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ABSTRACT 

Robust Analytical Model (RAM), originally developed by John Mink in 1981, is a very 

useful simple analytical model to derive the sustainable-yield roughly for the Basal 

aquifer. RAM has been appUed by the State of Hawaii, Commission on Water 

Resources Management (CWRM) for sustainable-yield estimation for the State's 

whole aquifers since 1990. Dr. Clark C. K. Uu modified RAM by introducing a 

transport sub-model, which simulates the transport process of a transition zone 

between seawater and freshwater in a basel aquifer. The most important 

characteristic of the modified RAM is that it can be calibrated based on available deep 

monitoring well observed data. 

lao aquifer, located on the eastern side of west Maui, is the principle sources of 

domestic water supply for the Island of Maui. A value of 20 MGD as the 

sustainable-yield was issued by CWRM for the lao aquifer. Last century 90s, the 

withdrawal of lao aquifer reached the sustainable yield; the observation of water table 

shows that there were dramatic decline of hydrauUc head around the pumping wells. 

This study uses the modified RAM to re-evaluate the sustainable-yield of the lao 

aquifer, MauL By applying the Minimum Mean Square Error (MMSE) method, an 

innovative Matlab program was built to estimate the dispersion coefficient which 

provides the best fitting of the observed deep monitoring well salinity data. A 

quasi-three-dimensional, finite-difference model SHARP, was used to simulate 

freshwater and saltwater flow separated by a sharp interface in layered coastal 
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aquifer systems. The resuHs of SHARP model were employed to estimate the 

traveling time from the upstream boundary to the deep monitoring well through the 

flow-net. From the fitted salinity profile, the dispersion coefliclent can be derived 

according to the estimated traveling time. After carefully estimating the aquifer 

parameters such as recharge, effective porosity, mean hydraulic residence time etc, 

the sustainable-yield of lao aquifer was determined as 17.85 mgd, which is slightly 

lower than that was derived from RAM. 

v 



TABLE OF CONTENTS 

ACKNO~EDGMENT __________________ , ________________ lll 

ABSTRACT IV 

TABLEOFCONTENTS _____________________________________ VI 

LIST OF FIGURES Vlll 

LISTOFTABLES ________________________________________ X 

LIST OF ABBREVlATlONS ________________ , ______ XI 

CHAPTER 1. INTRODUCTION 1 

1.1 Problem Identification .........••..••......•....•.••...•....••.•...................................•..••.•.•..•.••.••...•.. 1 

1.2. Objective ........................................................................................................................ 6 

CHAPTER2.METHODOLOGY ____________________________ 8 

2.1 RAM developed by Mink ••.•....••...••.....•..••........•.•••.•......••.............................................•• 8 

2.2 RAM Application •....•..•.••...•..•....•....•....•...••...••.••..•••••.••..••..••..•••..•••..•..•••..•........•........•.. 12 

2.3 Transport sub-model and RAM2 ..•.•.........•..•.•••••••.••••.•••.•••.••.•.••...••.••••••••.•••.••..••••..••..••. 15 

2.4 RAM2 Application ..........•.•.....•.•..•...........•..............................•.•...••••••......•...•.............•• I 8 

CHAPTER 3. GEOLOGY AND HYDROLOGY OF lAO AQUIFER " ,,,. II 21 

3. I Geology of the lao Aquifer System ...•.....•...••.•.••.••...••.•.••.••..•.•......•..•.••.••••.••.••.•.•.•...•...• 23 

3.2 Hydrology of lao aquifer ...............•...•..•..•...•.•..••.••........•.......••...••.•.•.••••..••••..•.•••..•••.••..• 27 

3.2.1 Rainfall of lao aquifer ........................................................................................ 27 

3.2.2 Fog Drip ..•.........•.••.••...•...•.....•....••.••••...•••••.•.••..••..•.................................•..•.•.•..••. 29 

3.2.3 Runoff .............•...••.••••..•....••...•.....•...••.•.••••••..•.••.•............•...............•....•..•.••.•.•••••• 30 

3.2.4 Evaportranspiration .••.••...•.••.••••.••••....•••.•..••........•.••...••••••••..•.•.••.......•..•.•...••.••... 30 

vi 



3.2.4 Groundwater Recharge of lao aquifer •••••.•..•.••••..•.••.•.••••.•..•.•..•.••..•.••.•.•.•....... 30 

CHAPTER 4. PARAMETERS IDENTIFICATION __________ 36 

4.1 Dispersion Coefficient .................................................................................................. 36 

4.1.1 SHARP Modellntroduction .............................................................................. 38 

4.1.2 An example of using SHARP Model in Pearl Harbor ................................... 39 

4.1.3 SHARP Model applied in lao Aquifer ............................................................. 44 

4.1.4 Deep Monitoring Well data and Salinity Profiles .......................................... 47 

4.1.5 Salinity Profile Curing Fitting ........................................................................... 50 

4.2. The mean hydrau1ic residence time determination ...................................................... 54 

4.2.1 The original Mean Residence Time of lao Aquifer ....................................... 55 

4.2.2 Current Mean Residence Tune of lao Aquifer ............................................... 56 

CHAPTER 5. SUSTAINABLE YIELD ESTIMATlON __________ 58 

5.1 Determine the original Hydraulic Head h.J .................................................................... 58 

5.2 Sustainable Yield Estimation ........................................................................................ 59 

5.3 Sensitive analysis of Sustainable Yield Estimation ....................................................... 62 

CHAPTER 6. CONCLUSION AND DISCUSSION __________ 65 

6.1 Discussion ..................................................................................................................... 65 

6.2 Conclusion .................................................................................................................... 67 

63 Recommendation of the Future Work ........................................................................... 70 

REFERENCES ___ , _________________ 71 

vii 



LIST OF FIGURES 

Figure 

Figure 1 Idealized Sharp Inteiface between Seawater and freshwater ...................................... 3 

Figure 2 Altitude of the top and mid-point of the transition zone, Waiehu deep monitor 

well, lao aquifer, Maul, 1985 to present . .............................................................•.........•.... 4 

Figure 3 Definition ofRosalfreshwater Lensfor the Formulation of RAM ............•............... 10 

Figure 4 Conceptualformulation of the RAM model of a basal aquifer as a Completely 

Stirred Tank Reactor (CSTR) ............................................................................................ 11 

Figure 5 Basal aquifer head-drqft curve derived by the RAM model ...................................... 13 

Figure 6 Application of RAM2 for determining the minimum equilibrium head ..................... 18 

Figure 7 Upconing phenomenon of a pwnping well in a basal aquifer ................................... 20 

Figure 8 Location of lao Aquifer System, Maw, Hawaii . ........................................................ 21 

Figure 9 The main pwnping stations of lao aquifer area, Maul .............................................. 23 

Figure 10 Geologic boundaries of lao aquifer, Maul, Hawaii ................................................. 24 

Figure 11 Cross section of the regional groundwater jIqw system of the lao aquifer .............. 26 

Figure 12 Rai,gall distribution of lao aquifer, Maul .....•.......................................................... 28 

Figure 13 7Welve-month moving average of rainfall at Puu KJJ!ad, Wailuku, ......................... 28 

Figure 14 Monthly pwnpage of the lao aquifer, 1984 to present ............................................ 33 

Figure 15 Field longitudinal dispersivity values versus the scale 0/. ...................................... 37 

Figure 16 Simulated freshwater head distribution in Pearl Harbor using SHARP and 

numerical madel (Liu et ai, 1983) .................................................................................... 40 

viii 



Figure 17 SHARP Model applied to Pearl Harbor Aquifer--30 x 30 grid cells .................... .41 

Figure 18 Observed Hydraulic head of Pearl Harbor on May 15,2003 ................................ .43 

Figure 19 SHARP Model applied to lao Aquifer-l 6 x 13 grid cells ....................................... 44 

Figure 20 Freshwater head distribution of lao Aquifer simulated by SHARP ModeL. .......... 46 

Figure 21 Groundwater movement of lao Aquifer simulated by SHARP Madel ..................... .46 

Figure 22 Location ofWaiehu and lAO deep monitoring well, lao aquifer, Maui ................... 51 

Figure 23 Estimation of Dispersion Coefficient by observed datafitting (Jan 20,2005) ........ 52 

Figure 24 Estimation of Dispersion Coefficient of lao Aquifer at lao Deep (May 17, 2006) .. 53 

Figure 25 Mean Residence 1Ime calculation ........................................................................... 57 

Figure 26 RAM2 and the determination of the equilibriwn head of lao aquifer ..•....•....•........ 59 

Figure 27 Determination of Sustainable Yield of lao aquifer by RAM] ......•••.••..••••.•..•......•.... 62 

Figure 28 Relationship between sustoinable yield and dispersion coefficient ......................... 63 

Figure 29 Relationship between sustoinable yield and recharge ............................................. 63 

Figure 30 Relationship between sustoinable yield and initial head. •....................................... 64 

Figure 31 Relationship between sustoinable yield and the porosity ........................................ 64 

ix 



LIST OF TABLES 

Table 1 Sustainable Yield determination .................................................................................. 14 

Table 2 Rainfall station data of the lao Aquifer System ........................................................... 29 

Table 3 Relevant water balance for lao Aquifer System .......................................................... 31 

Table 4 Comparison of water-budget for lao aquifer estimated by Engoll and Shade ••.•..•...•. 34 

Table 5 Comparison of observed and simulated hydraulic head of Pearl Harbor Aquifer ..... 43 

Table 6 Salinity calculation using the observed C1D data ..................................................... .49 

Table 7 Parameters selected for dispersion coefficient estimation of lao aquifer ................... 52 

Table 8 Current Mean Water level of lao Aquifer .................................................................... 55 

Table 9 List of production wells in the lao Aquifer System ...................................................... 60 

x 



LIST OF ABBREVIATIONS 

CSTR: Completely Stirred Tank Reactor 

CTD: Conductivity, Temperature and Depth 

CWRM: Commission of water resources Management, State of Hawaii 

MATlAB: a numerical computing environment and programming language 

MAV: Moving Average 

MGD: Million Gallons per Day 

MMSE: Minimum Mean Square Error. 

MSL: Mean Sea Level 

RAM: RobustAnalytical Model. 

RAM2: Modified RobustAnalytical Model. 

SHARP: a quasi-three-dimensional, numerical finite difference computer model. 

WRPP: Hawaii water Resources Protection Plan 

xi 



Chapter 1. Introduction 

1.1 Problem Identification 

Ground water is one of the most precious and outstanding natural resources in Hawaii. 

It is widely used in drinking water, irrigation, domestic, commercial, and industrial 

needs. The historical statistic data shows that about 90 percent of Hawaii's domestic 

water and about 50 percent of all freshwater used in the state are groundwater. In 

order to meet the growing demand of water supply, freshwater has been pumped from 

the groundwater aquifer more than 100 years. Consequently, the groundwater 

hydraulic level has been depleted due to overdraft of aquifer as well as the saltwater 

intrusion. As a precautionary measure, the sustainable yield of each aquifer should be 

detennined in order to impose restriction on the pumping rate. Seawater intrusion, 

indicated by salinity, is induced mostly by stresses caused by the extraction of 

groundwater by pumping, especiaUy with high-capacity pumps in deep wells (Lau and 

Mink, 2006). Seawater intrusion into basal aquifers is commonly recognized as a 

serious problem to limit the groundwater resources primarily. The long-tenn response 

of regional aquifers throughout the State to natural climatic variations and induced 

stresses is largely unknown. However, demand for high...quarrty ground water has 

continued to grow due to the expansion of the economy and the urban area and the 

increase in population. Ifs necassary for increased groundwater management efforts 

to protect this preciously resources for the state of Hawaii. 



According to Mink (1980), most coastal aquifers in Hawaii present some fonn of a 

basal or Ghyben-Herzberg Lens as show in Figure 1. Basal groundwater floats on 

seawater, and its depth below sea level is the function of the difference in density 

between freshwater and the seawater. Under the condition of pure freshwater at 5°C 

resting immiscibly on seawater at 15°C temperature, their densities are 1.000 and 

1.025 kg/m3 respectively, and thus by the buoyancy principle the depth of freshwater 

below sea level is forty times its elevation above sea level (Lau and Mink, 20OS). The 

volume of water stored in a basal aquifer is a direct function of head but also depends 

on the aquifers boundaries, lens geometry, and aquifer porosity (Mink, 1980). 

According to Hawaii Water Protection Plan (CWRM. 1990), the sustainable yield is 

derived for the steady-state relationship among head, infiHration and the net draft, 

which is equivalent to sustainable yield. So Mink concluded that, the clearest 

expression of sustainable yield of a groundwater aquifer is that of allowable net draft 

for a selected equilibrium head. In more specific tenninology, the sustainable yield is 

the amount of water that may be withdrawn from the aquifer at a maximum rate 

without impairing the groundwater source. 
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Ground Surface 

Ocean 

40h 

Brackish Water 

Figure 1 Idealized Sharp Interface between Seawater and freshwater 

Deep monitor wells that are opened to the aquifer in the freshwater, transition, and 

saltwater zones are currently used in Hawaii to evaluate the ground-water resources. 

By periodically obtaining vertical salinity profiles in these deep monitor wens, changes 

in the freshwater lens thickness can be estimated. Vertical salinity profiles from deep 

monitor wells located in the Honolulu area indicate that the salinity of water at any 

particular depth in the aquifer increased from 1970 to 1990. Rgure 2 is an example of 

transition zone at Waiehu deep monitor well, lao aquifer, Maui. The curves show that 

the top of transition zone, which is located at 2% of seawater chloride concentration 

and the middle point of transition zone (50% seawater chloride concentration) are 

continuously moved upward from 1985 to present 
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Figure 2 Altltutfe of the top and mJd-poln! of the transition Z01ll!, Waiehu deep monitor we/~ ItID 0f/UlJer, 

Maul, 1985 to present 

The numerical modeling has become an important method on groundwater research 

due to the development of computer and GIS (Geographic Information System) 

technology over the last twenty years_ Numerical modeling software based on 

different methods was developed and used widely such as FEFLOW (Fmite Element 

Subsurface Flow system), GMS (Groundwater Modeling System) and MODFLOW 

(Modular three dimensional system) etc_ Numerous modeling efforts also were made 

to simulate the flow and salt transport processes of the basal aquifers such as Pearl 

Harbor aquifer, Oahu and other equifers like Southern Oahu and lao in Maui etc_ 

Three dimensional flow and salt transport simulation of the Pearl Harbor aquifer was 

recently conducted by the Hawaii District of US Geological Survey Water Resources 

Division, and of Southem Oahu aquifer by Todd Engineering_ These modeling efforts 

help people to better understand the characteristics of groundwater aquifer_ 

4 



Most of these computer models require extensive field data for adequate calibration 

and verification; however, these field data maybe not available in reality. As a result, 

muHi-dimensionai numerical models are not being widely accepted as effective 

groundwater management tools in Hawaii. In order to appropriately manage 

groundwater resources, it is important to assess the amount of groundwater which 

may be removed from the aquifer without saltwater intrusion. A simple robust 

analytical model (RAM) which was original developed by Mink (1981) has been used 

by the state of Hawaii Commission of Water Resources Management for establishing 

sustainable-yield values for the aquifers in Hawaii since 1990. However, RAM also 

was questioned for use in estimating sustainable yield in Hawaii basal aquifers 

because of its limitations such as inability of model to account for the caprock and can 

not account for spatial distribution of withdrawal wells etc (Delwyn and Meyer, 2001). 

Delwyn (2001) mentioned that the RAM model does not take into account the 

convection-dispersion salt trensport equation. 

A concept of ·sharp interface" between the salt water and freshwater lens is the key 

point of the RAM. In an actual aquifer, the underground boundary that separates the 

fresh water from the salt water is not a sharp boundary Une. In reality, the sharp 

interface is usually a breckish water trensition zone, where seawater and fresh water 

are not immiscible fluids, but may mix together. The trensition zone can be fluctuated 

causing by reinfall, tidal, and especially the amount of water being withdrewn by 

humans or natural discharge. The depth of the trensition zone is a function of 

dispersion coefficient uniquely to the aquifer. 
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Dr. Clark C.C. Uu modified Mink's original RAM model by introducing a transport 

sub-model, which simulates the transition zone between seawater and freshwater in a 

basal aquifer. The transport sub-model includes the transport processes of salt 

advection and dispersion. This modified RAM model consists of two sub-models: (a) a 

flow sub-model, which takes the fonn of Mink's RAM model, and (b) a transport 

sub-model, which is in the fonn of an analytical two-dimensional steady-state 

advection-dispersion equation. The modified RAM model was named as RAM 2 

model by Dr. Liu. Its mathematic structure still keeps simple and can be solved 

analytically. The most important feature of the RAM 2 model is that it can be calibrated 

based on available deep monitoring well salinity data. The RAM 2 model can be used 

as a viable management tool for better estimation of the sustainable yields of the 

Hawaii aquifers. 

1.2. Objective 

The main objective of this study is to obtain the salinity distributions of the transition 

zone from the sail water zone up to the fresh water lens in the lao basal aquifer. The 

resulting contours of the salinity distribution with respect to different pumping 

scenarios employ the RAM2 to estimate the sustainable yield of lao aquifer, Maul. 

Based on Mink's description, the original RAM (flow simulation) needs three aquifer 

parameters-initial hydraulic head h .. the recharge rate I and the selected minimum 

equilibrium head h. for sustainable yield detennination. The salinity transport 

sub-model (RAM2), which simulates the transport process and evolution of the 

transition zone in a basal lens requires two parameters of aquifer -the traveling time 
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T, and the dispersion coefficient Dz. So the objectives of this study may include the 

foHowing aspects: 

1) To estimate the original RAM parameters, for example, recharge rate, initial 

hydraulic head of lao aquifer. 

2) To identify the INPUT parameters needs fur running a quasi three dimensional 

SHARP model, that was applied to simulate the most recently hydraulic head in 

lao aquifer. 

3) To estimate the traveling time from the contours and then obtain the flow-net by 

using the resuHs of the SHARP model. 

4) To estimate the dispersion coefficient using Minimum Mean Square Error method 

based on measured deep monitoring well salinity profiles and the traveling time. 

5) To estimate the Mean Residence Hydraulic TIme of the entire aquifer. 

6) To re-evaluate the Sustainable-Yield. 
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Chapter 2. Methodology 

2.1 RAM developed by Mink 

In his report "Slate of The Groundwater Resources Of Southern Oahu·, John F. Mink 

(1980) presented his development of the Robust Analytical Model (RAM) of Hawaii 

basal aquifer using one-dimensional groundwater flow analysis. This one-dimensional 

groundwater flow model was formulated by combining the conservation of mass 

principle and Darcy's law of groundwater flow. The most important assumption of 

RAM is that the whole aquifer was assumed to be a CSTR (completely stirred tank 

reactor). Also, the RAM did not take into account the convection-dispersion salt 

trensport equation; there was no concept of transition zone that separates the 

freshwater from salty water in his original RAM. He assumed a sharp interface instead 

of a trensition zone while deriving the sustainable yield. Again, the inherent 

assumption regarding trensition zone in that model resulted in empirical selection of 

minimum equilibrium heads for sustainable yield determination. Mink (1980) 

suggested that an objective determination of the equilibrium head (h.) can only be 

made by combining flow and salt trensport equations. 

In the formulation of a one-dimensional groundwater flow model of a basal aquifer, the 

conservation of mass principle or continuity equation of the groundwater flow was 

expressed as (Mink. 1980) 

a(Sh) a(-q) 
--=--+W ............................................... (2.1) at ax 

Where 
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S = storage coefficient 

W = source-sink terms 

x = longitudinal travel distance 

t=time 

q = specific flux (flow per unit aquifer width). 

Based on Darcy's law, the specific flux through a one-dimensional groundwater flow 

system can be expressed as 

oh 
q = -k"f/ &: ...................................................... (2.2) 

Where 

k = hydraulic conductMty 

h = hydraulic head 

." = aquifer depth, for a basaJ aquifer ." =41 h (Ghyben-Herzberg relationship) 

Combining equations (2.1) and (2.2), a one-dimensional groundwater is derived and 

gets the following form 

oh 
o(h) _ o(-41kh &:) 

41881- &: +W .............................. (2.3) 

In equation (2.3), the aquifer storage coefficient S is assumed as a constant value. 

Mink (1981) described a typicel Hawaii basal aquifer in terms of several important 

elements. As shown in Figure 3, there are three source and sink terms, the rate of 

recharge I; the rate of net draft D (can be presented as pumping minus irrigation 

return flow); and the leakage rate L If the cross-sectional area of the aquifer is A, 

then source and sink term W can be presented as W = (1- D - L}/A. 
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The hydraulic head of a basal aquifer is shown in Rgure 4 as h and the total fresh 

water depth (defined as the depth from the water table to the imaginary sharp 

interface) is assigned as TJ. The fresh groundwater commonly occurs as a 

lens-shaped body of freshwater floating on saltwater, which was derived from the 

ocean. A brackish-water transition zone with varying thickness exists between the 

freshwater and underlying saltwater. In casa of basal lens system aquifer, the 

Ghyben-Herzberg relation can be used to derive the thickness of the freshwater lens. 

Assuming that there exists a sharp interface, which separates the freshwater from the 

underlying saltwater; thus based on the Ghyben-Herzberg relationship, it is located 

40h below the mean sea level or, the total fresh water depth TJ = 41 h. 

Mean Sea 
Level 

y 

z 

__ ----;hrTf:'h 
_____ ~ ___ L-._ - 1 4 

Freshwater 
11 41h 

q=I-D 

Saltwater 

Figure 3 Definition of Basal freshwater Lens for the Formulation of RAM 

The general movement of a basal freshwater lens such as lao aquifer, is from the dike 

impoundment into the freshwater-lens system and then toward the ocean. Therefore, 

x = 0 is the upstream boundary where freshwater recharge from the dike 

impoundment enters the basal freshwater aquifer. Therefore, the onlHiimension 
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groundwater flow equation for a basal aquifer can be expressed as 

8h 
8(h) 8(-41kh ax) [I -D-L(h)] 

41Sat= ax + A .................••........... (2.4) 

Note that the constant width of the aquifer (tJ = A 11/ . By assuming specific flux q does 

not change in the x-direction, equation (2.4) can be snnplified as 

dh 
41SA dt =I-D-L(h) ............................................. ... (2.5) 

Equation (2.5) is an ordinary differential equation, with hydraulic head h a function of 

time only. This equation can also be solved directly by assuming a typical Hawaii 

basal aquifer as an ideal hydraulic model of Completely Stirred Tank Reactor (CSTR) 

which illustrated in Figure 4. In a CSTR, fluid particles that enter the reactor are 

instantaneously dispersed throughout the reactor volume, and thus there is no spatial 

variation of any of Its properties. 

D 

Water t 
h 

LeaIrage,~L-lr ~=dt,; .---+-~~ T -
40" 

1 ~~mIMruc'nll~~~~~~~~~ zone, 50%~ 
seawater salinity 

Figure 4 Conceptual formulation of the RAM model of a basel aquifer as a Completely 
Stirred Tank Reactor (CSTR) 
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The conservation of mess principle for a basal aquifer system as a CSTR can be 

stated as follows: the mess variation in the system equals the mass flux into the 

system minus the mass flux out of the system. In a basal aquifer system, the mass of 

the aquifer equals[(pSA)(41h)]. the inflow is pI and the outflow isp(D+L). 

Assuming that the water density p is a constant. the mess conservation principle can 

be expressed mathematically by equation (2.5). 

Mink (1981) also pointed out that leakage L can be expressed asL = (hIhO)2 xl, 

where h. is the initial hydraulic head of the aquifer. Thus, equation (2.5) becomes 

dh h 2 41SA-=[1-(-) ]I-D ................................................ (2.6) 
dt II" 

Equation (6), which is the governing equation of RAM, can be readily solved with an 

initial condition, t = 0, h = hOo 

.................................................................................. (2.7) 

As time goes to infinity, the following steady-state solution can be derived: 

~ = (l_n)112 ............................................................... (2.8) 

Where term n = DI1. 

2.2 RAM Application 

It can be derived from the steady-state solution of RAM or equation (2.8) that a 

parabolic relationship of head and draft exists as shown in Rgure 5. Note that 
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equation (2.8) is unique for any particular basal aquifer as the hydrogeological 

characteristics of the aquifer is represented implicitly by hOo Mink pointed out that the 

empirical nature of selection of minimum equilibrium heads for sustainable yield 

determination. 

1 

0.9 

0.8 

O. 7 

0 0. 6 
.c 
~0.5 
.c 

0.4 

0.3 

0.2 

0.1 

0 
0 

STEADY STATE 

Recharge (I) > Net Draft (D) 

h. = storage Head 

h" = Initial Head 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

n = DI 

Figure 5 Basal aquifer heacHtraft curve derived by the RAM model 

Sustainable yield was defined by Hawaii Commission of water Resources 

Management as "the water supply that may normally be withdrawn from a source at 

the maximum rate and will not unduly impair source utility". The calculated sustainable 

yield assumes that all groundwater is pumped from basal aquifers seaward of high 

level zone except where high level water approaches the coast (CWRM, 1990). The 

relationship is mathematically described in the equation (2.8), that is 

DII = I - (beth.)2 ...................... (2.9) 

In which D is allowable draft (sustainable yield), I is the infiHration (groundwater 

recharge), ho is the initial head and h. is the selected equilibrium head. The controlling 
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variable in the equation is the selected equilibrium head h. under the conditions that 

the recharge I and the initial hydraulic head ho are both known. This head is selected 

to preserve the quality of water produced at steady state. The head ratio used to 

obtain sustainable yield is based on the experience with known aquifers such as those 

of Honolulu and southem Oahu (CWRM, 1990). The Hawaii Water Protection Plan 

(1990) suggested that the sustainable yields of basal aquifers are calculated from the 

data given in table 1. 

Table 1 Sustainable Yield determ/netion 

boRange(ft) bJbo Oil 

4-10 0.75 0.44 

11-15 0.7 0.51 

16-20 0.65 0.58 

21-25 0.6 0.64 

>26andHL 0.55 0.75 

By carefully selecting the rate of equilibrium head/original hydraulic head (hlho) and 

the rate of draft/recharge (Oil), the sustainable yield for specific aquifer can be 

estimated. Mink stated that "the clearest expression of sustainable yield is that of 

allowable net draft for a selected equilibrium head~ State of Hawaii Commission of 

Water Resources Management applied Mink's RAM as the management tool to 

detennine the sustainable yield values of Hawaifs aquifers since 1990. The more 

deteRs of sustainable yields detennination of Hawaii aquifers can be found from 

Hawaii Water Resources Protection Plan, volume I & II (CWRM, 1990). 

Obviously, it can be seen that all the selected heads are just based on the experience; 

however, the experience may not be ralevant to a given aquifer. For those aquifers 

without previous experience or their behaviors unknown, their equilibrium heads are 
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very difficult to determine. Therefore, modification of this model is necessary to 

account the dispersion of saltwater into the freshwater aquifer at the interface, and 

also given a numerical equilibrium head to determine aquifer's sustainable yield. 

2.3 Transport sub-model and RAM2 

Dr. Clark C.C. Uu modified John. Mink's by introducing a transport su~model which 

simulates the evaluation of a transition zone between seawater and freshwater 

instead of a sharp interface. The transport su~model includes the transport 

processes of saH advection and dispersion. In other word, the modified RAM or RAM2 

was established recognizing the existence of the transition zone. The detailed 

derivation of flow sub model considering salinity transport can be found else where 

(Uu 2006). Briefly, Fick's law of diffusion was used to establish the mass conservation 

of saH (solutes in water) in advection and dispersion equation. This 3-D equation was 

simplified to 1-D equation assuming only one dimensional flow, i.e., the advective 

transport in longitudinal (hOrizontal) direction and the dispersive transport in the 

transverse (vertical) direction. The flow sub model was readily solved under steady 

state condition. The following contents are mainly based on this report to give a 

background of RAM2's development and how to apply this useful model to the basal 

aquifer which has at least one deep monitoring well. 

Mink's original RAM assumed that there exists a sharp interface between the 

freshwater and the underlying seawater. However, a transition zone may exist instead 

of a sharp interface in reality as show in Figure 4. The observed deep monitoring data 

verified that the salinity increases downward gradually from that of freshwater to 

15 



finally that of the seawater. According to Dr. Clark Uu's transport sub-model, the 

transition zone can be simulated by a transport equation. 

A three-dimensional sail transport equation (Rck's law) takes the following form (Uu, 

2006) 

ae =_[ua(C)+va(C)+wa(C)]+[D a
2
e +D a

2
e +D

z 
a2e

2
] ••••••••.• (2.10) 

at ax By 8z x ax2 Y By2 8z 

Where 

Dx, Dr, and Dz = dispersion coefficients in the x, y, and z directions 

U, v and w = groundwater flow velocities 

C = salinity 

If a three-dimensional transport sub-model is used, it would consist of equation (2.10) 

and other relevant boundary and initial conditions. The salinity of water can be 

expressed in terms of its total dissolved solid (IDS) concentration or its chlorides ion 

concentration. Freshwater has IDS up to 1500 glm3
, and brackish water has IDS up 

to 5000 glm3
• Water containing higher than 5000 glm3 IDS is considered as saline. 

The IDS of seawater is usually in the renge of 3000 to 34000 glm3 (Tchobanoglos 

and Schroeder, 1987). 

Terms in the first bracket of equation (2.10) denota advective transport, while terms in 

the second bracket denote dispersive transport In Hawaii basal aquifers, the 

advective transport is principally in the longitudinal, or x direction and the dispersive 

transport is principally in the transverse, or z direction as shown in Rgure 3. Thus, the 

equation (2.10) can be simplified as 
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ac ac a2c 
-=-u-+D

Z
-

2 
........................................ (2.11) at ax az 

By considering the salinity transport system is in a steady state, under the assumption 

that ac = 0, equation (10) can be further simplified at 
ac a2c 

u ax =Dz az2 ................................................. (2.12) 

Equation (2.12) indicates that, in a steady state two-dimensional transport system of a 

basal system, the dispersive transport takes place in a direction perpendicular to the 

flow, or z direction. 

With the boundary conditions: 

C(O,z) = 0, z > 0; C(O,z) = Co, z < 0 

C(x,oo) 40 

C(X,-OO)4Co (Co is the salinity of seawater) 

The equation (2.12) is the transport sub-model of RAM2. This sub-model can be 

solved analytically as 

C(z)= Co (I-erf(k») ..................... (2.13) 
2 4D,T,. 

Where erf(a) = ~ }e-m'dm is the error function 
'IN 0 

Here T, = xlu is defined as travel time which represents the time spent for a water 

particle traveling from the most upstream boundary of a basal aquifer to any location x 

at a constant flow velocity u. Parameter z is the equilibrium hydraulic head, based on 

the water quality standards established by US government, two-percent of seawater 

salinity is set to desirable source water salinity of potable water. Therefora, by setting 

the ratio C (z)lCo equal to 0.02 (2%), the minimum equilibrium hydraulic head Z, is 
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replaced by ',as shown in Rgure 6, can be derived under the conditions that the 

dispersion coefficient D. and traveling time T,are both known. 

,=e1fc(1-2xO.02)~4Dz" .................... (2.14) 

Where erfc is the inverse of the error function. 

The effective dispersion coefficient D. in Equation (2.14) describes the magnitude of 

saH transport within the transition zone of a basal aquifer which is simulated by RAM2. 

Parameter T represents mean hydraulic residence time of a basal aquifer. 

Water Table 

Mea~ ~tevel v_ _ 

Leakage, L 
.... -+-

upperumlt_ 
C= 2%Co 

center of 
Transition ~ 
Zone 

D 

t 

Freshwater __ -+_ 
Lens 

-----l-
Recharge, I I 

40he 

1 
Figure 6 Application of RAM2 for detennining the minimum equUibrfum head 

2.4 RAM2 Application 

RAM2 is an extension of RAM by adding the simulation of salinity distribution in a 

transition zone. RAM2 includes two sulHnodel, the one is the flow sulHnodel, which 

takes the tonn of the original RAM; another one is salinity transport sub-model, which 

simulates the salinity transport and the evolution of the transition zone in a basal lens 
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system. 

The minimum equifibrium hydraufic head can be calculated by using RAM2 based on 

the measured deep monitoring well eTD data. So it also can be a good management 

tool for the determination of the sustainable yield values of Stete's basal aquifers. The 

equilibrium head is ready to be solved by using equation (2.13); after this hydraulic 

head was determined, applying the effective well depth and the Ghyben-Herzberg 

relation, the minimum equilibrium hydraulic head h. can be determined by 

~ +71 h. =40 ............................. (2.15) 

Where 

71 = effective production well depth, 71 = h...o + h_ 

~ = upper limit of a transition zone where water salinity is 2% of seawater 

h...o = Production pumping well depth 

~ = Upconing height of a pumping well in a basal aquifer (hu in the Rgure 7) 
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Figure 7 Upconing phenomenon of a pumping weD in a basal aquifer 

Pumping freshwater by a well located above the transition zone produces the 

transition zone upcones towards the screened portion of the well, and eventuany 

salinizes the pumped water, this phenomenon is called upconing as it can be shown in 

Figure 7. When the pumping is increased to a specific level, the well will be salinized. 

It is commonly accepted that the upconing in Hawaii basal aquifer is about 100 fl. Of 

course, further investigation is needed to know more details of upconing in Hawaii's 

basal aquifer. 
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Chapter 3. Geology and Hydrology of lao Aquifer 

The lao Aquifer (State Code 60102) is a freshwater-lens system. It is located on the 

west side of westem Maui mountain area (Figure 8). The lao aquifer is the principal 

source of domestic water supply for the island of Maui, which currently provides more 

than 60% of the domestic water supply for the island. 

Figure 8 Location of lao Aquifer System, Maui, Hawaii. 

Between 1970 and 2000, the resident population on the island of Maui increased over 

200 percent, and ground-water demand also increased significantly during this 

period. In 1995 and 1996, withdrawal from the lao aquifer reached the 

sustainable-yield of 20 MGD that was estabfished by Hawaii Commission on Water 

Resource Management by using RAM (CWRM, 1990). However, the water levels in 

the aquifer had declined below those predicted by RAM especiaUy at the withdrawal 
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sites, also the transition zone between freshwater and saltwater has risen and the 

chloride concentration of water pumped from wells has increased. It is doubted that 

an equilibrium head selected to determine the sustainable yield by using RAM Is 

either too lower or inadequate. As a result, the established sustainable yield for lao 

aquifer is probably higher than the actual "allowable" sustainable yield, which is 

equivalent to safely developable yield. 

Withdrawal was reduced from this aquifer below the sustainable-yield value estimated 

by RAM to halt further decline of water levels during recent years. Groundwater 

withdrawal from the lao aquifer started in 1948 for irrigation, withdrawal for domestic 

use began in 1955. Since 1985, the withdrawal was only used for domestic water 

supply, and pumped from five main locations (Shaft 33, Kepaniwai well, Mokuhau well 

field, Waiehu Heights well field, and Wsihee well field) as illustrated in Rgure 9 

(Original picture was downloaded from: 

http://hi.water.usos.govllaollaotab.htm). 
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Figure 9 The main pumping stations of lao aquifer area, Maul 

3.1 Geology of the lao Aquifer System 

The geology of Maui was firstly described in de1ail by Stems and Macdonald (1942), 

and some of the geological features were subsequently recJasslfied by Langenhelm 
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and Clague (1987). Maui, the second youngest island in the Hawaiian chain consists 

of two major volcanoes: the younger East Maui's Haleakala (the world's largest 

dormant volcano) ; and the older extinct Puu Kukui caldera (the West Maui Mountains). 

These two volcanoes erupted many years ago and erosion over the years joined them 

into one island, giving Maui its nickname the Valley Isle. The volcanic rocks of West 

Maui have been divided into three series the shield-stage Wailuku Basalt, which is the 

basaltic lava flows and associated pyroclastic and intrusive rocks that built the major 

shield volcano; the post-shield-stage Honolua Volcanics ; and the rejuvenated-stage 

Lahaina Volcanics (Stearns and Macdonald, 1942). 

Dike tmpounded Groundwater 

Figure 10 Geologic boundaries of lao aquifer, Maui, Hawaii 

Figure 10 illustrates the boundaries of lao aquifer. As show in Figure 10, the lao 

aquifer lies on the flank of the west Maui Volcano and covers about 24.7 mi2 (CWRM, 
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1990); the dike-free area (freshwater-lens system) estimated by Mink is about 17.8 

mi". This study only takes interesting in the dike-free area with the area 17.8 mi". 

As defined by the Commission on Water Resource Management, the boundaries of 

lao aquifer are: the ridge south of Waihee River and north of Kalepa Gulch extending 

from the coast to summit of West Maui Mountain; the crest of the West Maui Mountain; 

the ridge north of Waikapu stream extending from the crest to the isthmus; and the 

southem divide of lao stream to Kahului Bay. The characteristics of the lao aquifer 

can be summarized as: (1) a steep and mountainous region to the west, (2) an area of 

sloping alluvial and colluvial plains extending to the east from the mountains, and (3) 

an area of lithified sand dunes and coastal plains near the Kahului Bay. The Waihee 

aquifer is the adjacent aquifer north of the lao aquifer. 

The fresh groundwater resting on salt water in the lao Aquifer System as shown in 

Figure 11 (original picture from Meyer and Presley, 2001) includes: (1) dike 

impounded water, (2) freshwater lens atop on seawater, and (3) perched water. The 

dike-impounded water body is located on the mountainous interior part of the aquifer; 

water sinking into the rocks between dikes is retarded in its escape toward the coast 

by relatively tight dikes, and it accumulates in the compartments of more permeable 

rocks between dikes (Gordon and Agatin, 1970). A freshwater lens system is found 

within the dike-free volcanic rocks and also in the coastal sedimentary deposits. 

Perched water in the sedimentary deposits overlying volcanic rocks is vertically 

separated from the freshwater lens by a zone of unsaturated rocks. 
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Figure 11 Cross section of the regional groundwater flow system of the lao aquifer 

Potable groundwater in the lao aquifer is found in the high-level and basal portion of 

the system. Non-potable groundwater is found in the caprock area. This study only 

takes interesting in the freshwater lens section in dike-free area, so the dike area and 

the perched water sub-systems are ignored. It may need further study to better 

understand the more details of the water in the lao Aquifer System. 

Figure 11 illustrates the geologic cross section of the lao aquifer area showing 

ground-water occurrence and movement The general movement of fresh 

groundwater in lao aquifer system is from the dike-impounded water body into the 

freshwater-lens system and then towards the ocean. Meyer and Preley (2001) 

described that water enters the freshwater lens system by direct Infiltration of 
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precipitation and agricuHure return irrigation water, seepage from irrigation ditches 

and streams where the water table is below the streambed, and inflow from 

up-gredient groundwater bodies. Of all these groundwater recharge resources, 

however, the direct infiltration caused by precipitation is the most important one. 

3.2 Hydrology of lao aquifer 

3.2.1 Rainfall of lao aquifer 

The average annual rainfall on the same patch of water would be about 25 inches 

instead of the actual annual average about 70 inches if the islands of the State of 

Hawaii did not exist. 

On the other meaning, the islands extract from the air that passes over them about 45 

inches of rainfall that otherwise would not fall in Hawaii area. The mountainous 

topography of Hawaii is contributed to this added water bonus. The rainfall in Maui 

Island is varied with the highest rainfall happened in mountain area and lowest in the 

coast area. At one extreme, the annual rainfall averages 17 to 20 inches or less in 

leeward coastal areas, such as the shoreline from Maalaea Bay to Kaupo. At the other 

extreme, the annual average rainfall exceeds 300 inches along the lower windward 

slopes of Haleakala. 

Mean annual rainfall varies within the lao Aquifer System from 20 inches near coast 

area to more than 350 inches at Puu Kukui summit as the isohyetal map illustrated in 

Figure 12. In the mountainous area, the rainfall is far exceeds evaporation, whereas in 

the coast plain area, the situation is in opposite. Obviously, the heavy rainfall in the 
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mountainous area is the replenishing resource for both groundwater and the surface 

water. 

K .;Jhulul83y 

Figure 12 Rainfall distribution of lao aquifer, Mau; 
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Figure /3 Twelve-month moving average oj rainfall at Puu Kukui, Wailuku, 

Waihee Valley, and Woiehu Camp rain gages, 1985 to present 
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Figure 13 is the 12-month moving average rainfall records as the percentage of 

long-term average rainfall (htto:llhi.water.usgs.gov/laolimagesirainfall.gifl of the 

selected five rainfall stations listed in Table 2 within the lao aquifer from 1985 to 

present. It can be seen that the rainfall is below the average in all rain gages in 

recently years. Given the factual data, review of previous investigations, other 

literatures, and staff analysis, an average annual rainfall of 82 MGD is estimated for 

the lao Aquifer System (CWRM, 2002). 

Table 2 Rainfall station data of the lao Aquifer System 

Slalion No. Name Altilude above MSl(ft) Data available 

Slalion 380 Puu Kukul 5,790 1928-present 

SIaIIon4B2 Walhee Valley 300 1913-present 

SIaIIon484 WaiehuCamp 320 1910-present 

Slalion486 WaHuku 180 1887-2002 (discontinued) 

SIaIIon Wukh1 Wailuku 180 2003-Present 

3.2.2 Fog Drip 

In addition to rainfall, fog drip probably is a significant component to the lao aquifer's 

water resources. The fog drip is the direct interception of water from cloud and fog by 

condensation on surface areas such as vegetation and consequently drips or flows 

down branches or stems to the ground. 

Juvik and Ekem (1978) noted that at an elevation of about 5000 feet, fog drip is about 

33% of rainfall, as the elevation increases above 5000 feet, the proportion of fog drip 

to rainfall increases. The elevation of most ridges within lao aquifer is less than 5000 

feet, therefore, fog drip maybe somehow less than 33% of rainfall. 
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3.2.3 Runoff 

Runoff is the average total stream flow for the aquifer system and is sometimes 

calculated as the portion of rainfall. It includes the direct runoff from rainfall and 

base-flow derived from dike zone groundwater. The estimation of average runoff for 

the entire lao Aquifer System is 39 inlyr over 17.81 mj2 dike-free area or 33 MGD 

(CWRM, 1990). Shade (1997) estimated direct runoff to be about 40 mdg over an 

area of the basal portion of lao. However, CWRM suggest a greater amount of runoff 

occurring as 54 MGD for the entire lao aquifer system for conservation purpose 

(CWRM, 2002). 

3.2.4 Evaportranspiration 

Evaportraniration is the surface and subsurfaca water released to the atmosphere 

through direct evaporation and by transpiration through plants. The most recent 

estimation of average evaportraniration for lao Aquifer System is 40 inlyr, or 34 MGD 

(yuen and Association, 1990). This is the most conservative value for 

evaportraniration; CWRM suggested an evaportraniration of 27.1 mgd for the lao 

Aquifer System (CWRM, 2002). 

3.2.4 Groundwater Recharge of lao aquifer 

Groundwater recharge is the process of water soaking into the ground to become 

groundwater. It is the one of the most important parameters which controls 

groundwater availability. According to previous studies, two major contributions to 

groundwater recharge in lao Aquifer are rainfall and the agriculture retum irrigation; 

however, recent study conducted by Engott (2006) shows that the fog drip is another 
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big contnbution to groundwater recharge, in which it was estimated to be 11 mgd. 

According to Engott (2006), the retum irrigation rates in the Central and west Maui region 

including the lao aquifer have been steadily decreasing since the 1970s, when plantations 

began a conversion to more efficient irrigation methods and began reducing the amount of 

acreage dedicated to sugarcane production. On the other hand, the fog drip is up to 11 

mgd. In the past, people use a conservative percentage of rainfall to estimate the 

recharge. Presently, a mass water balance method was applied to estimate the 

groundwater recharge. This work takes interesting only in the recharge to the dike and 

dike free basal water lens in the lao aquifer. The Table 3 gives a summary of 

groundwater recharge in lao Aquifer System. 

Table 3 Relevant water balance for lao Aquifer System 

Region Report Area RalnfaIl Runoff ET Recharge SY 

Mi' MG[ MGD/ml' 
%of 

MGIl 
%of %of 

MGD MGD MGDlmr MGD 
ralnfaI ralnfaIl ralnfaII 

lao Aquifer Mink and Yuen 
26 to 31: 17.81 

System MInk(2001) 

lao Aquifer 
Shade(l997) 16.1S 67 5.39 40 46",1, 18 21% 29 33% 1.8 

System 

lao Aquifer 
Mink(l995) 17.81 62 4.6 16.75 200/0 34 41% 31.57 39% 1.77 20.2 

System 

lao Aquifer USGS(Peny, Maul 
17.81 1241028 

System News,l992) 

lao Aquifer USGSCWRM 
17.81 20+ 

System P"" .!ation (1991) 

lao Aquifer WRPP(Yuen and 
17.81 62 4.6 33 40% 34 41% 15 18% 0.84 20 

System Assoc., 1990) 

lao Aquifer ~lnk(1991) appendb 
17.81 20 1.12 

System To MInk(1977) 

state of HawaII 
lao 92 95 10.33 50 53% 10 11% 35 37",1, 3.8 30 

1970 (R38) 

Shade (2002) suggested applying the water balance or mass balance accounting 
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method to estimate the aquifer recharge. Groundwater recharge can be estimated 

using a water-budget model with its relation expressed by 

Recharge = (P+FD) - (ET +RO) = Natural Discharge + withdrawal 

Where: 

P = Precipitation (rainfall) 

FD= Fog Drip 

ET = Evaportranspiration 

RO= Runoff 

Based on this hydrologic balance method, the recharge in an aquifer is equal to total 

precipitation minus evapotranspiration and runoff. In order to calculate the recharge, 

the parameters in the right hand side of the equation can be measured or estimated. 

The natural discharge can be simple said as the leakage of aquifer; also the return 

irrigation from the agriculture area and from ditches (approximate 1.5 MGD estimated 

by Meyer and Presley, 2001) can be contributed as recharge. Figure 14 illustrates 

monthly pumpage for selected five main pumping wells (Shaft 33, Waihee well field, 

Waiehu Heights well field, Mokuhau well field and Kepaniwai which is located in dike 

area in Figure 9), lao aquifer total pumpage, as well as 12-month moving average of 

total pumpage, 1984 to present The withdrawal in this study is taken as the average 

draft in 1990s (1990 to 1998) which is about 18.5 MGD. 
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FIgure 14 Monthly pumpage of the lao aquifer, 1984 to present 

According to hydrologic balance method, natural recharge is the summation of natural 

discharge and withdrawal. The natural discharge as the leakage from the entire 

aquifer system was estimated to be about 11 MGD; therefore, the natural recharge is 

(11+18.5-1.5) or about 28 MGD. CWRM (1990) estimated the mean recharge to be 15 

mgd, whereas the sustainable yield for the lao aquifer was established as 20 mgd, 

obviously It's inappropriate with the sustainable yield. CWRM (2002) explained this 

official recharge was averaged over the lao Aquifer System using water balance 

algorithms. In 2002, in his writing report to CWRM, Mink revised his estimation of the 

recharge for lao basal water body is between 25 to 30 MGD. The more details can be 

found from Table 3, the original data from the table 2 In "lao and Waihee Aquifer 

Systems-state Aquifer for Codes 60102 and 60103-Groundwater Management Area 

Designation Finding of Fact" (CWRM. 2002). 

Shade (1997) estimated that under natural or predevelopment conditions, recharge 
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within the dike complex and to the basal freshwater system seaward of dike complex 

was respective about 24 MGD and 10 MGD, for a total of 34 MGD. It is also noted that 

Shade (1997) estimated changes in the rate of recharge for three time periods: 

1926-79, 1980-85, and 1986-95 based on the vegetable plants conditions. Total 

recharge estimated by Shade (1997) to the lao aquifer ranged from a naturat rate of 

34 MGD to 51 MGD for 1926-79, 40 MGD for 1980-85, and 36MGD for 1986-95. In 

the most recent study, the natural recharge in lao aquifer was estimated by Engotl 

(2006) as about 55 MGD for 1926-1979, 53 MGD for 1980-1985, and 61 MGD for 

1985-1994. Table 4 lists the comparison of water-budget for lao aquifer in different 

scenarios estimated by Engott (2006) and Shade (1997). 

Table 4 Comparison of water-budget for lao aquifer estimated by Engotl and Shade. 

The estimated values of the groundwater recharge of lao aquifer are in a wide variety 

of range from 15 mgd up to 61 mgd. Although the higher values of recharge for lao 

aquifer were estimated by different agencies, none of these estimates have been 

officially adopted by CWRM through the WRPP process. These discrepancies of 

recharge estimation are mainly resulted from different assumptions concerning 

various components in the hydrologic balance method. A further investigation is 
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necessary to verify these assumptions. By following a conservative approach, and the 

communication with CWRM, in this study, the natural recharge is taken to be 28 MGD. 
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Chapter 4. Parameters Identification 

The characteristics of RAM2 depend on the model parameters, as shown in equation 

(2.14). The transport sub-model has two parameters, the dispersion coefficient Dz and 

the mean hydraulic residence time... It is necessary to estimate the required 

parameters for obtaining the good results by using the selected groundwater model. 

4.1 Dispersion Coefficient 

Dispersion is the mixing of the solute with the fluid by differential movement of the 

fluids through pore spaces; it is an important component of transport in gravity-driven 

flow in porous media. Diffusion is the process whereby ionic or molecular particle 

move under the influence of their kinetic activity in the direction of their concentration 

gradients, a process that is described by Rck's law (sea FISCher et at., 1979). 

Dispersion is a measure of the extent to which the solute spreads out in the specific 

direction; it can be observed on both microscopic and macroscopic scale. The three 

reasons for the different velocities at the microscopic scale are fraction in pores, 

varying travel path lengths and pore sizes. Macroscopic dispersion is caused by 

variable permeability's of single layers inducing different velocities. The microscopic 

diffusion describes the movement of a solute from an area of greater concentration to 

one of less concentration. 

The dispersivity is a parameter goveming the dispersion of a solute through a porous 

medium and specified in units of length. Dispersivity is controlled solely by the porous 

medium itself for either the saturated or the unsaturated state (Bear 1972, Bigger and 
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Nielsen, 1976). The relationship between dispersion coefficient D [L211] and 

dispersivity a ILl is given as 

D=aV ..................... (4.1) 

Where Vis the average retarded velocity of puff in Uf. 

A discussion of dispersivity in various geologie formations can be found in Gelhar et al. 

(1992). According to Gelhar (1992), the mean behavior of flow and transport 

phenomena based on stochastic approach is similar to classic deterministic 

descriptions in many cases. A summarizes of a variety of data from pubfished 

literature, relates longitudinal dispersivity to the scale of the problem of interest, 

meaning the distance from the source location to the point of observation are shown 

in Figure 15. The values of longitudinal dispersivity in a heterogenous aquifer range 

from 0.1 m to almost 20000 m with different measurements scale size from 1 m to 10· 

m, notes that aL is longitudinal dispersivity. ,-
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Figure 15 Field longitudinal dispersivity values versus the scale of 
measurements and rellabDity of Data (Gelharet ai, 1992) 

37 



I n this study, the more interest of the transverse dispersivity is taken, which relates the 

movement trend of intrusion of seawater into freshwater and its value is much smaller 

than longitudinal dispersivity. The dispersion coefficient in vertical direction 

(transversaO can be determined by comparing the observed and the calculated deep 

monitoring well salinity profiles. 

4.1.1 SHARP Model Introduction 

SHARP groundwater model is used in this study for the estimation of travel time, on T, 

in Eq. (2.13). SHARP is a quasi-three-dimensional, numerical finite difference model 

to simulate freshwater and saltwater flow separated by a sharp interface in layered 

coastal aquifer systems, was developed and initially released by USGS in 1990. In 

U.S. Geological Survey Water-Resources Investigation Report 904130, the author 

Hedeff I. Essaid demonstrated two examples using SHARP model; the one was used 

in single layer model of southeastern Oahu, another one was layered cross-section of 

Cape May in New Jersey. Since the most aquifers in Hawaii are basal aquifers, Sharp 

model can be appropriate applied to simulate the freshwater hydraulic head in steady 

state and further used to estimate the traveling time. However, SHARP only can be 

used to simulate freshwater and saltwater flow in a basal lens system, it can't be used 

to simulate the dike-impounded freshwater. 

SHARP model was applied to simulate the freshwater hydraulic head in steady state 

using the most recently pumping data and commonly accepted aquifer parameters as 

its INPUT data, and further used to estimate the traveling time, which was defined as 

the distance from the upper boundary to the deep monitoring well divided by the 
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groundwater velocity. Since the travel time will be different for different monitoring 

wells depending on their location, ifs very important to obtain water level contour lines, 

which can be used to detennine the path of groundwater movement for unique aquifer. 

It can be assumed that freshwater and saltwater are separated by a sharp interface 

under the condition that the width of the freshwater-saltwater transition zone is small 

relative to the thickness of the aquifer. SHARP is a quasi-three-dimensional, 

numerical model that solves finite-difference approximations of the equations for 

coupled freshwater and saltwater flow separated by a sharp interface in layered 

coastal aquifer systems. 

The most important and time-consuming thing is to prepare the appropriate INPUT file 

to run SHARP model. The input data includes three sections (a) simulation 

parameters, (b) aquifer parameters and (c) the pumping period data. 

4.1.2 An example of using SHARP Model In Pearl Harbor 

Since the Pearl Harbor is the most heavily study aquifer in Hawaii, lot of simulated 

data is available. Firstly, SHARP was applied in Pearl Harbor aquifer to compare the 

simulated results with those simulated results by other models, and with the 

measured hydraulic water heads. Rgure 16 shows the simulated freshwater head 

distribution in Pearl Harbor aquifer by applying SHARP and numerical model (Uu, Lau 

and Mink, 1983), using the most recently pumping data and commonly accepted 

aquifer parameters. 
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Figure 16 Simulated freshwater head distnbu/ion in Pearl Harbor using SHARP and 

numerical model (Uu et ai, 1983) 

The study area of the Pearl Harbor aquifer is the same as the study area in WRRC 

Technical Report No. 139 (Uu, Lau end Mink. 1983). The range of the latHude is from 

21°16'OO"N to 21°31'OO"N , it lasts about 15'; the longitude renge is from 

157°50'OO"W to158"09'OO·W, lasts about 19'. In this study, the grid cell network was 

established as 30x30 instead of 15x19 as it can be shown in Agure 17, with each 

grid cell enclosed by vertical and horizontal lines with respective 30"latHude and 3S" 

longitude intervals. The original pumping withdrawal for each well in Pearl Harbor 

aquifer area was determined from the file namely 

·PearI_Harbor_Production_Wells.xIs" provided by Commission of water Resources 

Management. 
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Figure 17 SHARP Model applied to Peart Harbor Aquifer-30x30 grid ceOs 

1. Initial pumpage unit was given as Gallon Per Minute (GPM). it was changed to 

Million Gallons per Day (MGD) firstly. then changed to ft'/s 

MGD coverts to ft' / s : 

ft'/s=MGDxO.1336806xI0612413600 

2. Total recharge estimated by Mink was 220 MGD = 340.3904 (ft'/s). 

3. Total recharge estimated by Dr. Liu (1983) was 223 MGD. 

4. Total recharge from Schofield aquifer through down to Pearl Harbor Aquifer is 

estimated as 115 MGD based on Uu's (2006) estimation. 

5. Area of a cell (38"longituda x 30" latitude distance) 

30" latitude = 3038.1 (ft) 

38" Longitude = 3592.6 (ft) 

Area = 3.592.6 x 10' x3.0381xlo' (ft2) = l.0915xl07 (ft2), 
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If a line perpendicular to the equipotential lines (groundwater table contours) is drawn, 

the distance between the dike impounded boundary and the deep monitoring wells 

can be found. Then use the water level gradient from upper stream to the well, the 

traveling time can be estimated. 

Figure 18 illustrates the results of a synoptic hydraulic head survey conducted on May 

15,2003; this is the most recently water table data. Table 4 compares the simulated 

hydraulic heads in feet with those survey results. As it can be seen from table 4, some 

values are much closed; the differences of observed hydraulic head and the simulated 

head are not that big, actually located in a reasonable range. The contour lines 

simulated by SHARP are close to the results from Dr. Uu's report (1981). So we can 

make a conclusion of SHARP model as that "it is a good computer model to simulate 

the freshwater and saltwater flow separated by a sharp interface in Hawaii's basal 

coastal aquifers". 

42 



o U.S. Geological Survey 

• Honolulu Board 01 Water Supply 

o State Commission on Water 

• 

Resource Management 

water level nelt to well symbol 
it! in tee.lllbove mean sea level 

2 • MILES , , , I , ' , 
j 11<lLOMETERS . , 

_ _ .... ""' IJS~s.-.~ .... .,..0.-. ___ __ 
_ ~11 IJCI' ... n 1ll?1 __ 

"_lj.l'5l'. _IiOI1~_UJ. 
r."..ms-.r6pl~""j1'O_CIOG 

MA.\IAfA BAY 

Pearl Harbor area ground-water levels 
May 15, 2003 (9:00 a.m. to 11 :30 a.m.l 

Figure 18 Observed Hydraulic head of Pearl Harbor on May 15, 2003 

Table 5 Comparison of observed and simulated hydraulic head of Pearl Harbor Aquifer 

Grids Hydraulic Head (ttl Error tJ. (tt) 

observed simulated 

(6 ,10) 19.7 20.0 -0.3 

(8 ,12) 19.6 18.9 0.7 

(10,S) 16.S 17.6 -1.1 

(2,9) lS,4 14.8 0.6 

(13,1S) 16.6 14.0 2.6 

(14 ,10) 14.6 12.7 1.9 

(18,10) 14.3 9.7 4 .6 

(17 ,13) 13.3 10.6 2.7 

(1S,13) 16.7 11.3 5,4 

(18,16) 18.8 19.9 -1.1 

(8, 17) 18.9 20.4 -1.5 

(10,19) 14.2 19.1 -4.9 

(12,16) 16.1 15.6 0,46 

(12,18) 13.1 16.3 -3.2 

(12,21) lS.l 17.9 -2.8 

(12,22) 14.3 18.5 -4.2 

(14,16) 13.9 13,4 O.S 

(14,20) 13.6 13.7 -0.05 

(14,23) 14 16.9 -2.9 

(16,22) 14.4 13.9 0.53 

(16,23) 14.5 14.7 -0.2 

(16,25) 16 16.7 -0.71 
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4.1.3 SHARP Model applied In lao Aquifer 

Water levels within a basal freshwater lens system in steady-state are governed by 

the Hymen-Herzberg principle. This relation recognizes that 1:40 ration where fresh 

water at an average specific gravity of 1.000 floats on salt water at an average 

specific gravity of 1.025 (CWRM, 2002). For obtaining the current reasonable water 

hydraulic head distribution in lao aquifer, SHARP model was employed to simulate 

freshwater and saltwater flow. As shows in Rgure 19, the grid cells are set as16x13, 

the X direction is from longitude W156°2S' tOWI56°36', each 30' as a grid, total 

cells in longitude direction are 16; the Y direction Is from Latitude N21"50' 

toN21"56'30·, per 30" as a grid, total cells are 13. 
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Figure 19 SHARP Model applied to lao Aqulfer-16 x 13 grid caDs 

Figure 20 shows the groundwater contour Unes in lao Aquifer simulated by SHARP, 

and Rgure 21 Is the groundwater flow-net derived by simulated contour lines. 

Compering these results with those water level contour lines estimated by Meyer and 
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Presley (2001), there exist some differences; however, they are still in the range of 

acceptable. For obtaining the better results, finer grid cells such as 32X26 maybe 

applied in further study. 

The distance between the dike impounded boundary and a deep monitoring well can 

be determined by drawing a perpendicular line to all the equipotentiaJ lines it 

encountered. Then use the weter level gradient from upper stream to the well, the 

traveling time can be estimated. Some parameters and results are listed as follow: 

• Hydraulic Conductivity K = 1500 ftlday 

Effective porosity = 0.10 

• Estimated traveling time from upper boundary to Waiehu deep monitoring well 

is 2913 day 

• Estimated traveling time from upper boundary to lao deep monitoring well is 

5334 day 
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Figure 20 Freshwater head distribution of lao Aquifer simulated by SHARP Model 
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Figure 21 Groundwater movement of lao Aquifer simulated by SHARP Model 
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4.1.4 Deep Monitoring Well data and Salinity Profiles 

The deep monitoring ObseNed data is in em format, where e is conductivity, T 

represents temperature and D is the depth. In generel, the Hawaii deep monitoring 

well ObseNed data consists of conductivity and temperature data at different depths. 

To directly compare the results of dissolved salts in different water samples, it was 

created by a multi-national teams to obtain a uniform method for reporting salinity. 

One of the most useful applications of a conductivity measurement is to determine the 

concentration of dissolved salts in a water sample. The salinity of the water was 

expressed in terms of specific conductance with unit of uS/em (microsiemens per 

centimeter). So it is necessary to convert the conductivity to corresponding salinity 

with temperature correction. 

The relationships derived from the salinity, conductivity, temperature and usa a 

solution with a salinity of 35 "too as a datum point (Fotonoff and Millard, 1983). This is 

taken to have a conductivity of 42.914 microS/em at 15·e and atmospheric pressure. 

Equations (4.2) to (4.4) are used to convert conductivity data to corresponding salinity 

data. These equations are derived from 1978 Practical Salinity Scale Equations, and 

the pressure terms have been ignored by assuming the measurements were made at 

atmospheric pressure. Table 6 is an example of how to calculate the salinity in "10. 

using the ObseNed deep monitoring em (Conductivity, Temperture and Depth) data 

from Hawaii's basal aquifers. The calculation procedures are listed as followed. 

Step 1. Conductivity Ratio (column 4 in Table 6) 
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R= C(S,T,P) 
C(35.15,O) 

Co"""-,,,,",,, -:-::-::=.:=:==- .................. (4.2) 
42.914mSlcm 

Step 2. Temperature Correction Ratio (column 5 in Table 6) 

R R 
R,. = Tr = Co +c,T +c,T' +C;T3 +c;r .......... (4.3) 

l
co = 0.6766097 C; = 2.00564 x 1 0-' 

Where c, =1.104258Xl~-4 C; =-6.9698xl0-7 

c. = 1.10031xlO 

Step 3. Observed Salinity calculation (column 6, 7, and 8 in Table 6). 

, y, (T-15) , Y, 
S = La,Rf' + ( )Lb,Rf' ...................... (4.4) 

/:() I+K T-15 ''''' 

a. =0.0080 bo =0.005 K=0.0162 

~ =-0.1692 ~ =-0.0056 

Where 
a, =25.3851 b, =-0.0066 

a, = 14.0941 b3 =-0.0375 

a. =-7.0261 b. =0.0636 

a, =2.7081 b, =-0.0144 

In the calculation, a spreadsheet was used to convert the observed data to its 

corresponding salinity profiles, also a MATLAB program was buiH to automatically 

convert the conductivity to salinity and then apply the MMSE method to determine the 

aquifer's effective dispersion coefficient based on the estimated traveling time. 
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Conductivity 
(microS/em) 

Table 6 Salinity calculation using the observed em da1a 

Obsarvad I caJculaled 
SanIlllJ 

The column 1, 2 and 3 are the measured deep monitoring well conductivity, 

temperature and depth data; the last column 9 rJSts the calculated salinities by using 

the equation (2.13). 
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4.1.5 Salinity Profile Curing Fitting 

Minimum mean square error (MMSE) relates to an estimator having estimates with 

the minimum mean squared error possible. MMSE estimators are commonly 

• described as optimal solution. An estimator 8 is called a minimum mean-square 

error estimator if 

E[(O-(1 n~E[(9'-(1 J]. ............. (4.5) 

A 

Where (1' is any other estimator, note E( ) donates the expectation (statistic 

averaging). In this study, (1 represents the observed deep monitoring well salinity 

• profiles and the 8 donates the calculated salinity profiles by using the equation 

(2.13). 

In lao aquifer, there are two available deep monitoring wells; both of them are located 

on dike-free basal lens system as shown in Rgure 22. The upper boundary is defined 

as the inferred boundary between dike-impounded groundwater and freshwater-lens 

system as shown in Rgure 9. 

so 



Figure 22 Location of Waiehu and lAO deep monitoring well, lao aquifer, Maui 

Based on SHARP simulated hydraulic head matrix, the groundwater contour lines 

were derived as Figure 20. The flow-net, which is perpendicular to the contour lines, 

is illustrated in Figure 21 . From this simulated flow-net, the traveling times can be 

estimated as Waiehu Deep monitoring well 2913 day, lao deep monitoring well 5334 

day, respectively. The salinity profile in the transition zone of a basal aquifer can be 

calculated using equation (2.13) with given vales of seawater salinity Co, travel time 

T" and the effective dispersion coefficient Dz (Liu, 2006). That means, using the deep 

monitoring well observation data ( C vs z ) and the selected traveling times from upper 

boundary to the location of monitoring well, the parameter of dispersion coefficient Dz 

can be calculated using the best fitting curve method. The value of seawater is 

considered as a constant and was taken as 34 "too in this study because of the 

relatively high seawater temperature in Hawaii. Table 7 shows the parameters used in 

determining of dispersion coefficient for both Waiehu and lao deep monitoring wells. 
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Table 7 Parameters selected for dispersion coefIIclent estimation of lao aquifer 

Monitoring Well lAO Deep Walehu Deep Unit 

High Water Head 16.7 16.3 [ft) 

low Water head 15.8 15.45 [ft) 

K= 1,500 1,500 [ft/eI) 

delh = 0.9 0.85 [ft) 

L= 8,501 6,088 [ft) 

u= 0.159 0.209 [ft/eI) 

Porosity(P) 0.10 0.10 

True velocity u' = 1.59 2.09 [ft/eI) 

Travelllme T, 5334 2913 [eI) 

Middel point 973.5 882 [ft) 

Date of observation 511712008 112012005 

DisperslonCoeflicient 0.437 0.159 [Wei) 
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Agure 23 Estimation of Dispersion Coefficient by ObseNed data fitting (Jan 20, 2005) 
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Rgure 24 Estimation of Dispersion Coefficient of lao Aquifer at lao Dsep (May 17, 2006) 

Given travel time and seawater salinity, with different dispersion coefficient trial, the 

salinity profile can be calculated. The calculated salinity profile is then compared with 

the measured deep monitoring well safinity profile. The final dispersion coefficients for 

selected deep monitoring well were determined by the Minimum mean square error 

method. 

The Rgures 23 and 24 illustrated the observed salinity profiles along with the 

calculated profiles that give the Minimum mean square error at both Waiehu and the 

lao deep monitoring wells, respectively. The estimated dispersion Coefficient of 

Waiehu Deep Monitoring weD is 0.159 If/day, and of lao Deep Monitoring well, is 
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0.437 tflday, respectively. So take the average dispersion coefficient value of these 

two deep monitoring wells in lao aquifer 

0= (0.159+0.437)12 = 0.298 tflday 

Finally a value of 0.3 is chosen as the whole lao aquifer's dispersion coefficient 

4.2. The mean hydraulic residence time detennlnation 

Mean hydraulic residence time (I") is the time a typical water particle would stay in a 

basal aquifer which is assumed as a CSTR. Mean hydraulic residence time can be 

calculated as volume over flow, VlQ. The product of aquifer area, water depth, and the 

effective porosity of the aquifer can be used as an approximately estimation of total 

water volume (V). Mink (1980) suggested an average effective porosity 0.1 for Pearl 

Harbor aquifer; also Uu (2006) used this value for the calculation of the total volume 

of water in Pear Harbor aquifer. Lau and Mink (2006) recommended a range 0.05 to 

0.5 of effective porosity for fractured basalt rocks. The effective porosity of 0.1 was 

selected to calculate the total water volume (V) of lao freshwater lens system in this 

study. The newest average water level for the entire lao aquifer was calculated by 

averaging the 9 available observation points' water level. which is approximately 

10.95 feet (Meyer and Presley, 2001). This average water head was obtained by 

taking the average vale of mean water level of 1998 for total 9 observation wells. The 

mean water lavel values of each observation well are 6sted In table 8. 
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Table 8 Current Mean Water level of lao Aquifer 

WelJname 
Mean water level of Mean water level Difference between Mean water level 

April 1977 of April 1997 1977 and 1997 of April 1998 

Tes1holeAl 15.9 13.6 2.3 12.70 
Tes1hole B 15.3 9.4 5.9 10.10 

Waiehu Deep 
15.5 102 5.3 10.60 

and test hole D 

Tes1hole E 16.4 11.4 5.0 12.30 
Walkapu 1 - 15.9 - 12.30 

Walkapu2 - 13 - 1220 
North Waihee 

15.6 7.50 
weD field - -

Mokuhauwell 
10.3 10.00 

field - -
Shaft 33 - - - 10.80 

Average Mean Water Level of 1998 10.94 

4.2.1 The original Mean Residence Time of lao Aquifer 

Under pre-development conditions, there was no pumping well in lao freshwater lens 

system, in the steady state, the leakage Q must be equaled to the recharge that 

estimated by Mink is 28 MGD. According to John Mink's estimation, before human 

being drilled the wells and pumped the water. the original hydraulic head in lao aquifer 

is 28 ft (Mink, 19n). This value was used by CWRM for the estimation of Sustainable 

Yield of the lao aquifer since 1990. Using the Ghyben-Herzberg relationship, there is 

about 40 ft of freshwater below Mean Sea Level (MSL) for each 1 ft of hydraulic head 

above MSL, so the average water depth would be 41x28 = 1 148ft. 

~_ Volume _ V 
Mean Residence lime • - -

Outflow Q 

Volume V=A x 41xhxl1 

= 17.81x52802 x41x28x0.1 = 5.69xIO'o (ft') 

It is noted that Mink (19n) computed the basal aquifer'S initial volume of 220 billion 
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gallons that is about2.94 x I 010 ft'; the estimate of the volume in lAO aquifer of this 

study is greater than Mink's estimation. 

Outflow Q = recharge = 28 MGD 

= 28x10" x0.13368 (ft'/day) = 3.743 x 10"(ft'/day) 

V 5.69x1010 ft' => ,=- 15202(dny) 
Q 3.743xIO" ft'/day 

4.2.2 Current Mean Residence Time of lao Aquifer 

Under current conditions, the recharge is 28 MGD, the average draft in 1990s is about 

18.5 MGD, and the return irrigation was estimated by Meyer and Presley (2001) as 

1.5MGD. 

Then, the calculation process is illustrated as followed 

. Volume V 
Mean Residence Tune ,= = -

Outflow Q 

Volume V = A x 4lxhx17 

Note that 17 is the effective porosity which was taken as 0.1. 

= 17.81 X 52802 x4IxlO.95xO.1 = 2229xl010 (ft') 

Outflow Q = recharge -i:Iraft + return Irrigation = 28-18.5+1.5 = 11 MGD 

= I1xIO" x 0.13368 (ft'/day) 

V => ,=-
Q 

2229 x I 010 ft' 
15159(dny) 

llxlO' x 0.13368 ft'/day 

Figure 25 illustrated the mean hydraulic residence time calculation under 

pre-development and current conditions. It can be seen that the water table was 

dropped from 28 ft down to 10.95 ft, the transition zone was risen about 682 ft after 
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the first well drilled and started to pump water from lao aquifer. 

Freshwater Lens System 
area A = 17.8 square mile 

Ground Swface (wlthour pumping) 

hO _28ft 

r -
I 

4ObO 1:: 112Dff 

D 

Ground SUrface 

Initial HydrauUc Head hO",28 ft CUrrent Hydraulic Head he .. 10.95 It 

Figure 25 Mean Residence Time calculation 
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Chapter 5. Sustainable Yield estimation 

5.1 Determine the original Hydraulic Head ho 

Water levels in lao aquifer have been monitored for various periods of time since 1940. 

beginning with the first measurement from test hole T-1 02. However. sufficient data do 

not exist to permit documentation of the changes in water levels throughout the 

aquifer since the start of pumping. Water-level data collection in lao Aquifer System 

began in 1947 and is sporadic during its first 35 years of collection (CWRM. 2002). 

Pre-development water-level altitudes measured during 1940-1947 at T-102 test hole 

ranged from 26.9 ft to 36.6 II, and with average value of 31.4 ft. Water level altitudes 

measured at T-112 test hole ranged from 26.1 ft to 31.3 ft between 1946 and 1947 

and averaged about 28.5 ft (Meyer and Presley. 2001). 

The most important water-level data is the initial measurement made in 1948. where 

the first measured basal water level in lao aquifer was 28 ± feet MSL (Mink, 1977) at 

Wailuku Shaft 33. This pre-development water level represents the initial steady-state 

water level at this point in the lao aquifer and was chosen as the whole aquifer's initial 

hydraulic head by Mink. Since this value is one of the most important parameters 

along with the recharge value for the original RAM. so it's necessary to study more 

details in the future. 

SHARP model was used to determine the original hydraulic head. By setting the 

pumping rate near to zero, and let the aquifer be recharged by about 28 mgd. after 

continuously recharging about 7 and half year. the system will reach to steady stale. 

The average head then was in a range of 26.5 to 28.2 ft in steady stale. This head 
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range is very close to the observed initial head 28 ft, so it can be concluded that the 

28 ft initial hydraulic head is a reasonable estimation. 

5.2 Sustainable Yield Estimation 

The dispersion coefficient of lao aquifer was estimated based on the data of two deep 

monitoring weDs (Waiehu deep and lao deep). By using MMSE method curve fitting 

their salinity profiles. the dispersion coefficients were estimated as 0.438 fl"/day and 

0.159 fl"/day. respectively. For consarvation purpose. the greater value 0.438 fl"/day 

was chosen as the entire aquifer's dispersion coefficient value to determine the 

sustainable yield. 

Draft, D 18.5MGD 

Water Table t 

::::438ft 

~ ... -I----+-~R::::::D- T -
Upper Umlt---+
C = 2%Co 

center 

~c236ft 

40he 

1 
Figure 26 RAM2 and the detenn/natlon of the equDlbrlum head of lao aquifer 

c(0= ~O[l-eif(k)] => 

<:=inveif(l 2C(<:»).J4DT. by taking c(0 = 0.02 as potable water standard 
Co Co 
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D = 0.437, T = 15159 day 

=> ~ = 236 (ft) 

The deepest well depth below mean sea level of pumping well is 338 ft 

and the estimated up coning is 100 ft, then 1/ = 438 ft, then equhbrium head 

can be determined as: 

h. = (~+1/)/40 = (236+438)/40 =16.85 (ft), 

Initial head: II" = 28ft, recharge I = 28 MGD 

n=~ =I-(~r =1-C~:5J =0.6379 

D = nxI = 0.6379x28 = 17.86 (MGD) 

Where the 338 feet is the deepest pumping well depth below mean sea level (Waiehu 

Height 1) in the lao aquifer. plus upconing which was estimated at about 100 feet by 

Dr. Liu (Uu. 2006). then the effective well depth is equal 438 feet (Figure 26). 

Table 9 Ust of production weDs in the lao Aquifer System 

Aversge Elevation Elevation 
Year Initial 

Well Name WeONo. Production at top of atboUom 
Drilled Head (It) 

12-MAV (mgd) well (It) ofwell (It) 

Shaft 33 5330-05 1946 5.025 32 -280 26 

Molwhau 1 533Il-09 1953 1.396 353 -247 23.3 

Mokuhau2 5330-10 1953 0.532 353 -247 21.5 

MoIwhau3 5330-11 1967 2.599 354 -251 

Kepaniwai 5332-05 1973 0.84 713 (high-level) 413 ffT7 

r,valehu HIs 1 5430-01 1975 0.195 337 -338(Deepest) 18 

HIs 2 5430-02 1975 1.095 337 -206 18 

Welhee 1 5431-02 1976 0.863 498 -182 13.6 

Walhee2 5431-03 1976 1.841 493 -150 

Walhee3 5431-04 1981 2.m 493 -156 14.7 

Total: 17.16 Aversge: 229 
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Table 9 lists the current production weDs within lao Aquifer System with their 12-month 

average production and the altitude of bottom ofweD data etc. The 12-month moving 

average (MAV) of pumpage is about 17.16 MGD; based on the updated 12-month 

MAV in the website of USGS (http://hi.water.usos.gov/JaoIIao Dumpage.html, the 

12-month moving average of lao Aquifer System total pumpage (not including North 

Waihee and Kanoa well fields) through September 2006 was 17.83 MGD. The 

average pumping well depth below mean sea level (MSL) is 229 feet. This value 

should be used to calculate the equilibrium hydraulic head in laD Aquifer System. For 

the conservative approach, CWRM staff Kevin. L. Gooding suggested a value of 250 

feet can be used to estimate the sustainable, more further, Dr. Clark C.K. Uu 

suggested to use deepest production well depth of 338 ft below MSL as the data to 

calculate the equilibrium hydraulic head in lao aquifer. 

With the determined equilibrium hydraulic head 16.85 ft, and also known the initial 

average water level he of lao aquifer which was estimated as 28 feet by Mink and Lau 

(1981), the ratio heIh. can be calculated as 0.6018, the draft lrecharge also can be 

determined as 0.6379, which is shown in Figure 27. By multiplying the recharge value 

of 28 mgd, the sustainable yield of lao aquifer is then estimated as 17.86 MGD. 
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Figure 27 Determination of Sustainable Y"lSld of lao aquifer by RAM2 

5.3 Sensitive analysis of Sustainable Yield Estimation 

It can be seen that the sustainable yield was depended on many model variables or 

so called parameters such as recharge, dispersion coefficient, initial hydraulic water 

head, porosity etc. The sustainable yield is linearly increased with the increasing 

recharge; also almost linearly decease with the dispersion coefficient and porosity 

incraasing. There exists a parabolic relationship between the sustainable and the 

initial water heed. Rgures 27-31 show these relationships. 
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Chapter 6. Conclusion and Discussion 

6.1 Discussion 

The existing official CWRM sustainable yield established for lao freshwater lens 

system derived by RAM modeling is 20 MGD, as adopted through the Water 

Resources Protection Plan (WRPP, 1990). The 12-month moving average of lao 

aquifer total pumpage through September 2006 was 17.83 MGD (USGS website 

http://hi.water.usos.gov/lao/lao pumpage.html. 

The transition zone had been continuously rising after the first pumping well started to 

pump; during 1985 to 1998, transition zone was risen 108 ft, about 8.4 ftIyr under the 

average annually withdrawal about 17.1 MGD. The historical water level date in lao 

aquifer indicates that 20 MGD clearly may not be sustained based on the current 

infrastructure (Oki, 2001). Based on the resuHs of this study, a most conservative 

sustainable yield of 17.8 MGD was derived for lao aquifer. This SY value is about 

10% less comparing with that of CWRM estabfished using RAM, the main reason is 

that the parametars chosen in this study were most conservative and it can be 

released somehow. It is suggested that, if additional wells are drilled at some distance 

from the existing pumping center, and the withdrawals are readjusted, the lao 

freshwater lens system may sustain more than 17.8 MGD, the further study is 

necessary. 

Sustainable yield for the lao aquifer and many other aquifers throughout the State of 

Hawaii was derived using a model called the Robust Analytical Model, or RAM, 
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developed by John Mink (1981), an independent hydrologist In response the question 

that RAM is not suitable for estimating the sustainable yields for Hawaii basal aquifers, 

Mink mentioned that the sustainable yield of 20 MGD for lao aquifer may be a little 

less or a little more, but not very different The USGS suggested that water availability 

in the lao aquifer can be best understood by constructing a numerical model of the 

groundwater flow system instead of RAM because of its limitations (Oki, 2001). 

However, since the use of numerical models involves a lot of unproved assumptions, 

their results may still not convert to a greater accuracy. 

The major limitation on many of the current numeric models, including some by USGS, 

is the lack of adequate verified baseline data on water levels, transition zones, climate, 

recharge, soil moisture, rainfall and fog-drip etc. The priority for the commission at this 

point is not to fund another numeric model but to concentrate on gathering and 

verifying the necessary validation data through increased deep monitoring wells, 

water use records, climate, recharge and rainfall and other verified data that could 

provide the important baseline information for future SY studies. 

RAM2 is the first modified of original RAM; of course, it still can be improved upon. 

RAM2 still treats the entire aquifer as a CSTR, thus it doesn't take into account 

pumping center spatially. RAM2 can be used as a good management tool in 

establishing sustainable yields for Hawaii basal freshwater aquifers. 

Over time, many definitions of sustainable yield have appeared in the scientific 

literature. All of the most recent ones include the ideas that ·sustainable yield is not a 

single value inherent in an aquifer, that its value depends on the arrangement of wells, 
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and that sustainable yield is the amount of water that can be withdrawn from an 

aquifer for which the total range of consequences {including hydrologic, social, 

economic, legal, etc.} is acceptable". The Hawaii Water Code's definition of 

sustainable yield does not reflect these more recent views until today. Instead, it 

assumes that there is a unique value for sustainable yield of each aquifer that is 

independent of the arrangement of wells. Further, as defined in the state Water Code, 

sustainable yield does not address the consequences of development beyond 

permanent depletion of the resource and degradation of water quality. 

6.2 Conclusion 

The concept of sustainable yield is a comerstone of the state's management of 

groundwater resources. Sustainable yield refers to forced withdrawal of groundwater 

at a rate that could be sustained indefinitely without affecting either the quality of 

pumped water or the volume rate of pumping (Leu and Mink, 2006). The primary 

objective of this study was to obtain the groundwater flow and the transition zone 

contained a mixture of freshwater and seawater with varying thickness in lao basel 

aquifer in response to the head drop, recharge, pumpage etc, and subsequently 

re-evaluate the sustainable yield of the aquifer. By applying the modified RAM so 

called as RAM2, the most conservative sustainable yield was given as 17.85 MGD, 

which is the slightly lower than that derived by original RAM by Mink (1980). The 

transport sub-model of RAM2 provides the minimum equilibrium hydraulic head for 

the Original RAM to determine the sustainable yield; it's absolutely improved the 

original RAM which determines this value by experience. 
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1. The 17.9 MGD Sustainable Yield is the most conservative value RAM2 

recommended by using the deepest production well depth (338 ft below MSL) and 

the greater dispersion coefficient (0.438 fflday). 

2. If the dispersion coefficient Dz was selected as the average value of two deep 

monitoring wells that is 0.298 fflday, with remaining parameters keeping 

unchanged, the sustainable yield will be given as about 19 MGD. 

3. The average depth below mean sea level of current production wells in lao aquifer 

is about 250 feet; if this value were used in the RAM2 model to determine the 

sustainable yield, SY should be about 20.3 MGD instead of 17.9 MGD. 

4. RAM2 flow and transport sub-models are still simple and useful for decision 

makers. 

5. Transport sub-model provided an upper limit value that is minimum equilibrium 

hydraulic head for flow sub-model to determine the sustainable yield. 

6. The SHARP model is useful for simulating quasi-three dimensional sharp interface 

groundweter flow and solute transport, and is suitable for the lao aquifer. By 

selecting the different conductivity values in basal lens system and in caprock 

area, it can be used to represent caprock which original RAM cannot account for 

spatially distributed withdrawal from wells. 

7. WIth new RAM2, the maximum SY is estimated between 20 to 22 MGD (by 

dispersion coefficient range), without saltwater intruding drinking water. However, 

with 15% - 20% conservative discounts, the values should be reduced to about 

18MGD. 
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8. The historical data shown that the transition zone moved upward and expanded Its 

width as the forced draft increases. The simulation results indicate that the current 

aquifer pumping rate has reached the level of the sustainable yield derived by 

RAM that is 20 MGD, also in 90's last century, the withdrawal was reached even 

more than this value. If the pumping and flow condition, as well as the recharge, 

remain unchanged, further increase in long-term pumpage will obviously case the 

deterioration of the basal water quality. 

9. The sustainable yield estimation value derived by RAM2 depends on a lot of 

parameters such as the initial hydraulic head, recharge, current withdrawal (draft), 

porosity of aquifer, the average pumping well depth and current average water 

level within aquifer etc. So estimates of sustainable yield are not exact and should 

be used with caution, for example, with the pumping rate varying, the estimated 

SY varied; it's real hard to give an exact value. 

10. The sustainable yield derived by original RAM is correlated with an equilibrium 

head chosen on the basis of experience (Leu and Mink, 2006), but the experience 

may not be relevant to a given aquifer. With the transport sub-model of RAM2, the 

equilibrium head can be determined by fitting the observed deep monitoring well 

salinity profile, thus this equilibrium head is based on calculation instead of 

experience. However, for aquifer without deep monitoring well, the equilibrium 

head chosen Is still depended on the experience. Fortunately, the most used 

individual aquifer such as Pearl Harbor in oahu, lao in Maui has at least one deep 

monitoring weD. Also, many years of investigation have been devoted to 
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unraveling the complexities of groundwater occurrence in such aquifers, their 

estimated sustainable yields can be accepted with a reasonable degree of 

confidence. 

11. Estimate made for lao Aquifer System is limited to the dike-free basal freshwater 

lens system, except where high-level groundwater is dominant or reaches the 

coast. 

6.3 Recommendation of the Future Work 

1. Further study of groundwater recharge into the lAO basal freshwater lens system 

is definitely needed. For time-variant simulation, temporal variation of recharge 

and subsequently all the items in the hydrologic cycle need to be understood. 

2. More Basic work need to be done to obtain the characteristics on the spatial 

variation of aquifer parameters such as leakage, conductivity and the porosity etc. 

3. Field measurement of the dispersion coefficient and their spatial variation needs 

to be conducted for the whole aquifer, as so to better understand the aquifer, as 

well as to obtain better simulation results. 

4. The storage of a basal aquifer is represented by its hydraulic head (Lau and Mink, 

2006), the initial hydraulic head for specific aquifer is very important for 

determining the sustainable yield. A more accurate model to simulate the hydraulic 

head within entire aquifer under current conditions is needed, especially the more 

accurate curvilinear flow path. 
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