation (Lee lngamells, 

written commun., 2005). From this data set, an estimated average sugarcane irrigation for 

the period 1995 to 2004 was derived. For the same area. the average irrigation computed 
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by the study model was 5 percent greater than the average irrigation derived from the 

HC&S Field 213 data. 

Other Irrigation 

A similar demand-based approach was used to simulate irrigation of Maui's two 

other major crops, pineapple and macadamia nuts. Wes Nohara of Maui Land and 

Pineapple Co. was interviewed concerning pineapple irrigation practices, and Clayton 

Suzuki of Wailuku Agribusiness was interviewed concerning both pineapple and 

macadamia nut irrigation practices. In the water-budget computation, monthly irrigation 

applied to pineapple fields and macadamia nut orchards was computed based on monthly 

irrigation goals for each crop (table 5). Irrigation was uniformly distributed among each 

day of the month. On Maui, irrigation of pineapple using surface water and ground water 

did not begin until about 1980. Accordingly, no irrigation was applied to pineapple fields 

in the water-budget computation prior to 1980. 

Monthly irrigation of former plantation lands converted to golf courses was 

estimated from water-use reports and other documentation supplied by Wailuku 

Agribusiness (Clayton Suzuki, written commun., 2005). It was assumed that all irrigation 

for the golf courses was supplied by the sources documented in the water use report For 

simplicity, diversified agriculture fields, which occupy relatively smaIl areas, were 

irrigated exactly the same as golf courses. Monthly urban irrigation (lawn sprinkling) 

depths used in this study were derived by Giambelluca (1983) for southern Oahu. For 

golf courses, diversified agriculture fields, and urban areas, irrigation was uniformly 

distributed among each day of the month. 
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Runoff 

For this study, runoff is synonymous with the term "direct runoff' and is defined 

as the portion of rainfall that fails to contribute to net root-zone moisture. Direct runoff 

consists of overland surface flow and interflow (water that flows in the shallow 

subsurface and is eventually discharged to a stream or other surface-water body). 

To assist in runoff analysis, the study area was separated into 4 runoff regions 

based on hydrogeologic and physiographic features (fig. 6). This approach is similar to 

that employed by Shade (1996,1997, and 1999). Regions I and 2, the dike-impounded 

ground-water regions of the West Maui Mountain, are characterized by mountainous, 

steeply-sloping, highly-eroded terrain with large areas of exposed rock. Region I is west 

(leeward) of the West Maui Mountain Crest, and Region 2 is east (windward) of the West 

Maui Mountain Crest Most surface-water diversion occurs at the downstream extent of 

the dike-impounded region in order to take full advantage of the high base flow (ground

water discharge into a stream) and springs that are characteristics of the dike-impounded 

region. Hence, Regions I and 2 contain drainage basins with streamflow-gaging records 

useful for computing runoff. Regions 3 and 4, the basal ground-water region of the West 

Maui Mountain and the eastern (leeward) slope of Haleakala, respectively, are 

characterized by more gently-sloping, less-eroded terrain as compared to regions I and 2. 
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In regions I and 2, direct runoff was computed for drainage basins in table 6 with 

long-term, continuous stream-gaging measuremc;nts as the portion of streamflow not 

consisting of base flow. To separate the base-flow component of streamflow from the 

direct-runoff component, the hydrograph-separation program of Wahl and Wahl (1995) 

was used. This computerized method removes most (not all) of the subjectivity associated 

with manual hydrograph-separation techniques, and provides repeatable results if the two 

input parameters are held constant The method is commonly used by the USGS in 

Hawaii (see, for example, Fontaine, 2003 and Izuka and others, 2(05). In the method, two 

variables must be input: N (number of days) and/(turning-point test factor). The 

separation method divides the daily streamflow data into non-overlapping periods, each 

N-days long, and determines the minimum flow in each period. If the minimum flow 

within a period is less than/times the mjnimums of adjacent periods, the central period 

minimum is made a pivot (or turning point) on the base-flow hydrograph. Straight lines 

drawn on semilogarithmic paper between the turning points defines the base-flow 

hydrograph. Conceptually, the variable N represents the number of days following a 

storm before direct runoff generally ceases (Fontaine, 2(03). N is determined separately 

for each streamflow gage. The recommended value off, 0.9 (Wahl and Wahl, 1995), was 

used for all base-flow separations. To determine N for each streamflow gage, base flow 

was first estimated for each value of N between I and 10 days. The ratio of base flow to 

total flow, or base-flow index, was then plotted against N (fig. 7). In general, increasing N 

canses a dramatic drop in estimated base flow because direct runoff is being eliminated 

At a critical value of N, all direct runoff will be eliminated and estimated base flow will 

drop only slightly, becoming essentially linear with increasing N. This critical N value is 

then used to estimate base flow for the corresponding streamflow gage. (See figure 7 for 
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critical N values used in this study.} Figure 8 shows the relation between estimated base 

flow and total streamflow for a 4-month period at gaging station 16604500 on lao 

Stream. 

Table 6. USGS stream-gaging stations and periods of record used to compute retios 
of runoff-to-rainfall for this study. 

Runoff Gaging-
Zone SI81ion Gaging-SI81ion locations 

numbers 

12 
14 
16 
22 
24 
25 
27 

28 

16620000 
16636000 
16647000 
16618000 
16617000 
16614000 
16604500 

16650000 
16649000 
16646000 

Honokohau Stream 
Kanaha Stream 

Ukumehame Stream 
Kahakuloa Strsam 

Makamakaole Stream 
Waihee River 

lao Stream 

Walkapu Strsam 
Palolo Ditch 

South Side Waikapu Ditch 

Periods of record used in 
computation 

1913-1920,1922-1988,1990-2004 
1916-1925,1928-1932 

1911, 1913-1919 
1939-1943,1947-1970,1975-2004 

1939-1952 
1983-2005 
1983-2004 

1910-1912. 1913-1917 

For Ukumehame Stream (gaging station 16647000), not enough streamflow data 

were available from which to properly use the hydrograph separation program. To 

separate base flow from the total flow hydrograph, a flow-duration curve (Searcy, 1959) 

for gaging station 16604500 on lao Stream was calculated from which the exree4ance 

frequency of base flow was computed. The base-flow exree4ance frequency of lao 

Stream, 71 percent, was then applied to the monthly flow-duration curves of gaging 

station 16647000 to estimate monthly base flow for Ukumehame Stream. 

To accurately compute base flow with the hydrograph-separation program, no 

controls (diversions, additions, or reservoirs) should exist upstream of the continuous 
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stream-gaging station. On Waikapu Stream, two surface-water diversion ditches exist 

upstream of gaging station 16650000. These two diversions are at Palolo Ditch and South 

Side Waikapu Ditch. The diversions are recorded at gaging stations 16649000 and 

16648000, respectively. Concurrent records of all three continuous-gaging stations exist 

for the periods 1910-1912 and 1913-1917, and a composite hydrograph was constructed 

for these periods. The exceedance frequency of base flow for lao Stream, 71 percent, was 

then applied to the monthly flow-duration curves of the Waikapu composite hydrograph 

to estimate monthly base flow for Waikapu Stream above gaging station 16650000. 

Mean monthly direct runoff for a drainage basin was divided by the mean 

monthly rainfall over that basin (Giambelluca and others, 1986) to compute monthly 

ratios of runoff to rainfall (table 7). Because of the relative briefness of the time periods 

from which monthly direct runoff was derived for Ukumehame and Waikapu drainage 

basins, mean monthly rainfall for the corresponding time of available streamflow data 

was used instead of the long-term mean. 

Regions 1 and 2 were subdivided into runoff zones based on watersheds defined 

by the State of Hawaii (2005). Zones listed in table 6 were assigned ratios of runoff-to

rainfall based on the methods described above. Zones not listed on table 6 were assigned 

the average of the runoff-to-rainfall ratios for adjacent zones within the same runoff 

region. 

For region 3, ratios of runoff-to-rainfall were assigned by extending the method 

used by Shade (1996) for the I.abaiml area to the entire region. Shade (1996) derived 

annual ratios of runoff-to-rainfall on the basis of data from comparable areas on Oahu 

with similar mean annual rainfall and soil runoff characteristics. 

For region 4, in which no perennial streams exist, monthly ratios of runoff-to-
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rainfaIl computed by Shade (1999) for the western slope of HaIeakala were used. These 

ratios were developed using streamflow from gaging station 16660000 on Kulanihakoi 

Gulch, a non-perennial stream with no base flow. Mean monthly streamflow was divided 

by mean basin rainfaIl for each month to compute the ratios (table 7). 
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Table 7. Monthly runoff·to·rainfall ratios used in the water·budget computation for central and west 
Maui, Hawaii. 

Runoff Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec Avg. 
Zone 

Monthly Runoff-to-Ralnfall Ratios for Runoff Region I 

II 0.25 0.26 0.25 0.31 0.32 0.28 0.31 0.32 0.22 0.25 0.32 0.29 0.28 
12 0.25 0.26 0.25 0.31 0.32 0.28 0.31 0.32 0.22 0.25 0.32 0.29 0.28 
13 0.23 0.23 0.23 0.29 0.23 0.22 0.29 0.29 0.20 0.20 0.28 0.29 0.25 
14 0.20 0.20 0.20 0.27 0.14 0.17 0.26 0.27 0.19 0.14 0.24 0.29 0.21 
15 0.12 0.12 0.13 0.17 0.15 0.25 0.23 0.20 0.16 0.14 0.15 0.18 0.17 
16 0.04 0.05 0.05 0.06 0.15 0.32 0.19 0.14 0.14 0.13 0.06 0.06 0.12 
17 0.04 0.05 0.05 0.06 0.15 0.32 0.19 0.14 0.14 0.13 0.06 0.06 0.12 

Monthly Runoff-to-Ralnfall Ratios for Runoff Region 2 

21 0.33 0.31 0.48 0.35 0.36 0.27 0.34 0.37 0.27 0.30 0.37 0.33 0.34 
22 0.33 0.31 0.48 0.35 0.36 0.27 0.34 0.37 0.27 0.30 0.37 0.33 0.34 
23 0.49 0.38 0.72 0.45 0.45 0.35 0.42 0.52 0.44 0.44 0.46 0.60 0.48 
24 0.65 0.44 0.95 0.55 0.53 0.43 0.50 0.67 0.60 0.59 0.55 0.87 0.61 
25 0.26 0.19 0.29 0.25 0.23 0.36 0.38 0.27 0.30 0.23 0.26 0.20 0.27 
28 0.37 0.27 0.35 0.38 0.31 0.48 0.43 0.30 0.32 0.33 0.32 0.31 0.35 
'D 0.47 0.35 0.42 0.52 0.39 0.60 0.48 0.33 0.33 0.43 0.38 0.42 0.43 
28 0.13 0.18 0.11 0.19 0.42 0.87 0.37 0.27 0.44 0.23 0.18 0.19 0.30 
29 0.13 0.18 0.11 0.19 0.42 0.87 0.37 0.27 0.44 0.23 0.18 0.19 0.30 

Monthly Runoff-to-Ralnfall Ratios for Runoff Region 4 

0.01 0.01 0.05 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.02 0.01 0.01 

Annual Runoff-to-Ralnfall Ratios for Runoff Region 3 

Soli Runoff Rain greater than 70 Rain greater than 4D Bnd 
Rain less than 4D InJyr In/yr less than 7D InJyr 

Rapid 0.17 0.13 0.11 

Medium 0.12 0.12 0.11 

Slow 0.13 0.12 0.07 
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Evapotranspiration 

Evapotranspiration is a combination of two, practically indistinguishable, 

processes in the plant-soil system whereby water is lost from the surface of the soil 

through evaporation and from the plant through transpiration (Allen and others, 1998). 

The maximum rate at which evapotranspiration can remove water from a plant-soil 

system, given that soil-moisture stress is non-limiting, is termed potential evaporation 

(Giambelluca, 1983). The actual rate of evapotranspiration is reduced from the potential 

rate with the onset of soil-moisture stress. As soil dries, capillary and adsorptive forces 

bind the remaining water to the soil matrix more strongly, reducing flow to roots. Soil

moisture stress occurs when the decreasing flow of water to the root system induces a 

response in the plant to slow transpiration and prevent desiccation. The threshold 

moisture at which a plant begins to react to soil drying varies with the type of plant 

Measuring the actual rate of evapotranspiration involves first determining potential 

evapotranspiration and then modeling a relationship between the ratio of actual 

evapotranspiration to potential evapotranspiration and available soil moisture 

(Giambelluca, 1983). 

Potential Evapotranspiration 

Potential evapotranspiration is controlled by prevailing atmospheric conditions 

(solar radiation, air temperature, humidity, and wind) and land-cover characteristics 

(reflectance, roughness, and plant physiology) (Giambelluca, 1983). Potential

evapotranspiration data for Hawaii are fairly sparse; however, a significant amount of 

pan-evaporation data has been collected over many years by sugar plantations. 

Measurements of pan evaporation, while highly correlated with atmospheric conditions, 
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are poorly correlated with land-cover characteristics. To account for land-cover 

characteristics, pan coefficients based on vegetative cover have been developed. It is 

common for water-budget studies in Hawaii to estimate potential evapotranspiration as 

pan evaporation multiplied by a coefficient based on vegetative cover (pan coefficient) 

(Ekern and Chang, 1985; Izuka and others 2005; Oki, 2(02). 

Pan Evaporation 

The study area was divided into pan-evaporation zones (pan zones) based on the 

source of data and the monthly variability of pan evaporation (fig. 9). 

For pan zones 1,4, and 5, mean annual pan evaporation was derived from the map 

by Ekern and Chang (1985). The same methods described previously for converting lines 

of equal rainfall to an areal distribution of rainfall were used to convert lines of equal pan 

evaporation to an areal distribution. To estimate monthly Variability in these zones, mean 

monthly pan-evaporation data (Ekern and Chang, 1985) for pan stations within or near 

each zone were nsed. For pan zone I, station 363.1 was used; for pan zone 4, station 385 

was used; and for pan zone 5, station 415 was used. Ratios of monthly-ta-annual pan 

evaporation were computed for each zone. In the water-budget calculation, pan 

evaporation for a given month was computed as the annual pan evaporation multiplied by 

the appropriate monthly-ta-annual ratio (table 8). 
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The annual pan-evaporation map in Ekern and Chang (1985) does not cover the 

West Maui Mountain; an area historically devoid of sugarcane cultivation. Pan zone 2 

represents the leeward side of the West Maui Mountain, and pan zone 3 represents the 

windward side of the West Maui Mountain. Estimates of annual and monthly pan 

evaporation were derived from climate data collected for roughly one year at 3 climate 

stations installed by the USGS as part of the Central Maui Groundwater Availability 

Project Potential evapotranspiration estimates were converted to pan evaporation by 

applying a pan coefficient related to the predominate vegetation at each station (see next 

section). The annual pan evaporation for pan zone 2 was estimated as the average annual 

pan evaporation at stations 205604156365801 and 205327156351101, the 

Kaulalewelewe and Puu Kukui stations, respectively. The annual pan evaporation for pan 

zone 3 was estimated as the average annual pan evaporation at stations 

205712156332401 and 205327156351101, the Kahaku10a and Puu Kukui stations, 

respectively. Monthly variability was estimated by developing ratios of monthly-to

annual pan evaporation at the Kaulalewelewe station (for pan zone 2) and the Kahaku10a 

station (for pan zone 3). In the water-budget calculation, pan evaporation for a given 

month was computed as the annual pan evaporation multiplied by the appropriate 

monthly-to-annual ratio. 
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Table •. Ratios of monthly-to-annual pan evaporation for each pan-evaporation zone used In the water 
budget computation for central and west Maul. Hawaii. 

Pan-evaporation 
zone Jan Fab Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0.07 0.07 0.08 0.08 0.10 0.09 0.10 0.10 0.09 0.08 0.07 0.06 
2 0.06 0.06 0.07 0.08 0.10 0.11 0.11 0.10 0.10 0.08 0.06 0.05 
3 0.09 0.07 0.09 0.07 0.11 0.09 0.09 0.11 0.08 0.08 0.06 0.06 
4 0.06 0.07 0.09 0.08 0.09 0.10 0.10 0.10 0.09 0.08 0.07 0.07 
5 0.05 0.06 0.07 0.08 0.09 0.11 0.12 0.11 0.10 0.08 0.07 0.08 
6 0.07 0.09 0.08 0.09 0.10 0.10 0.09 0.09 0.09 0.07 0.06 0.06 

110 0.06 0.06 0.07 0.08 0.10 0.10 0.11 0.11 0.10 0.09 0.06 0.06 
201 0.06 0.06 0.07 0.08 0.09 0.10 0.11 0.11 0.11 0.09 0.07 0.06 
206 0.06 0.06 0.07 0.08 0.10 0.11 0.12 0.11 0.10 0.08 0.07 0.06 
301 0.05 0.06 0.07 0.08 0.09 0.11 0.12 0.11 0.10 0.08 0.07 0.06 
414 0.06 0.06 0.08 0.08 0.09 0.10 0.11 0.10 0.09 0.08 0.07 0.08 
602 0.06 0.05 0.07 0.08 0.10 0.11 0.11 0.11 0.09 0.08 0.07 0.05 
711 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.11 0.10 0.09 0.07 0.06 
735 0.05 0.05 0.07 0.08 0.09 0.11 0.11 0.11 0.11 0.09 0.08 0.05 
813 0.05 0.06 0.07 0.08 0.10 0.11 0.11 0.11 0.10 0.08 0.07 0.06 
906 0.05 0.05 0.07 0.08 0.09 0.11 0.11 0.11 0.11 0.09 0.08 0.05 

Mean 0.06 0.06 0.07 0.08 0.10 0.10 0.11 0.11 0.10 0.08 0.07 0.06 

The annual pan-evaporation map in Ekern and Chang (1985) also does not cover 

the upper western slope of Haleakala, represented by pan zone 6. Pan evaporation was 

estimated using atmometer-evaporation data collected from a 5-station transect located in 

this zone (Minyard and others, 1994). An atmometer is a porous-surface evaporimeter. 

Data in the study were collected from June 1988 to April 1992. Atmometer 

measurements in the study were calibrated to the Class A pan (Giambelluca and Nullet, 

1992b). The spatial pattern of evaporation on Haleakala is primarily a function of 

elevation relative to the position of the trade-wind inversion (Giambelluca and Nullet, 

1992a). Inspection of the data indicated two, distinct trends in mean annual atmometer 

evaporation with respect to elevation. Below 6,560 ft (the typical base of the trade-wind 

inversion), mean annual atmometer evaporation decreased with elevation gain. Above 
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6,560, mean annual atmometer evaporation increased with elevation gain. 

To estimate the spatial distribution of annual pan evaporation in zone 6, separate 

regressions of mean annual pan (atmometer) evaporation versus elevation were 

performed for stations located above and below the trade-wind inversion. An additional 

data point was created for the elevation at which the transect would cross the 70-inch 

contour on the Ekern and Chang (1985) map if the transect were extended. This elevation 

was estimated to be 1,500 ft. The derived pan evaporation versus elevation relationships 

are: 

below the trade wind inversion (6,560 ft): 

Annual Pan Evaporation = 343.9 x Elevation -0.22 (13) 

above the trade wind inversion (6,560 ft): 

where: 

Annual Pan Evaporation = 0.000012 x Elevation 1.72 (14) 

Annual Pan Evaporation is in units of inches and Elevation is in units of 

feet above mean sea level. 

Monthly variability in zone 6 was estimated by computing ratios of monthly-to

annual pan (atmometer) evaporation for the station located at 3,117 ft (950 meters). In the 

water-budget calculation, pan evaporation for a given month was computed as the annual 

pan evaporation multiplied by the appropriate monthly-ta-annual ratio. 

HC&S provided a table of mean monthly pan evaporation for 10 of its sugarcane 

fields (Randall Moore and Lee Ingamells, written commun., 2005). The mean monthly 
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values were distributed across the HC&S plantation by drawing Thiessen polygons 

around the centers of the 10 fields with data. The area inside each Thiessen polygon was 

assigned the mean monthly pan evaporation of its corresponding field (fig. 9). 

Pan Coefficients 

Pan coefficients are ratios of potential evapotranspiration to pan evaporation for a 

given vegetative land cover. For each land-cover category, a pan coefficient was assigned 

(table 9). For sugarcane fields, the pan coefficient varies throughout the crop cycle. In the 

water-budget calculation, the crop cycle was divided into growth stages. Pan coefficients 

for sugarcane fields were assigned to each growth stage as shown in figure 11 based on 

information in Fukunaga (1978). This same approach was used by Izuka and others 

(2005) in a water-budget study of the Lihue Basin, Kauai, Hawaii. The pan coefficient for 

pineapple fields also varies according to the growth stage of the crop. Pineapple 

consumes considerably less water than sugarcane. Ekern (1965) reported pineapple 

potential evapotranspiration as 33 percent of pan evaporation for newly planted pineapple 

and 20 percent of pan evaporation for pineapple with a fully-closed canopy. Since the 

pineapple crop cycle was not modeled as part of this study, a time-invariant, 

representative value of 0.25 was selected as the pan coefficient for pineapple fields. 

Macadamia orchards were assigned a pan coefficient of 0.85 based on values for similar 

orchard trees in Allen and others (1998). Similar to Izuka and others (2005), all non

agricultural areas were assigned a pan coefficient of 0.85, except for wetlands (1.0), 

water bodies (1.0), and exposed-rock surfaces (0.2). 
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Tabla 9. Land-cover perameters used in the water-budget computation for central and west 
Maui, Hewaii. 

Root Pan Pervious Depletion 
Land-cavarcategory depth 

(inches) Coefficient fraction fraction 

Plantation land 

Sugarcane 24 see fig. XX 0.65 
Pineapple 12 0.25 0.5 
Macadamia nuts 16 0.85 0.5 
Diversified agriculture 22 0.85 0.5 
Bolf course 12 0.85 0.5 

Urban or buIlt-up land 

Residential 12 0.85 0.8 0.5 
Commercial 12 0.85 0.5 0.5 
Industrial 12 0.85 0.15 0.5 
Transportation, communications, and 12 0.85 0.15 0.5 

utilitities 
Industrial and commercial complexes 12 0.85 0.15 0.5 
Mixed urban or built-u~ land 12 0.85 0.5 0.5 

Paature and ather agriculblralland 

Cropland and pasture 22 0.85 1 0.5 
Orchards, groves, vineyards, 30 0.85 1 0.5 

nurseries, and ornamental 
horticultural areas 

Other egriculturellend 22 0.85 0.5 

Rangaland 

Herbaceous rangeland 12 0.85 1 0.5 
Shrub and brush rangeland 12 0.85 1 0.5 
Mixad rangeland 12 0.85 1 0.5 
Foraetland 

Evergreen forest land 25 0.85 0.5 

Water 

Lakes 0 1 1 1 
Reservoirs 0 1 1 1 
Ba~ and estuaries 0 1 1 1 
Wetiand 

Forested wetland 6 1 1 0.5 
Nonforested wetland 6 1 1 0.5 
Barranland 

Bare exposed rock 4 0.2 0.5 
Quamas and grevel pits 4 0.2 0.5 
Transitional areas 4 0.85 0.5 
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Figure 11. Pan coefficients used in the water-budget computation for different growth 

stages of sugarcana. 
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Soil-Moisture Storage Capacity 

In the water-budget model, soil-moisture storage capacity is computed as the 

product of available water capacity and root depth (see Water-Budget Computations 

section). Available water capacity is a measure of the maximum amount of water that can 

be consumed by plants within a particular soil type. A soil map and a corresponding table 

of available water capacities for each mapped soil type was used to distribute available 

water capacity over the study area (Foote and others, 1972; Shade, 1999; U.S. 

Department of Agriculture, 2oo1). The table lists available water capacities for each soil 

type as minimum and maximum values at varions ranges of depth. For the water-budget 

computation, each depth range was assigned the mean of the minimum and maximum 

value listed (table 1O). A depth-weighted average available water capacity was then 

computed and nsed for each soil type. 

A root depth was assigned to each land-cover category used in the study (table 9). 

Sugarcane was assigned a root depth of 24 in. based on a study by Lee (1927). Lee 

measured the distribution of sugarcane roots for plants grown under various conditions 

and found more than 85 percent of the roots in the topmost 24 in. of soil. Pineapple was 

assigned a root depth of 12 in., consistent with the value used by Giambelluca (1983) for 

pineapple grown in central Oabu. Macadamia trees were assigned a root depth of 16 in. 

based on a study by Firth and others (2003) which reported that, for orchard-grown 

macadamia trees, most fibrous roots occur in the uppermost 16 in. of soil. Rangelands 

(herbaceous, shrub and brush, and mixed) exist primarily on the western slope of 

Haleakala and southern slope of the West Maui Mountain. These land-cover categories 

were assigned a root depth of 12 in., consistent with root depths for similar vegetation on 
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sloped areas in Izuka and others (2005) and Scott (1975). The land-cover category 

"cropland and pastures" was assigned a root depth of 22 in., consistent with that assigned 

to "pastures" in Old (2002) and similar to that assigned to "grasslands" in Izuka and 

others (2005). Other agriculturaI land and diversified agriculture areas were assigned the 

same root depth as cropland and pasture for lack of better data. The land-cover category 

"orchards, groves, vineyards, nurseries, and ornamental horticulturaI areas" was assigned 

a root depth of 30 in. based on values given for several types of fruit trees in Allen and 

others (1998). Developed lands were assigned a root depth of 12 in. based on 

Giambelluca (1983). For areas dermed as evergreen forest, roughly 24 percent of the 

study area, a root depth of 25 in. was assigned. This is an area-weighted average of root 

depths assigned to soil types in evergreen forest areas. Root depths for soil types were 

taken from Shade (1999) and are the average depths where soil-profile descriptions in 

Foote and others (1972) change from "abundant roots" or "common roots" to "few roots" 

or ''no roots." Wetlands were assigned a root depth of 6 inches based on Izuka and others 

(2005). Barren lands were assigned root depths of 4 in. based on the root depth assigned 

to the soil type ''rock land" in Shade (1999). 
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Tabla 10. Average available water capacities for soils in central and west Maui, Hawaii 
IFrom USDA,2004; Foote and others, 1972; Shade, 1998) 
[Available water capacities shown are the averege reported for the uppermost soil leyer) 

Availabla water AvaUabla water 
Sail series capacity (Inch per Sail serias espacity (Inch per 

inch of salll inch of &011) 

Alae 0.110 Lava Rows, Aa 0.005 
Alaeloa 0.130 Makaalae 0.100 
Amalu 0.350 Makawao 0.100 
Beaches 0.040 Makena 0.180 
Cinder Land 0.030 Malama 0.125 
Dune Land 0.035 Molokai 0.120 
Ewa 0.110 Naiwa 0.100 
Fill Land 0.150 Danapuka 0.080 
Haiku 0.120 OIelo 0.110 
Halawa 0.130 OIi 0.130 
Haliimaile 0.095 Olinda 0.140 
Hamakuapoko 0.130 Dpihikao 0.220 
Hana 0.130 Paia 0.140 
Honolua 0.130 Pane 0.150 
Honomanu 0.170 Pauwela 0.110 
Honomanu-Amalu 0.170 Pulehu 0.135 
Hydrandepts-Tropaquods 0.250 PuuPa 0.150 
lao 0.140 Puuone 0.070 
10 0.160 Rockland 0.140 
Jaucus 0.045 Rock Outcrop 0.005 
Kahana 0.110 Rough Broken Land 0.150 
Kailua 0.130 Rough Broken/Stony Land 0.085 
Kalmu 0.125 Rough Mountainous Land 0.150 
Kaipoioi 0.140 Stony Alluvial Land 0.060 
Kamaole 0.060 Tropaquepts 0.170 
Kaupo 0.110 Ulupalakua 0.180 
Keahua 0.105 Uma 0.090 
Kealia 0.100 Very Stony Land 0.150 
Keawakapu 0.110 Wahikuli 0.130 
Kaele 0.140 Waiakoa 0.050 
Kula 0.150 Wailuku 0.140 
lahaIna 0.110 Wainee 0.060 
Laumaia 0.150 
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Other Input 

The values of miscellaneous parameters used in the water-budget computation are 

listed in table 11. 

Table 11. Values of miscellaneous parameters used in the water
budget computation for central and west Maui. Hawaii. 

Perameter 

Starting soil moisture 

Soli depth for non-vegetatad areas 

Impervious surface interception 
capacity 

Recharge rate under surface-watar 
bodies (not including reservoirs) 

Recharge rate under reservoirs 

Velue 

50 percent of capacity 

6 inches 

50 percent 

12 inches per year 

528 inches per year 

Reservoir seepage was estimated from water use data for 1998-2004 supplied by 

Wailuku Agribusiness (Clayton Suzuki, written commun., 2(05). The annual average of 

water "system losses" was divided by the plan area of each reservoir in the system. An 

assumption was made that 50 percent of system losses are due to reservoir seepage. The 

resulting rate, 528 inlyr, was applied to every ditch-system reservoir in the study area. 

The total volume of reservoir seepage in the study area was estimated as 22 MgaVd. In 

the water-budget computation, reservoir seepage was assumed to be constant with respect 

to time. In reality, reservoir seepage is time-dependent Recently constructed reservoirs 

have higher rates of seepage than older ones. As a reservoir ages, silt suspended in 

influent water settles to the bottom of the reservoir and fills in void spaces, making the 
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bottom less permeable over time. 

Unpublished data from a seepage test performed on Oahu by Oahu Sugar 

Company in 1958 indicate that 528 inlyr may be a conservative estimate. Oahu Sugar 

Company computed the total seepage from 33 reservoirs as 2,314 inlyr. This substantially 

higher estimate may be because the Oahu Sugar Company study was performed on much 

younger reservoirs which were not as silted as the older Wailuku Agribusiness reservoirs. 

Recharge 

Historic Recharge Estimates 

1926-1979 

During the period 1926-1979. about 51,000 acres in central and west Maui were 

used for sugarcane cultivation (fig;2a, table 2). Sugarcane was irrigated using the low

efficiency furrow method, pineapple was not irrigated during this period. In the water

budget computation, the 1926-1979 time series of rainfall was used. 

The study area received a total water input of 1,357 MgaVd, of which 897 MgaVd 

(66 percent) was from rainfall, 437 MgaVd (32 percent) was from irrigation, and 23 

MgaVd (2 percent) was from fog (table 12). Total study-area recharge during this time 

period was e.,qtimated as 693 MgaVd or 51 percent of total water input. On a monthly 

basis, recharge was highest in March and lowest in October coinciding with the highest 

and lowest monthly water inputs (the sum of rainfall, fog, and irrigation) (table 13). 

In non-agricultural areas, the distribution of recharge closely resembles the 
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distribution of rainfall (fig. lZa). The effect of agricultural land use on recharge is evident 

for the sugarcane fields, where recharge far exceeded that of adjacent, non-agricultural 

lands. Even the pineapple fields received higher rates of recharge. In the case of 

sugarcane, elevated recharge is primarily a result of high irrigation rates. In the case of 

pineapple, elevated recharge is primarily a result of low evapotranspiration rates. 

1980-2004 

The water budget of this time period was simulated using 5 scenarios, each 5 

years in duration: 1980-1984,1985-1989,1990-1994,1995-1999, and 2000-2004. 

Agricultural and urban land use was changing during this period (figs. 2b-f, table 2). The 

portion of the study area used for sugarcane cultivation decreased from about 51,000 

acres in the 1980-1984 scenario to about 40,000 acres in the 2000-2004 scenario, a 

decrease of 22 percent. Sugarcane was irrigated using the drip method, which uses 

considerably less water than the furrow method. Pineapple fields were irrigated during 

this time period, and macadamia nut production was begun and subsequently halted. The 

time series of rainfall used in the water-budget computation corresponded with each of 

the five scenario time periods. 

For 1980-2004, the study area received an average water input of 1,238 Mgalld, 

of which 942 Mgalld (76 percent) was from rainfall, 273 Mgalld (22 percent) was from 

irrigation, and 24 Mgalld (2 percent) was from fog (table 12). Average study-area 

recharge during this time period was estimated as 501 Mgalld or 40 percent of average 

water input. 

The highest total recharge, 646 Mgalld, occurred in the 1985-1989 scenario. This 

coincided with the highest rainfall, 1,161 Mgalld, for any historic scenario in the study. 
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The lowest total recharge, 391 MgaJ/d, occurred in the 2000-2004 scenario. This 

coincided with the lowest rainfall, 796 MgaJ/d, and lowest irrigation, 237 MgaJ/d for any 

historic scenario in the study. On a monthly basis, recharge was highest on average in 

March and lowest on average in September, coinciding with the months of highest and 

lowest average water inputs (table 13). 

The spatial distributions of recharge for these scenarios (figs. 12b-f) indicate a 

less-pronounced difference in recharge between adjacent sugarcane and non-sugarcane 

areas. In non-agricultural areas, the effect of spatial rainfall variation is evident 

Tabla 12. Mean annual water budget for historic and hypothatlcalland-use and rainfall conditions. central 
and west Maul. Hawaii. 

[Abbravlations: Irr .• irrigation; RD. runoff; ET. evapotranspiration; Rech •• recharge] 

Scanario 
Monon gaOons per day 

Explenation of scenario 
Rein Fog Irr. RO ET Rach. 

1926-1979 897 23 437 140 524 693 simulation of historic conditions 
1980-1984 997 24 292 149 610 555 simulation of historic conditions 
1985-1989 1161 29 265 183 625 646 simulation of historic conditions 
1990-1994 938 25 281 153 602 489 simulation of historic conditions 
1995-1999 818 21 287 132 587 428 simulation of historic conditions 
2000-2004 798 20 237 125 537 391 simulation of historic conditions 

Land use I 911 23 436 143 5Z7 701 1926-1979 land use with 1926-2004 rain 
Land use II 911 23 230 144 556 466 2000-2004 land usa with 1926-2004 rain 
Land use III 911 23 10 144 421 380 2tlOO-2tlO4land use with 1926-2004 rain 

and no agricultura 

Drought 694 20 249 116 507 341 2001l-2tlO41and use with 1996-2002 rein 

Drought/land use III 694 20 10 116 360 250 20OD-2OO41and usa with 1996-2002 rain 
and no agriculture 
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Figure 12a. Distribution of estimated annual recharge for the 1926-1979 scenario, central 

and west Maui, Hawaii. 
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Tabla 13. Mean monthly water budget for six historic scenarios, central and west Maui, Hawaii. 
[Abbreviations: ET, evapotranspiration; b. SM, change in soi/·moisture storage from previous month] 

WatBr- MlIDon gaDona par day 
budgat Scenario 
compo- Jan Fab 
nant 

Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Rain 1926-1979 1356 1301 1268 1079 662 424 626 655 520 662 1072 1164 
1980-1984 1733 1233 1578 1248 792 512 683 814 577 772 793 1224 
1985-1989 1153 1203 1511 2411 1167 485 761 575 6117 1043 1357 1668 
1990-1994 1306 1151 1530 582 788 552 999 on 875 649 1253 894 
1995-1999 1263 854 1333 973 499 646 583 453 445 426 1117 1220 
2000-2004 1307 897 1161 857 650 411 502 679 391 6115 1097 792 

Fog 1926-1979 26 26 33 29 21 11 19 21 15 18 29 25 
1980-1984 33 19 37 35 26 12 18 22 15 25 20 25 
1985-1989 24 25 35 69 37 10 21 21 18 22 34 30 
1990-1994 27 28 38 19 28 16 29 20 24 14 34 22 
1995-1999 21 22 34 27 17 19 18 18 12 12 32 26 
2000-2004 29 20 27 24 14 12 16 24 13 17 27 19 

Irrigation 1926-1979 173 263 335 472 648 770 764 754 457 272 194 128 
1980-1984 139 183 232 314 421 522 511 484 268 189 1611 79 
1985-1989 145 172 211 215 368 494 480 496 262 162 113 56 
1990-1994 118 168 198 359 401 486 473 486 249 197 130 106 
1995-1999 112 223 198 311 419 479 492 500 275 213 134 87 
2000-2004 109 156 182 263 323 422 418 399 231 149 104 83 

Runoff 1926-1979 162 156 209 184 113 84 132 119 82 97 173 170 
1980-1984 196 123 240 205 142 91 140 139 86 124 126 171 
1985-1989 156 146 243 427 202 88 150 120 104 132 214 218 
1990-1994 173 147 251 118 138 116 214 126 132 84 200 133 
1995-1999 145 116 212 174 90 131 129 99 69 87 187 165 
2000-2004 177 114 186 148 89 83 113 134 63 102 164 122 

ET 1926-1979 530 606 590 604 597 511 550 567 453 418 434 433 
1980-1984 586 621 625 860 713 887 726 741 579 476 434 485 
1985-1989 574 626 623 693 764 682 744 689 540 527 525 511 
1990-1994 574 627 596 544 on 651 775 744 638 506 469 427 
1995-1999 565 577 611 616 630 651 689 646 514 399 446 445 
2000-2004 532 533 551 571 630 581 618 633 471 452 470 406 

Racharge 1926-1979 843 625 859 838 692 640 709 747 472 392 622 682 
1980-1984 1125 706 994 745 445 274 350 429 235 369 372 616 
1985-1989 626 612 909 1572 666 250 360 307 273 494 703 975 
1990-1994 654 604 931 366 421 279 483 331 364 268 692 458 
1995-1999 629 451 735 557 283 337 266 246 172 179 559 878 
2000-2004 708 446 648 439 326 181 218 316 155 351 522 382 
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Tabla 13. (continuedl Meen monthly water budget for six historic scenerios, central and west 
Maui, Hawaii. 
IAbbrallatiana: fl, evapotranspiration; I!.. SM, chenge In soil·moisture storege from previous monthl 

Water- Million gallons par day 
budget Scenario compo- Jan Feb Mar Apr May Jun Jul Aug Sap Oct Nov 
nant 

ASM 1926-1979 21 5 -21 -43 -73 -29 17 -3 -15 44 65 
1980-1984 -2 -13 -12 -13 -59 -7 -6 11 -40 17 39 
1985-1989 -34 15 -17 3 -61 -33 7 -23 -30 74 63 
1990-1984 5D -32 -12 -67 -20 8 29 -17 -7 3 5& 
1995-1999 37 -46 6 -36 -69 25 -11 -20 -22 6 91 
2000-2004 28 -19 -15 -14 -57 0 -13. 18 -55 66 73 
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Figure 13. Monthly time-weighted averages of rainfall, irrigation, and recharge for all 

historic scenarios, 1926-2004, for central and west Maui, Hawaii. 
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Figure 15. Estimated recharge for historic scenarios, central and west Maui, Hawaii. 

Discussion of Historic Recharge 

Figure 15 summarizes the general downward trend of recharge for central and 

west Maui over the period 1926-2004. The 1926-1979 scenario had the highest estimated 

recharge, 693 MgaJ/d (table 12). Irrigation rates during this period were at least 50 

percent higher than in any other historic scenario. The 2000-2004 scenario had the lowest 

estimated recharge, 391 MgaJ/d, a decrease of 44 percent from 1926-1979. Irrigation 

rates during this period were 46 percent less than in 1926-1979 and rainfall was the 

lowest of any historic scenario. The downward trend in recharge was consistent except 
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for the 1985-1989 scenario. Recharge was elevated during this period because of high 

rainfall. 

The spatial distributions of recharge over the period 1926-2004 (figs. 12a-t) 

indicate several patterns, (1) changes in agricultural land use resulted in corresponding 

changes in recharge distribution, (2) the reduction in sugarcane irrigation rates resulted in 

a less-pronounced difference between the recharge rates of adjacent sugarcane and non

sugarcane lands, (3) in non-agricultural areas, the spatial distributions of recharge varied 

according to the amount and spatial distribution of rainfall, and (4) in agricultural areas, 

spatial distribution of recharge varied with the amount of rainfall and irrigation 

distribution. 

Monthly rates of study-area recharge are closely related to the sum of monthly 

rainfall and irrigation rates (fig. 13). The highest monthly recharge occurs in March, and 

the lowest occurs in October. Irrigation has a moderating effect on monthly recharge 

rates. Rainfall rates vary quite substantially between the wet winter months and dry 

summer months. Irrigation rates, being largely driven by the difference between potential 

evapotranspiration and rainfall, display almost the exact opposite trend. Irrigation is 

highest in June and lowest in December. This is because potential evapotranspiration is 

stongly related to solar radiation (Ekern and Chang, 1985). In June solar radiation is near 

its annual high, and in December solar radiation is at or very near its annual low (Ekern 

and Chang, 1985). Pan evaporation follows this general pattern (fig. 10). Potential 

evapotranspiration also follows this pattern since the two are directly proportional. 

Comparison to Previous Investigation of lao Area 

Recharge to the lao and Waihee aquifer systems is of particular importance to the 
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domestic-water supply on Maui. Water-budget estimates from this study are compared to 

those of a previous investigation performed by Shade (1997) for the lao area (table 14). 

The area used for comparison of the two water budgets was defined in Shade (1997). 

Three scenarios from each study are compared. Two of the time periods do not exactly 

match, but they differ only slightly. Shade used a water-budget approach similar to the 

one used in this study with the following differences, (1) the budget was calculated using 

a monthly time step instead of a daily time step, (2) fog drip was not considered, (3) 

runoff-to-rainfall ratios were computed using flow-duration analysis instead of 

hydrograph-separation analysis, (4) evapotranspiration losses were subtracted from the 

plant-soil system after recharge was computed, and (5) mean monthly rainfall was used 

instead of a historic time series of rainfall. 

Tabla 14. Comparison of water-budgetestimates for the lao area of Maui, Hawaii. 

[lao area defined by George A.L Yuen end Associates (I990); watar input equals the sum of rain, fog, and irrigationJ 

(Abbravlatlan: Irr, irrigation; RD, runoff; ET, evapotranspiration. Rech, rechargeJ 

Araa. 
MDDon gaDons par day " of watar Input 

KBfaranca Scanarlo Water ml' RaIn Fog Irr KO ET Kach KO ET Rach Input 

This study 1928-197S 24.7 95 10 17 32 35 55 122 26 29 45 
Shade (1997) 1926-1979 24.7 100 0 25 41 34 51 125 33 27 41 

This study 1980·1984 24.7 103 11 11 35 36 53 125 28 29 43 
Shade (1997) 1980·1985 24.7 100 0 9 41 29 40 109 38 27 37 

This study 1985-1994 24.7 119 11 8 39 39 61 138 28 28 44 
Shade (1997) 1986-1995 24.7 100 0 3 41 26 36 103 40 25 35 
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Recharge estimates for this study are consistently higher than those computed by 

Shade (1997). The inclusion of fog drip in this study and the higher runoff calculated by 

Shade are largely responsible for the estimates of recharge being higher. In this study, fog 

drip contributed an additional 10 to 11 MgalJd of water input beyond rainfall and 

irrigation. Shade did not include fog drip. Runoff estimates in this study are lower than 

Shade's for each scenario considered. This difference in runoff is especially dramatic 

when examined as a percentage of water input To compute runoff-to-rainfall ratios, 

Shade estimated base flow as the discharge corresponding to a 90-percent exceedance 

frequency. This method, while common, is arbitrary. Hydrograph separation analyzes the 

unique shape of the stream hydrograph to determine base flow. Using the hydrograph

separation program (Wahl and Wahl, 1995), annual base flow for lao Stream at gaging 

station 16604500 was found to correspond to an exceedance frequency of 71 percent The 

9O-percent exceedance frequency used by Shade corresponds to a flow of 19 ifls, 

whereas the 71-percent exceedence frequency corresponds to a flow of 26.5 if/s. 

Underestimation of base flow results in overestimation of direct runoff. 

Effects of Changing Land Use and Irrigation Reduction 

To analyze the effect of changing land use on recharge in central and west Maui, 

the water-budget model was used to calculate recharge for three hypothetical scenarios. 

To remove the effect of historic rainfall variations, the full 1926-2004 time series of 

rainfall was used for each scenario. The "Land use r' scenario consisted of the land-cover 

and irrigation parameters used in the historic 1926-1979 scenario, and the ''Land use IT' 

scenario consisted of 2OOO-2004land-cover and irrigation parameters. The ''Land use III" 

scenario consisted of 2000-2004 land-cover categories, except all sugarcane and 
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pineapple fields were changed to the "cropland and pasture" category and no irrigation 

was applied to these areas. This scenario was designed to simulate land use if a cessation 

of plantation-scale agriculture were to occur in central and west Maui. 

Total study area recharge for the ''Land use 11" scenario was 466 MGalId (table 

12). This result can be considered indicative of the long-term mean annual recharge for 

the study area given current land use and irrigation schemes. ''Land use 11" recharge was 

34 percent less than for ''Land use r' scenario (fig. 17). This change is evidence that 

decreasing sugarcane acreage and irrigation rates were largely responsible for the 44 

percent decrease in historic recharge between 1926-1979 and 2000-2004. Total study area 

recharge for the ''Land use lll" scenario was 18 percent less than for the ''Land use 11" 

scenario. This difference indicates that agriculturaI irrigation is responsible for roughly 

18 percent of current annual recharge in central and west Maui. 

To analyze the effect of drought on recharge in central and west Maui, the 

"drought" scenario consisted of 2000-2004 land-use and irrigation parameters with the 

1998-2002 rainfall time series applied. This rainfall time period was selected by taking 

the lowest 5-year moving average of the annual weighting factors for all 33 rain gages 

used in the study (fig. 16). An annual weighting factor is the ratio of measured annual 

rainfall to mean annual rainfall. For each year between 1926 and 1979, the mean of the 

annual weighting factors of all 33 gages was computed. A 5-year moving average of 

these means was then computed. This time period may not correspond to the time period 

of lowest total rainfall because smaIl changes in the annual weighting factorS for gages in 

the high-rainfall areas of the West Maui Mountain have a disproportionate effect on total 

study-area rainfall. Using the mean of all the annual weighting factors gives more of an 

indication of overall study-area dryness, not just a period of low rainfall at Puu Kukui. 
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The total study area recharge for the "drought" scenario was 27 percent less than for the 

"Land use IT' scenario (table 12, fig. 18), showing the effect a previously-experienced 

drought period could have on the current long-term mean annual recharge for the study 

area. As a worst-case scenario for recharge in central and west Maui, the 1998-2002 

rainfall time series was applied to "Land use III" (no agriculture) scenario. The total 

study area recharge was estimated to be 250 Mgalld or 54 percent of ''Land use IT' 

recharge, the estimated long-term annual mean for current conditions in central and west 

Maui (table 12, fig. 18). 
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Figura 16. 5-year moving average of the mean ratio of measured annual rainfall to mean 

annual rainfall for the 33 rainfall gages used in the water-budget computation for central 

and west Maui, Hawaii. 
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Figure 17. Effect of land use change on estimated ground-water recharge in central and 

west Maui, Hawaii. 
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Rgure 18. Effect of rainfall reduction on estimated ground-water recharge in central and 

west Maui, Hawaii. 

Sensitivity Analysis 

Uncertainty exists in many of the water-budget parameters used in this study. The 

values used in the computation described above were deemed to be most reasonable. To 

analyze the effect uncertainty in water-budget parameters has on computed recharge, 

each parameter was tested within a reasonable range. For some poorly-studied 

parameters, such as fog drip, this range was arbitrarily selected. A range of recharges for 

each test was computed by holding all other parameters at their original values and 
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varying the test parameter. The resulting recharge estimates were compared to the 

recharge estimated for the 2000-2004 base-case scenario (table 15). The parameters 

tested were (1) initial soil moisture, (2) root depth, (3) runoff-to-rainfall mtio, (4) 

available water capacity, (5) fog-to-min mtio, (6) pan coefficient, (7) irrigation volume, 

and (8) reservoir seepage. 

Parameters having minor effects on recharge were initial soil moisture, available 

water capacity, fog-to-min mtio, and reservoir seepage. Varying these parameters within 

the ranges specified below resulted in a difference in recharge of 5 percent or less 

compared to the 2000-2004 base case. Initial soil moisture was tested at the full range, 0 

to 100 percent Available water capacities were tested using the low reported value and 

the high reported value in Foote and others (1972). The mtio offog-to-min was doubled 

to 40 percent of rainfall and halved to 10 percent of rainfall. Reservoir seepage was 

increased by 50 percent and decreased by 50 percent 

Parameters having significant effects on recharge were root depth, runoff-to

rainfall ratio, pan coefficient, and irrigation volume. Root depths for individual 

vegetation types are known to vary spatially according to soil chamcteristics 

(Giambelluca, 1983), and data is published for the root depths of various soil-types (see 

Foote and others, 1972). However, these depths are based on vegetation types at the sites 

of the soil cores used to chamcterize the soil-type. As such, caution should be used in 

applying soil-based root depths regionally. For the sensitivity analysis, root depths were 

doubled and halved, consistent with the approach used in Izuka and others (2005). The 

resulting recharges were 8 percent lower and 12 percent higher than the 2000-2004 base 

case, respectively. 

82 



Runoff-to-rainfall ratios were increased by SO percent and decreased by SO 

percent, consistent with Old (2002) and Izuka and others (2005). The resulting recharges 

were 12 percent lower and 13 percent higher than the 2000-2004 base case, respectively. 

For sensitivity tests on pan coefficients, Old (2002) and Izuka and others (2005) 

varied values by 18 and 20 percent, respectively. An increase of 18 percent in the 

sugarcane pan coefficient results in a value of l.l8 during the middle stage of growth for 

that crop (see fig. II). This value is consistent with lones (1980), who reported that 

sugarcane can have a pan coefficient as high as 1.2. As previously discussed, the range of 

pan coefficient for pineapple is 0.20 to 0.33 depending on the age of the crop (Ekern, 

1965). Decreasing the pan coefficient used for pineapple (0.25) by 18 percent, results in a 

value of 0.205. Giarnbelluca (1983) estimated that wet forest areas on Oahu have a 

potential evaporation rate 1.3 times the pan evaporation rate. Accordingly, a pan 

coefficient of 1.3 was used as the ''high-range value" in the sensitivity analysis for 

evergreen forest land below the fog zone receiving average annual rainfall greater than 80 

inches. For all other cases, the pan coefficient was increased by 18 percent or decreased 

by 18 percent Recharge decreased 13 percent over the 2000-2004 base case when the 

high range of pan coefficients were tested, and increased 15 percent when the low range 

of pan coefficients were tested. 

To test the sensitivity of the water-budget model to irrigation estimates, irrigation 

was increased by 20 percent and decreased by 20 percent. Resulting recharges were 11 

percent higher and 9 percent lower than the 2000-2004 base case, respectively. 

The sensitivity results presented in table 13 and discussed above are based on the 

change in total recharge for the whole study area. Individual areas within the study area 
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will have a higher or lower sensitivity to each parameter according to the hydrologic 

characteristics of each area. 

Table 15. Results of sensitivity testing for parameters used in the water-budget computetion of recharge 
for central and west Mau~ Hawaii. 
[AbbreviatiDns: Irr, irrigation; RO, runoff; ET, evapotrenspiration, Rech, rechergel 

Percent 
Milfion gaDons per day difference In 

Psramatar Tast 
recharge 

ralative to the 
Rain Fog Irr RD ET Rech 2Il110-2004 base 

caee 
Initial soil moisture 0% of capacity 796 20 237 125 535 390 0 

100% of ca~acity 796 20 237 125 539 393 1 
Root depth 50% of base cese 796 20 2Zl 125 489 440 12 

200% of base case 796 20 237 125 567 361 -8 
Runoff-to-rainfall ratio 150% of base case 796 20 238 185 527 343 -12 

50% of base case 796 20 236 65 545 442 13 
Available water Low reported value' 796 20 237 125 529 399 2 
capacity High reported value' 796 20 237 125 544 384 -2 
Fag-to-rain ratio 50% of base case 796 10 2Zl 125 537 362 -2 

200% of base case 796 4D 237 125 536 411 5 
Pan coefficient 82% of base case 796 20 2Zl 125 477 451 15 

118% of base case' 796 20 237 125 591 339 -13 
Irrigation 80% of base case 796 20 190 125 525 357 -9 

120% of base case 796 20 284 125 541 435 11 
Reservoir seepage 50% of base case 796 20 2Zl 125 546 36D -3 

150% of base case 796 20 237 125 527 4D2 3 

'High and low values from Foote and others 119721. 
• Except for evargrean forested land areas balow the fog zone receiving everaga annual rainfall greater than 80 
inches. For these areas, the pan coefficient was increased from 0.85 to 1.3, 53% of base cese. 

Future Investigation 

The accuracy of ground-water recharge computed using this water-budget is 

dependent on the accuracy of water-budget input. In the sensitivity analysis (preceding 

section), it was shown that uncertainty associated with root depths, runoff-ta-rainfall 
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ratios, pan coefficients, and irrigation estimates significantly affected computed recharge. 

Further investigation into these areas would help better define recharge in central and 

west Maui. 

In this study, the spatial variability of rainfall was based on monthly maps 

produced by Giatubelluca and others (1986). That study used data collected from the 

period 1916 to 1983. An additional 22 years of rainfall data are available from which to 

update these maps and better define the spatial distribution of rainfall. 

Fog drip has a significant effect on the water budget of the lao area. Inclusion of 

fog drip is one of the reasons recharge estimation in this study was significantly higher 

than in Shade (1997). No fog-drip data for the lao area have been published. Fog drip for 

this area was estimated based on a 2-year study conducted on the windward slope of 

Haleakala (Scholl and others, 2004). A longer study period is necessary to better define 

average fog drip amounts. A long-term fog-drip study on the windward slope of the West 

Maui Mountain would greatly enhance knowledge of this important parameter. 

This study used climate data from 3 stations installed by the USGS in the West 

Maui Mountain area (fig. 9). Data were collected over a period of about I year. Clearly, 

this is not enough time to establish estimates of long-term normals. Continued study of 

the meteorologic conditions in this area would help reduce uncertainty in rainfall and 

evaporation estimates, thus improving the accuracy of recharge estimation. 

Summary and Conclusions 

Concern surrounding recent evidence of over-pumping in the lao aquifer has 

prompted the Maui DWS to enter into an agreement with the USGS to investigate the 

long-term sustainability of current and future withdrawal scenarios. As part of this 
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investigation. a water budget was computed from which (1) historic ground-water 

recharge was estimated and (2) the effects of agricultural land use and drought were 

analyzed. 

Estimated annual ground-water recharge decreased 44 percent from 1926-1979 to 

2000-2004 in central and west Maui. Annual ground-water recharge for 1926-1979 was 

693 Mgalld, and annual recharge for 2000-2004 was 391 Mgalld. The decline was 

relatively steady over the intervening period, with the exception of1985-1989. doring 

which much higher-than-average rainfall occurred. Monthly recharge was generally 

highest in March and lowest in June, coinciding with the months of highest and lowest 

rainfall. 

Results from hypothetical land-use scenarios indicate that a cessation of 

agriculture in central and west Maui would reduce annual ground-water recharge by 18 

percent over current conditions. A period of drought, identical tol998-2002. would 

reduce annual recharge by 27 percent over current conditions. Annual recharge would 

decrease 36 percent if this drought were to occur after a cessation of agriculture in central 

and west Maui. 

Reduction in agricultural irrigation, resulting from more-efticient irrigation 

methods and reduction in agricultural land, are largely responsible for declining recharge. 

Recently. periods of lower-than-average rainfall have had an exacerbating effect While 

droughts are transient phenomena, reduction in agricultural irrigation is likely a 

permanent condition. 
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