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Introduction

Objectives, Purpose, and Goals

lows:

The impetus which generated this study for Lana’i was a request by the Land Use Com-
mission (LUC), State of Hawaii, for Lanai Co. (LCo.), in conjunction with the Commission on
Water Resource (CWRM), State of Hawaii. and the U.S. Geological Survey (USGS), to produce a
numerical model to further assess the ground-water hydrology of the island and potential impacts
of pumping ground-water from Lanai’s high-level aquifer. No specific objectives were outlined
by the LUC other than to produce a numerical ground-water model.

As such, the objectives, purpose, and goals for this study were kept simple and are as fol-
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To provide a firmer understanding of Lanai’s ground-water flow system based on
the more detailed level of analysis required by a numerical model.

To provide a firmer understanding of the limitations of the existing well
configuration as far as developing and utilizing the ground-water flow system.

- Produce a two-dimensional (2D) preliminary numerical flow-type model to

investigate ground-water heads and flows only, rather than a transport-type model
which additionally incorporates solute transport phenomena. Solute transport is not
of primary concern at this time. Additionally, the numerical code should have fully
three-dimensional (3D) capabilities;

The model shall be at least interpretive and possibly predictive. As described by
Anderson (& others, 1992), a model at the interpretive level of investigation
requires the methodology and framework for organizing existing data and
formulating ideas about the ground-water system dynamics, while predictive
models require a greater level of detail and calibration to reproduce actual observed
data and responses to pumping. This approach may also be classified as the solution
to an identification or “inverse” type problem (Anderson, & others, 1992; Weeks,
1994). Inverse type problems are where stresses, like pumpage, and the resulting
responses, or resulting water levels, are known, but the aquifer system itself is
unknown; '

Lastly, this study provides an opportunity for hydrologists from LCo. and
government agencies to work together to produce a useful and meaningful
numerical ground-water model to further the gechydrologic knowledge of the
island, to provide an additional water management tool for the CWRM, and to give
the community of the Lana’i a greater sense of confidence in the estimates for the
occurrence and availability of ground-water on Lana’i.

To provide a framework of model reporting requirements for future studies related
to ground-water numerical modelling efforts in Hawaii.
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The Island of Lana’i is a single volcanic dome which has been extinct the longer than any

of the other main Hawaiian islands (Stearns, 1946). Information regarding Lanai’s general
regional setting are shown in Figure 1.
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Area = 140.8 square miles, Highest elevation = 3,370 ft., Climate = subtropical
Figure 1. General Regional Setting of Lana’i
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There have been many studies directly concerning the geology, hydrology, land use, and

water resource development of Lana’i which are helpful for producing a ground-water numerical
model for Lana’i. These studies are chronologically ordered and a brief description of each is
found in Table I. Full reference of these studies is located in the reference section of this report.

Table 1. Previous Hydrologic Studies on Lana’i

1922 Munro, J. T. Fog-drip obsarvations.

1924 Palmer, H.S. Ground-water conditions - no high-level éqxifers.

1925 Wentworth, C.K. Geologlc conditions - no high-kevel aquifers.

1926 Munro, J. T, Fog-drip observations.

1930 Clark, W.0. Ground-water development - no high-evel aquiter but recommended tunneling in Maunalei Gulch.

1938 Steams, H.T. Anclent shorellnes - simifar ocean stands experienced as the island of Oahu.

1940 Swartz. J.W. Goeophysical resistivity survey - profis depth to §a{t-wat_erl frashwater intsrf'aoe along transect
i from Kaumatapau Harbor to the mouth of Maunalei Guich interpreted as no high-level.

1940 MacDonald, G.A. Petrography - island building voleanics ceased at primitive stage.

1940 Steams, H.T. Geology & Ground-Water -est. rechargs 6.46 mgd for high-fevel aquifer; 21.26 mgd forisland.

1946 Steams, H.T. Short synopsis of Lanal’'s general geologie history.

1953 Steams. H.T. Supplemeqt Ground - W§ter Deve!opment on Lanai - slfstainabla yiekd 3 mad or more. Ground-
' water loss is heavy on windward side between Maunalei and Lopa and not recovered prasently.

1954 Munro, J.T. & others unpublished Company intemal hydrological analyses (Mink, 1983).

1957-59 | Andersoen, K.E. Three reports cited by_Steams (1959) but not found in research. Defined ‘Safe Yield' = 1.9 mgd.
1959 HI Water Authority Water Resources in the State - Development of Lana'i groundwater and fog-drip importance.
1959 Steams. H.T. COnsylﬁng report - “Safe Yield" described by Anderson.(1957.-59) is defined by weil infrastructure

' and yield may be increased by adding more wells. Balieves litlle lateral leakance betwean wells,
1058 Anderson. K.E. jSafe Yield” definition lefter - concurred with Steams’s definition of “safe "yiekd” and that it can be
! increased throtigh development of new sources & laterai leakance phenomena.
1960 Anderson, K.E. 2 Water supply reports: Safe yield from sources = 2.2 mgd
3 Water supply reports - Safe Yiekd from sources Increased 1o 2.3 mgd. Ultimate high-level
1961 Anderson, K.E. aquifer supply estimated at 3.6 to 4.8 mgd. Appreciable amounts of Maunalei tunnel water flows
by pass water supply system, are not accounted, and probably flow into the sea.
1964 Ekem, P.C. Fog-drip - rainfall precipitation augmented by 30 inches/yr beneath a mature Norfolk pine.
1965 Malahoff, A., & others | Geophysical magnstic survey - verified Steam's rift Zones and additional deep rifts
1965 Krivoy, H.L. Geophysical gravity survey - verified that main caldera located within Palawai basin.
1967 Sahara, T.S. & others | Land classification - varicus land use, soil, vegetation, crop productivily, acreage data,
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Table 1. Previous Hydrologic Studies on Lana'i (Continued)

1968 Ching,A.Y. & others Land productivity rating - various agricultural ratings and irrigated acres.
1971 Bowloes, S.P, unpublished watershed conservation and management program report (Bowles, 1974).
1972 Foote, D, & others Soll Classifications - island-wide identification and classification of sofl information.
1973 | Adams. WM. & others | L0 b Lo iy bomosn Kalowhs am Lopa. et o
1974 Bowles, S.P, High-level aquifer deveiopment plan - infiltration {recharge) estimated at 6.5 mgd.
1975 Uoyd, R.H. Description of welis, tunnels, and hydrology - Tunnels began work in 1923.
1982 Schoeder, T.A. Ralnfall - median rainfall isohyets.
1983 | Andarson, K. | e D e roptac Wal s caa by 111 .o 47916 X
1983 Mink, J.F. - High-level potable supply - recharge est. 9.3 mgd, sustainable yield est 6 mgd.
1984 Anderson, K.E. Letter report on Mink's hydrologic analysis- disagreed with Mink’s approach.
1984 Anderson, K.E. Water supply review - wells and infrastructure capable of supplying 2.7 mgd
1985 Giambelluca, TW. Raintall - median and mean rainfall isohyets.
1985 Anderson, K.E. Water supply review -wells and infrasinecture capable of supplying 2.6 mgd
1906 Harding Lawaon, Ass, | Electrical resistivity investigation - emphasis on locating productive fresh water areas
1988 Ekem, P.C. Evaporation rates - only one evaporation pan on Lana'i, insufiicient to make isogram.
1989 Anderson, K.E, Memo updates on high-levei water supply - recharge = 8.89 mgd, S.Y. = 6.22 mgd
1989 M&E Pacific, Inc. Water resources development plan - Koele and Manele project water demands/development.
1989 JMM, Inc. Lanal Water Use {1948-1988) - Graphs of ground-water use and water levels,
Water management area petition - Lana'i not designated but detennined that reasonable hydr
1990 CWRM logic values are: Recharge = 9 mgd, Sustainable Yield = 6 mgd, and identified a CWRM limit on
ground-water use = 4.3 mgd.
1991 Giambelluca, T.W. + Drought - Lanai's most severe occurred in 1931 and lasted 9 months.
1993 Mink, J.F. Aquiler identification and Classification for Lana'i - aquifer boundaries for protection strategy.
1983 Hobdy, R. Forest Reduction - Feral herbivores are responsible for most of forest damage/racharge impaci
1994 CEES-BGD TOEM surveys - Areal extant of possibie high-level

There are a few other hydrologic investigations which are not listed in Table 1 since the

resuits have not been formerly published. Well information has been verified by an independent
monitor and confirmed by the Lanai Water Committee. Environmental assessments (EAs) for the
Koele and Manele project districts were made Lana’i also contain much of the hydrologic infor-
mation found in M&E Pacific, Inc.’s (1989) water resources development plan.
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logi i n

A conceptual model is a pictorial representation of a system. It is based on the physical
framework observed, which in this case is the geohydrologic conditions on Lana'i, and attempts
to link this observed physical framework to an equivalent digital framework in the numerical
model. The geohydrologic framework of Lana’i upon which the conceptual model is based is
described in the follow subsections

General Aquifer Characteristics

Lana’i has basal and high-level dike confined aquifers. The actual areal extent of these
aquifers is limited by the amount of well and borehole information to date, but a typical concep-
tual-profile of the high-level and basal aquifers for Lana’i is shown in Figure 2. Due to the infor-
mation gathered from Well 10 the high-level aquifer is now believed to cover more than 15 square
miles. The high-level aquifer has both potable and brackish water. The potable water is of very

good quality which is typical of high-level aquifers. High-level brackish water (CI">300 mg/l)
has only been found in wells located within the Palawai basin area and are accompanied by geo-
thermal heating. Basal water is only brackish as evidenced by wells found both near the coast and
over a mile inland at Shaft 1.

LANAI SW--NE PRIMARY

HIGH LEVEL
1« WATER

-t

32501 -
SECONDARY
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3000 ?'l?GcHo LDEVEL HIGH LEVEL
WATER WATER
2750 4 1] - j= =}
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R - -l
2250t |- BASAL WATE " eRAcKiSH
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vl TO BE UPDATED
15007
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A OISTANCE (FT.)
Figure 2. Profile of Basal and High-Level Aquifers on Lana'i



]
<

( ' September 13, 1995 PRL;:M]NARY DRAFT - SUBJECT TO CHAN

Conceptual Hydrologic Boundaries

_ The conceptual hydrologic boundaries consist of physical or hydraulic boundaries wh:
define the entire ground-water domain and will internaily influence ground-water flow patter
Basically, Lanai’s major hydrologic boundaries consist of the Pacific Ocean which surrounds a
underlies the entire island of Lana’i, caprock-like beach rock along the north shore of the islar
three (3) major rift zones which are manifested by observed dike and fault boundaries, and 1
unconfined water table.

The salt-water of the Pacific Ocean effectively acts as a physical boundary surroundir
underlying, and constraining fresh ground-water flow for Lana’i. Freshwater in basal aquifers
known to float on top of the denser salt-water to form a freshwater lens according to the Gyhbe
Herzberg relationship (DuCommon, 1828; Ghyben, 1889; and Herzberg, 1901). The variat

-location of streamlines along: the bottom of this lens effectively makes this physical boundary
hydraulic one too. Through geophysical resistivity analysis of a cross-section of the island co
sisting of twenty-one (21) readings between Kaumalapau Harbor to the mouth Maunalei Gulc
Swatrz (1940) recorded a maximum thickness of the freshwater lens to be 973 ft. at Station ]
where the maximum depth below mean sea level (msl) to salt water is 948 ft. with a correspon
ing water table elevation of 23.7 feet above msl (see Figure 3, pg. 7). However, initial water le
els found at three (3) wells located within approximately one mile of Swartz’s Station 11, Wells
& 7 and Shaft 2, encountered water levels much higher than expected; 1005, 650, and 735 fe
above sea level, respectively. Also, only Wells 1, 9, & 10 have been drilled below sea level in ti
high-level aquifer but none of these wells have encountered a transition zone or confining botto
under the dike confined portion of the aquifer. A later electrical resistivity study by Harding Lax
son Assoc. (HLA, 1986) consisted of thirty-three (33) stations strung out roughly perpendicular
Swartz’s study along the central part of Lana’i (see Figure 3, pg. 7) also resulted in shallow fre:
water layers. In some instances, the interpretations by HLA show an absence of high-level fres:
water between wells which have encountered and produced potable high-level ground-water.
fact, the HLA study is careful point out that their interpretations may be erroneous due to the pre
ence of the lateral boundaries of dikes and faults. Other resistivity methodologies have been al:
been used to quantify the depth to salt water, the most recent done by CEEG-BGD (1994) usi
the Time Domain Electromagnetic (TDEM) surveys during the formulation of this numeric
model. Approximately ninety-nine (99) soundings were taken around the island to estimate ti
depth to the salt water/fresh water interface and high-level ground-water occurrence (see Figure
pg. 8). The maximum salt water freshwater interface depth below mst was estimated to be
excess of 1000 ft. and the initial occurrence of the high-level water begins no more than 3.8 mil
inland from the coast anywhere on the island. Like earlier resistivity studies, the presence of dil
and fault boundaries may distort results in the high-level area. On the other hand, it may me:
that the Ghyben-Herzberg relationship may not be applicable to the high-level water on Lana'i.
is important to note that it has been found that resistivity analysis is of limited value and cann
generally be used for depths exceeding 150 ft. below the ground surface (AWWA, 1973). Tt
information combined with the fact that there are few wells within the basal aquifer lead one
conclude that the actual physical bottom location and profile of the fresh ground-water/salt wai
interface island-wide under Lana’i is virtually unknown beyond qualitative description.
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Ground-water eventually discharges all along the coast of Lana’i through a thin cross-sec-
tional area at the toe of the basal aquifer lens (see Figure 2, pg. 5). There is little or no discemible
caprock or alluvial deposits around the steep and rocky southernly shores from the western Pala-
hinu Point to the eastern Kamaiki Point. This southern shore topography is probably the result of
the prehistoric landslide known as the Clark Debris Avalanche (Moore, & others, 1989). How-
ever, on the northem coast between of these points there are alluvial deposits along the shore
which may act like a caprock formation of low permeability Stearns (1940). Stearns attributed
the existence of northeastern brackish wells near the shore due to this alluvial geology which
would otherwise be contaminated by seawater intrusion. Through resistivity analysis, Swatrz
(1940) estimated depth of alluvium at the mouth of Maunalei Gulch at 187 feet below msl. The
existence of a low permeability feature was further stipulated by Adams (& others, 1973).
According to the results of Adams’s geophysical resistivity survey consisting of 176 stations and
other field observations the typical shoreline profile from Kaiolohia to Naha is shown in Figure 5.
Adams noted that the highest seepage outflow observed along this study area was at Lae Hi Point
which happened to be a basaltic outcrop directly in contact with the ocean. This led the authors to
believe a beachrock, or caprock, impediment of low permeability exists along Lanai’s northern
coast’s alluvial sediments,
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The principal subterranean boundaries affecting the ground-water flow paths are located
in the three (3) major rift zones on Lana’i. Stearns (1940) identified the rift areas as the north-
west, south, and southwest rift zones. Within the rift zones the features affecting the flow path of
ground-water are intrusive dike and faulting structures. Locations of over 375 exposed dikes and
100 exposed fault boundaries are based on Stearn’s geologic mapping of the island (see Figure
6.and help to define the extent of these rift zones on Lana’i. Undoubtedly, many unseen dike and
fault boundaries must exist within the rift zones. Dikes may number between 10 to 200 per mile
(MacDonald, 1956 & 1970) to 1,000 per mile (Takasaki, & others, 1985). Additionally, a gravity
survey by Krivoy (& others, 1965) identified that the Palawai basin contains the island’s major
caldera and the possible existence of an ancient northwest rift zone and a northwest lobe (see Fig-
ure 7, pg. 12). A magnetic survey performed by Malahoff (1973) also concurred with the major
rift features identified by Stearns and Kirvoy and, like Kirvoy, indicated the possible existence of
northern rift zone not identified by Stearns (see Figure 8, pg. 12). Stearns stated that near Lanai
City, the northwest rift zone widens and may be up to 4 miles across as a result of early dike for-
mation with later collapsing and faulting which occurred in a more southwesterly area. As men-
tioned earlier in this report, the most recent resistivity survey via TDEM (CEEG-BGD, 1994)
found that initial occurrence of the high-level water begins no more than 3.8 miles inland from the
coast anywhere on the island which indicates a wide areal presence of impediments to ground-
water flow. It is well known that dikes are intrusions of dense rock which, when they are suffi-
ciently numerous and intersect, form barriers which impede ground-water flow. The intersection
of dikes are such that the can affect both the horizontal and vertical flow of water due to the dip
and strike variabilities observed on other islands (Takasaki, & others, 1985; Walker, 1987). Faults
may also act as barriers but their effectiveness as impeding boundaries it is not as well demon-
strated as dikes. However, Stearns observed and described fault breccias to which he attributed
low permeability and stated that they should act like dikes in restricting ground-water flow. It is
important to note that these breccias contained fragments of the intrusive rocks associated with
dikes which is evidence that dikes are also shattered by faulting which may actually increase per-
meabilities of dike formations in some instances.

10
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TO BE UPDATED

Figure 6. Geologic Map of Lana'i (Steamns, 1940)
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The water table makes up the final hydrologic boundary for Lana’i across which net fluxes
from recharge and pumping occur and vary spatially and temporally. One could consider the
isograms of hydrologic processes affecting the spatial distribution of recharge, namely; rainfall,
fog-drip, runoff, and evapotranspiration, as individual hydraulic boundaries. Normaily, however,

these features are not considered individually in a numerical model but are lumped together into a
net recharge flux term. Therefore, recharge flux is more appropriately handled through a separate
water-budget analysis which is covered later in this report.

Finally, there is the possibility that hydrostratigraphic boundaries, or multiple alternating
layers of lava flows, have an effect on the isotropy and vertical flow of the model. The layered
and alternating flank flow characteristics between a’a clinker zones and pahoehoe lava of the
Hawaiian Islands, inciuding Lana’i, would justify anisotropic conditions. There is evidence of
perched conditions on Lana'i from two seeps upstream from the dry Waiapaa Tunnel (Steamns,
1940). These seeps were significant enough for drain basins to be built to collect and pipe the
water to cattle. However, such seeps are considered localized features and given the regional
scale of the model it is assumed that stratigraphy is more or less uniform at the larger scale.
Therefore the island, as a whole, is assumed isotropic at the regional scale.

13
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Ground-Water Hydraulic Properties & Parameters

General ground-water hydraulic properties described herein are specific to the dynamics
of the saturated portion of the aquifer alone. Necessary parameters for solutions in a numerical
ground-water model are hydraulic conductivity, homogeneity, anisotropy, transmissivity, and the
storage coefficient. Hydraulic conductivity is a proportionality constant based on both the fluid
and the medium through which it passes and is essentially the capacity of a rock to transmit water.
It is based on Darci's Law which is defined in Equation eq.(1).

0 = KA(%) eq.(1)
where:

0 = quantity of water per unit of time (L/t)

K = hydraulic conductivity (L/t)

A = cross-sectional area perpendicular to flow (L?)
dh/dl = hydraulic gradient (dimensionless)

Hydraulic conductivity, K, differs among different rock types but may also differ from
place to place within the same rock. This characteristic refers to the homogeneity of the rock. If
the K is the same throughout the rock then it is said to be homogeneous. If the K differs from one
area to another it is said to be heterogeneous. In the real absolute world geology is always heter-
ogenous. Although one can state that locally and in absolute terms that the K generally heteroge-
nous, it was assumed that at the island scale the flank lava flows are homogenous while
recognizing that these flows are cut by dikes and faulting of different Ks. Dikes are denser rock
and it is well established that they have lower Ks than flank flows. Dike widths found in other
dike complexes on Oahu range between 1 to 5 ft. thick although dike widths of 10 ft. or more are
possible (Walker, 1987). However as stated earlier, they can be very numerous in a dike complex
region. Additionally, extensive faulting on the island in the three major rift zones, as stated by
Stearns (1940), more than likely act similar to dikes and should thus have low hydraulic conduc-
tivities. Like flank flows, it is assumed that at the regional island scale effective Ks for the net-
work of dikes and faults in the rift zone are homogeneous although different than flank flows.

K may also differ in different directions anywhere within a rock or an aquifer. This char-
acteristic refers to the isotropy of the medium. If it is the same in all directions (x,y,z) it is said to
be isotropic, if not then it is anisotropic. As stated earlier. the layered and alternating flank flow
characteristics of the Hawaiian Islands lean towards anisotropic conditions. However, this is
assumed to be insignificant at the regional island scale.

14
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As a final note on K, it is understood that the fluid in this study refers specifically to
ground-water which is assumed to be uniform throughout the aquifer. Generally, ground-water in
Hawaii is uniform in temperature and dissolved constituents. However, ground-water tempera-
tures in and near the Palawai basin are significantly elevated and since temperature affects the
kinematic viscosity of water it will affect the hydraulic conductivity in that area of the aquifer.
Therefore, this phenomena should be kept in mind when reviewing results of the model. Addi-
tionally, the ground-water dissolved solids content in Palawai basin and near shore wells are ele-
vated which change the density of the modelled fluid.

The range of K values for basaltic rock covers twelve (12) orders of magnitude (Heath,
1982). Thus, one can appreciate the variability involved with estimating effective K values in
basaltic geology such as the Hawaiian Islands. Typical values for K for flank flows in Hawaii,
based on pumpage tests, range from several thousands of feet per day in flank flows to a few feet
per day (Sooros, 1973). K values for geologic features such as dikes are known to have low K

values which have been reported as low 1075 ft/day for massive igneous rocks (Todd, 1980).

Transmissivity, T, is the product of hydraulic conductivity and the saturated thickness of
an aquifer and is the capacity of an aquifer to transmit water. Transmissivity is defined in Equa-
tion eq.(2).

~
i

Kb ¢q.(2)

where:

T = Transmissivity (Lt)
K = Hydraulic Conductivity (L/t)
b = Saturated thickness of aquifer (L)

Since T is dependent upon the saturated thickness, b, of the aquifer and the fact that the
Gyhben-Herzberg relationship (DuCommon, 1828; Ghyben, 1889; and Herzberg, 1901) exists in
the Hawaiian islands, it must be understood that T is not constant but varies within Hawaiian
aquifers. However, even without this assumption it is certain that the T on Lana’i is not constant.
The fact that the water levels on Lana'i vary greatly identifies greatly varying values for 5. Since
the bottom of the Lana’i ground-water aquifer has never been firmly established through well
drilling and existing data it can only be assumed that the Gyhben-Herzberg relationship exists. If
the Gyhben-Herzberg relationship does indeed exist then values for b, thus 7, could range over
several orders of magnitude.

| Since T is dependent upon the value of K, T is subject to the same concerns of homogene-
ity and isotropy as is K. Again, these issues are assumed to have greater impact at the local scale
rather than the regional scale of this model.

15
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The storage coefficient, S, is the capacity of the aquifer to store water. S is defined as the
volume of water that an aquifer releases from or takes into storage per unit surface area per unit
change in head as follows in Equation eq.(3):

e r
S = AR eq.(3)
where:

S = Storage Coefficient (dimensionless)

V, = Volume of water released from aquifer (L%)
A = unit surface area.(L.?)

Ah = unit change in head level (L)

S is most important in determining the transient response of an aquifer to stresses such as
pumping. When steady-state conditions are investigated § is set to zero (0) since transient behav-
ior is not sought and water will be released from storage instantly. Once initial steady-state condi-
tions are determined, i.e., initial water levels encountered are reasonably matched, then the S can
be determined through transient water level responses to pumping.

S varies depending whether the aquifer is confined or unconfined. Ground-water
released from storage in confined aquifers is predominantly from aquifer compression and the
expansion of water under pressure. The reasonable range of § for unconfined aquifers is 0.00001
to 0.001 (Heath, 1982). Ground-water released from storage in unconfined aquifers is predomi-
nantly from the gravity drainage through the geology when water levels decline and is essentially
specific yield. The reasonable range of S for unconfined aquifers is 0.1 to 0.3 (Heath, 1982).
Additionally, for unconfined basal lens type aquifers water can also be released from bottom stor-
age as the transition zone rises according to the Gyhben-Herzberg relationship and should affect S
by 41 times.

The common method of estimating the parameters described above are through aquifer
pumping tests. Ideally, observation wells are used to observe aquifer water level drawdown
responses to pumping wells. Such multiple-well tests are uncommon in Hawaii due to the addi-
tional costs involved. Typically, only the pumped well itself is the available source for aquifer
test drawdown measurements. Such single-well tests introduce additional drawdown due to tur-
bulent frictional forces as water leaves the aquifer and enters the well bore. Thus, most single-
well tests have greater drawdown than that which occurs in the aquifer itself. This is a very local-
ized source of error. Although this is one major source of error in estimating aquifer X, T, and §
values, there are many other localized sources of error associated with single-well aquifer pump
tests. These sources of error and assumptions in aquifer pump testing are summarized as follows:

16
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Aquifer is homogenous and isotropic.

Aquifer is infinite.

Position and nature of aquifer boundaries.
Occurrence and nature of confining beds.
Thickness of aquifer is known.

Fluid is homogeneous.

Flow to well is uniform and horizontal only.
Ideally, wells are fully, not partially, penetrating into the aquifer.
Length of aquifer pump test period is adequate.
Pumping rate is constant.

Well losses vs. aquifer losses are known.
Nominal vs. effective radius of well are known.

RS SRMe AN o

As stated earlier, one major assumption for this model is the regional scale the aquifer is
homogeneous and isoptropic. This assumiption is almost certainly invalid at the local scale asso-
ciated with aquifer pumping tests. With these caveats in mind it is quite evident that effective K,
T, and S values can only be approximated.

For Lana’i and in the well information portion of this report, Table 13, pg. 51, lists the
results of field pumping test data which estimate the K, T, and § parameters. The average K of
nine (9) tests is 18.3 ft/day, the average T of nine (9) pump tests is 7,854 ft2/day, and S for based
on one test is 0.1. These parameters are discussed in more detail in the well information section
of this report.

17
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Water-budget Analysis

The goal of the water-budget analysis is to estimate how much water eventually reaches
the ground-water table and becomes part of the ground-water system. This estimate is commonly
known as ground-water recharge. What is not common is a universally accepted method for mak-
ing this estimation (Anderson, & others, 1992). The general water-budget or mass-balance equa-
tion used to estimate recharge for this study was based on Equation eq.(4) as follows:

RF+FD +IR-DRO-ASMS-ET =R eq.(4)
where:

RF = Rainfall precipitation

FD = Fog-drip precipitation

IR = Irrigation return = () for this study.
DRO = Direct runoff

ASMS = Change in soil-moisture storage
ET = Evapotranspiration

R = Recharge

In reality, Equation eq.(4) is the same equation used in all other previous studies for esti-
mating Lanai’s ground-water recharge, R. In earlier studies for Lana’i the terms for fog-drip, FD,
irrigation, IR, and soil-moisture storage, ASMS, terms were not considered; in other words these
parameters were set to zero (0). Later studies began to acknowledge the impact of FD on Lanai’s
ground-water R. This study considers the effects of both FD and ASMS but continues to ignore
IR effects.

Differences between estimations of R were thus based on hydrologists’ differences in the
values assigned individual parameters in Equation eq.(4). However, all the previous parameter
estimations shared a significant commonality; parameter estimations were based on total annual
averages. This study’s parameter estimations are based on month-to-month variations to estimate
annual averages.

The contemporary methodology, or Equation eq.(4), considers the difference between
potential evapotranspiration, ET)p, vs. actual evapotranspiration, ET,, in conjunction with ASMS,
considerations whereas previous water-budget analyses did not. Basically, this considers the
available water for evaporation. The transient time periods selected could be monthly or even
daily depending on the available data. Ultimately, using monthly averages for the given parame-
ters while considering and including ASMS in the budget equation will resuit in a lower total
annual value of ET,. This is because at drier times of the year there is not enough soil-moisture
available to achieve the full ET), which may otherwise be estimated at an evaporation pan station.
This is especially true during periods of drought when soil-moisture is extremely low for short

periods of time (State of Hawaii, 1991). Ostensibly, the contemporary approach typically yields
greater R values than those derived solely by annual averages.

18
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Other recent recharge analyses performed in Hawaii used monthly based averages for the
water-budget parameters in conjunction with a transient ASMS parameter to arrive at a more
accurate estimate of annual R (Giambelluca, 1983, 1986 and Eyre, & others, 1986). For Lana’i,
the monthly information for each parameter in Equation eq.(4), except IR, was entered and
manipulated digitally with the Geographic Information System (GIS) ARC-INFO Version 6.0
(ESRI, 1992) to estimate the cell-by-cell mean monthly recharge values. This work was per-
formed on a Data General AViiON 300 Series Workstation (Data General, 1990) in conjunction
with a PRIME 9955 mini-computer (Prime, 1987). The geographic datum used in this study was
based on the North American Datum of 1927 (NAD27).

The average month-to-month input values for all the parameters are straightforward his-
torical data substitution except for ASMS which forces one to handle Equation eq.(4) in an itera-
tive process. ASMS at each cell is calculated by using a month-to-month bookkeeping procedure.
First, in the GIS water-budget model the difference between a month’s total precipitation (RF +
FD) and direct runoff, DRO, at a given cell location represents the volume of water which infil-
trates through the ground surface into the soil at that location for that month. This is shown math-
ematically in Equation eq.(5) as follows:

RFm + FDm - DROm = Iu eq.(5)
where:

RF,, = Mean rainfall precipitation for month m

FD,, = Mean fog-drip precipitation for month m

DRO,,, = Mean direct unoff for month m

I, = Mean infiltration, or water which passes into the soil, for month m

This infiltration, I,,, adds to the beginning or initial soil-moisture storage found at that cell
location for that month. If the amount of I, plus the beginning soil-moisture storage, (SMS;),,,.
exceeds the maximum soil-moisture storage capacity, SMSp,,,, the excess drains through the cell
and becomes the ground-water R, for the cell for that month. SMS,,,, is equal to the available

water in the soil which is the available water capacity (soil field capacity minus the wilting point)
multiplied by the root zone depth of the vegetation. For each month this is represented mathemat-
ically in Equation eq.(5) as follows:

I_+ (SMS) m—SMSm“ = R, eq.(6)
where:

I,,, = Mean infiltration for month m
(SMS,, = Initial soil-moisture storage at the beginning of month m

SMS .., = Maximum soil-moisture storage capacity = (available water capacity) x
(root zone depth)
R, = Mean recharge 20, for month m 2 0
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Following this calculation, evapotranspiration, ET, is then subtracted from the soil-mois-
ture storage at the maximum monthly rate, ETI,, which is assumed to be the average amount of

water which would evaporate from a properly operated Class A type pan (Ekern, & others, 1985),
again, for that particular month. The justification for taking out ET after first calculating recharge
is two-fold. First, R occurs mainly during storms, when RF intensity is high and ET is low. Sec-
ondly, the I rate through most soils is on the order of feet per day while ET rate is on the order of
feet per year. Therefore, during and immediately after storms water can infiltrate through the
ground surface and into the soil much faster than it can evaporate.

There are two different situations which affect estimating the ET, and ending soil-mois-
ture storage, (SMS;) s, for each month’s iteration. First, if ET), is greater than SMS,,,, then the
full ET, cannot be achieved. This means that ET, will be less than ET), since water stops evapo-
rating once the soil-moisture reservoir is empty (see Figure 15, pg. 36). Therefore, ET, is equal
to either SMSy,qy OF, if SMS ,; has not been reached, somethirig less. The (SMSp 4 term

would thus always be reset to zero (0) for the next monthly iteration. This first situation of esti-
mating monthly ET, and (SMS;),,,; is represented mathematically as follows:

If (ETp)p > SMS gy then
(ETp)  =1,+(SMS) -R_ | eq.(7)
and
(SMSy) ., =0 eq.(8)
where:

(ET p),n = Mean potential evapotranspiration for month m

(ET,),, = Mean actual evapotranspiration for month m

(D)p = Mean infiltration for month m

(SMS;),, = Initial soil-moisture storage at the beginning of month m

R,, = Mean recharge for month m 2 0, calculated from equation eq.(5), pg. 19
(SMS)),,1,; = Next month’s initial soil-moisture storage

In the second situation, if ET), is less than SMSp,,y, or, if SMS,,,, has not been reached,
then the full ET is achievable. In tlus case, ET, would equal ET),. Also, the next month’s
(SMS)),,, would then be some residual amount left over after ET has been removed from the soil-
moisture reservoir. This second situation of estimating (ET,,),,, and (SMS;);4 is TEprEsented
mathematically as follows:
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If (ETp)y S SMSpmay of (ETp) gy < Iy + (SMS)),, - Ry then
(ET,), = (ET) €q.(9)
and
(SMS) ., = I,+ (SMS) -R, - (ET,) eq.(10)

where:

(ETp)p, = Mean potential evapotranspiration for month m

(ET,)m = Mean actual evapotranspiration for month m

I,,, = Mean infiltration for month m

(SMS}),, = Initial soil-moisture storage at the beginning of month m

R, = Mean recharge for month m 2 0, calculated from equation eq.(5), pg. 19
(SMS )1 = Next month’s initial soil-moisture storage

Again, irrigation return, IR, was not considered in this process for three reasons; 1) the
irrigation fields were mostly outside the natural and most significant recharge area; 2) potable
wells are generally outside and upgradient from the irrigated areas of pineapple; and 3) since
pineapple production has ceased on the island the resulting recharge would be more indicative of
present and near future recharge conditions. Ignoring IR water should be significant especially
since studies have shown that pineapple reduces evapotranspiration to amounts that are only 20%
of observed pan evaporation in the same area (Ekern, 1960). In other words, R should increase in
areas where pineapple cultivation occurs.

In essence, this entire water-budget procedure combined with the GIS constitutes a model
for recharge. Therefore, there are really two (2) separate models in this study; 1) the numerical
ground-water flow model and 2) the recharge model. The results of the recharge model will be
used as a part of the entire input to the numerical ground-water model.

Using equations eq.(4) through eq.(10) while ignoring IR, the mean annual R can be cal-
culated by summing resulting R,,, values for each grid cell. This annual value of R provides cell-
by-cell R input for the ground-water flow model. This approach in updating R estimates is more
rigorous and precise than any previous recharge work done for Lana’i. However, the true accu-
racy of this estimate, as with other water-budget methods, cannot be verified without a complete
and long-term database of all parameters identified in equation eq.(4), pg. 18. Yet, this approach
does provide a framework for and towards making more accurate future recharge estimations.
Each parameter from the general Equation eq.(4), is now described in more detail for Lanai’s spe-
cific situation.
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Rainfall Precipitation (RF)

Lana'i lies in the rain shadow of West Maui and East Molokai and, consequently, the
island receives relatively little rainfall, RF. Since 1914, a total of 52 rain gage stations have mea-
sured RF (Giambelluca, 1986, & Figure 9). There are currently eight (8) rain gage stations still in
service which are tracked by the National Weather Service. Of these, only three (3) are read daily
or hourly, the rest are read weekly. All these stations report total monthly rainfall, RF,,. The
longest records of RF,, come from rain gages at Lanai City, State Key No. 672, Figure 10, and
Koele, State Key No. 693, Figure 11, which have a combined record of RF, from 1892 to the

present. Lanai City has daily readings since 1930 and hourly readings since 1976 (Hydrosphere,
1992). The greatest hourly intensity on record is 2 in/hr on February 4, 1979 at SKN 672.
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Figure 9. Rain Gage Locations for Lana'i (Giambelluca, & others, 1986)

22



C.

c

September 13, 1995 PRELIMINARY DRAFT - SUBJECT TO CHANGE

AVN-ZL — TTIVINIVY ATHLNOW

i s._m.q__.@g_,mc_mmmzé e
vt et bR

1Bt L L
AL I A L I B
- - m T - ﬁem

(661 - 0£61) llejurey Ajuoly
(00°Z29 NMS) ALID IYNV]

Figure 10. Monthly Rainfall at Lanai City State Key No. 672 (1930-1994)
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Rainfall at Kolele, Lanai SKN 693.00
Monthly Rainfall 1892-1975
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Hydrologists agree that the long-term annual average RF near the summit of the island is
about 38 inches (CWRM, 1990). Annual average RF contribution to the water-budget in previ-
ous studies were determined by taking areal extents of and isohyetal information and producing
total average annual volumes of RF. In this study, mean (average) monthly isohyetal information
was digitized from monthly figures in State Report R76 (Giambelluca, & others, 1986) and used
in conjunction with the ARC-INFO GIS to estimate mean monthly rainfall for use in Equation
eq.(4). The composite of monthly isohyetal information is graphically shown in Figure 12.

TO BE UPDATED

Figure 12. Composite of Monthly Rainfall sohyets for Lana'i
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Fog-Drip Precipitation (FD)

Advective fog-drip, FD, is a significant contributor to the water-budget analysis, not onl:
for Lana’i but for the other major islands as well (Stearns, & others 1942; Hawaii Water Author
ity, 1959; Ekern, 1964, McKnight, & others, 1975, Juvik, & others, 1978). In its most basis
description, FD is the condensation of fog or cloud water vapor on surface areas, such as leaves
until such the surface area becomes saturated and water drips to the ground. FD productivity i
dependant on water droplet size in the 3-100 [im range (McKnight, & others, 1975) and other fac
tors such as humidity, temperature, forest canopy area, wind speed, etc. The phenomena is no
unique to Hawaii as it has been studied in other areas of the world (Anon, 1954; Kerfoot, 1962
Kittredge, 1948; Marloth, 1905; Molchanov, 1960; Penman, 1963; Twomey, 1957, & Went
1955). Munro (1922) perhaps made the first direct observation of FD on Lana’i. Stearns (1946
identified FD as the source of ground water for Maui’s Waikaukane Spring(s) during droughts
For Lana’i, Stearns (1940) noted that in the central seven (7) square miles surrounding Lanaihals
the soil is muddy or damp for most of the year. In support of this precipitation augmentation t«
rainfall are several reports which cite that the vegetation and soil type on Lanaihale are indicativ:
of a RF arca greater than that measured. The State Land Study Bureau, LSB (Sahara, & other:
1967) stated that the vegetation on or near Lanaihale is typical of a forest which exceeds an aver
age annual RF of 60 inches and this apparent discrepancy with measured RF was attributed to th
continuous cloud cover. SCS Soil maps of the island (Foote, 1972) identify the Kahanui-Kalae
Kanepuu and the Amalu-Olokui soil associations in the proximity of Lanaihale which are indica
tive of RF ranges of 30-50 inches/year and 75-150 inches/year, respectively and mention that the
Kahanui Silty Clay Soil Series receives much of its moisture from FD. Mink (1983) argued tha
FD had to exist since the vegetation around Lanaihale was indicative of a forest with a RF rate o
65 inches/year or more. Hobdy (1993) identified a cloud and mesic forest community coverin;
the same approximate FD area for pre-polynesian conditions where, as he said, RF must hav:
ranged from 27-50 inches/year.

Direct observations of FD on Lana’i have been documented by Munro (1922 & 1929}
Fosberg (1936), Carlson (1961), and Ekern (1964). Of these, the direct measurement of FD o
Lana’i by Ekern is most significant. Based on three (3) continuous years worth of data, Ekern
(1964) found that cloud water interception (fog-drip) could increase annual precipitation below .
Norfolk Island Pine tree on Lana’i by as much as 30 inches/year. Ekern’s study occurred betwee;
the summers of 1955 to 1958; a period covering a range of average RF (see Figure 10, pg. 23
which encompassed both a high and low in the 12-month moving average cycle. Also, his stud
area was located in the middle of the FD region at an elevation (2,750 ft.) which is midwa
between the base of the cloud cover (2,000 ft.) and the top of the island (3,370 ft.). Therefore
Ekern’s results should be a representative average for the FD region on Lana’i. Presently, Eker
feels that the 30 inches/year figure is probably the upper limit of average FD contribution from
Norfolk Pine to the water-budget for Lana’i (Ekern, personal communication, 4/19/1994). Ther
is no compelling evidence that the climactic fog-drip potential, FD,, for a similar Norfolk Pin
has changed since Ekem’s work and is considered the same today. However, McKnight (1975
did design a computer program to differentiate between FD and non-vertical RF, but wind data j
required which was collected for only two (2) months during Ekern’s study. However, it is impos
tant to remember that the overriding factor for governing actual fog-drip, FD,, is providing th

- medium upon which FD can condense and be harvested from the air. Therefore, changes in th
type and density of the forest cover are more likely to change actual fog-drip on Lana’i tha
changes in the surrounding ocean or global climate.
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There has been theoretical laboratory experimentation for predicting fog-drip production,
but this method it cannot be used due to the lack of appropriate Lana’i field data. Merriam (1973)
proposed a method of predicting fog-water interception on leaves based on laboratory experimen-
tation and also in earlier studies (1960 & 1961). He arrived at an exponential relationship but
found that the there are a very large number of combinations of fog (cloud) water content, partic-
ulate matter, temperature, wind velocity, droplet size distribution, leaf surface area, leaf catching
efficiency, and leaf storage capacities which would affect actual fog-drip and can vary rates by as
much as 600%. These parameters have never been measured on Lana’i, or elsewhere for that
matter, the method is simply impractical. This does not even consider the variability in vegetative
areal distribution on Lana’i. Therefore, Ekemn’s field work study is more pertinent and was used
in estimating FD contribution to Lanai’s water-budget.

Two (2) estimates for FD were considered as potential input for the model. Both methods
apply FD to areas above the base of normal cloud cover (2,000 ft.). The area encompassed by the
2,000 ft. contour is 8.36 square miles which is 17% more area than the year round damp area esti-
mated by Stearns but is reasonably similar: - The-first method considered would be to use the rea-
sonable maximum annual estimate for FD is 30 inches/year for the area above the 2,000 ft.
elevation. Alternatively, a monthly FD to RF ratio (FD/RF) can be computed and used from
Ekem’s field work. Using the existing 3-year period of record of FD with the existing 82-years of
monthly RF data, long-term monthly FD/RF ratios can be calculated. The resulting ratios can
then be used to estimate vatues for monthly FD through the GIS model for R.

It was decided that the monthly FD/RF ratio estimates were the more appropriate of the
two methods for FD input. This is justified for four (4) reasons. First, this approach is more con-
sistent with the overall monthly water-budget approach rather than using the 30 in/yr annual fig-
ure computed by Ekern (1964). Secondly, there is a long-term record of RF data to work with
which provides a more solid basis for computing the FD/RF ratios. Thirdly, and as described ear-
lier, the FD study was performed over a period of average RF. Lastly, Ekern himself felt that the
30 in/yr figure was probably an upper limit rather than an average. The analysis and computation
of monthly FD/RF ratios from Ekem'’s work is summarized in Table 2. Monthly FD and RF
together equal total monthly precipitation.

Since FD is a significant contributor to the water-budget of Lana’i, the health of the forest
canopy on Lanaihale is important. There have been concerns from Lana’i residents who have
observed a significant decrease in the vegetation in the upper forest area. Historically, it is esti-
mated that the native cloud, mesic, and dry forests once covered a much larger area than the
present day forest (Hobdy, 1993). Hobdy identified four (4) major periods of forest reduction.
The first began around 1400 A.D. when Hawaiian started moving to the island, with a peak popu-
lation between 3000 to 3250 persons, and the undoubted forest clearing for farming and wood
demand which ensued. In the 1800°s goat, sheep, and hogs were introduced to the island whose
combined population exceeded 50,000 in 1898 and had all but denuded the dry land forest and
began to significantly impact the mesic and cloud forest cover. In the early 1900’s the Gay family
and, later; George C. Munro (LCo.) began and continued a goat, sheep, and hog eradication, upper
forest fencing, and reforestation programs which resulted in a substantial recovery of the forest by
1927. Today, Axis Deer, introduced in the 1920’s, are the present herbivore threat to the forests
which has only been addressed recently, beginning around 1988, through increased hunting pro-
grams. Aerial photographic surveys done in 1954 and 1994 by the Division of Forestry and Wild-
life, DLNR, are presently under examination for large scale changes in forest cover. However,
this reconnaissance type of survey may not be able to determine the extent of changes forest
undergrowth which is most vulnerable. by the feral herbivores.
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Table 2. Estimate of Monthly FD/RF Ratios

January 3.47 9.18 5.70 2.14 0.62
February 3.12 14.12 10.99 412 1.32
March 4.62 7.14 252 0.95 0.21
April 2.43 5.82 3.39 1.27 ] 0.52
May - - - 8.42 - o~-17248) - -~ - 8771 - 829] :---0.39
June 7.10 18.54 11.44 4.29 0.60
July 4.30 12.14 7.85 2.94 0.68
August 3.24 10.04 6.80 255 0.79
September 4.80 10.18 5.28 1.98 0.41
October 3.96 7.31 3.36 1.26 0.32
November 3.09 11.47 8.38 3.14 1.02
December 1.31 ’ 7.31 6.00 2.25 1.72

(Source: Ekern, 1964.)

NOTES:

FD/RF = Fog-drip to rinfall ratio.

1 = based on Ekem (1964) Table |, 3-year period (7/55 to 6/58) of stady. Average = Totals/ 3 years.
2 =30-ft. Norfolk Pine.

3 = Ekem assumed that 50 inches of average annual gain (80 in.), of 62.5%, was captured rainfall.
na = Not applicable.

* = based on monthly ratios. If based on annual totals, FDIRF = 0.605.

The resulting annual FD/RF ratio of 0.72 is the average of the monthly FD/RF ratios ar
compares well to FD studies which were performed after Ekern. Juvik (& others, 1978) used :
updated fog-catchment device and a computer program (McKnight, & others, 1975) he helpe
develop to isolate FD from non-vertical RF and arrived at a FD/RF ratio of 0.65 to 0.70 fi
Mauna Loa at the 2,500 meter (8,200 ft.) elevation. Obviously, with the studies performed on di
ferent islands and elevations one would not expect identical results but they should be within ]
same order of magnitude. The close agreement between the two studies suggests that Ekern’s ea
lier estimation of FD is not unreasonable although it may be an upper estimate. As such, tl
results of Ekern’s studies are considered the upper limit for FD contribution to ground-water R.
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Irrigation Return (IR)

Although Lana’i pineapple covered up to 16,000 acres since 1923, irrigation return water,
IR, effects were ignored in this study for three reasons. First, the majority of the pineapple cuiti-
vation was located outside the area of primary R and FD and therefore does not have a significant
impact in this critical area of the island. Secondly, large-scale pineapple irrigation occurred only
over a short period of time from 1983 to 1991 when drip irrigation allowed an increased crop
yields. - Lastly, since large-scale pineapple production began to decline in 1992 and has almost
ceased’ altogether on the island the resulting R would be more indicative of present and near-
future recharge conditions.

While ignoring the IR component of the water-budget increases the conservative nature of
the model, one cannot ignore that this approach does introduce a certain amount of uncertainty in
R calculations. This would most affect water levels encountered in the proximity and downgradi-
ent of irrigation; namely Wells 1, 9, 10, 12, & 13, hence a certain amount of uncertainty in water
levels encountered around the Palawai Basin, Wells 1, 9, & 10 and near Manele, Wells 12 & 13.
However, most of these wells, with the exception of Well 1, were only drilled within the past
seven (7) years. The pumping of upgradient welis since the 1950’s has more than likely already
affected water levels in these downgradient areas and probably introduces an equal, if not greater,
uncertainty in the initial water levels encountered in these areas.

Direct Runoff (DRO)

In general, total runoff is a combination of direct runoff, DRO, which is the portion of RF
water that flows immediately after rainfall, stream baseflow, or streamflow sustained by ground-
water, or irrigation which flows overland and in stream or gulch channels to the ocean. DRO
occurs only after interception, depression storage, and soil-infiltration rates are exceeded. This
explains why in light rains there is little DRO. Thus, it is during heavy rains when the majority of
DRO occurs.

There is no streamflow or other DRO data for Lana’i which can be used to estimate this
parameter accurately. Stearns (1940) stated that streams seldom flow except for kona storms and
that Maunalei Gulch had been the only perennial stream on the island prior to its diversion from
the tunnels. This description by Stearns is supplemented by the comments of Gay (1965) that the
Maunalei flow in 1902 traveled a mile from its source at an estimated flow of 150,000 to 200,00
gallons per day. This would indicate that Maunalei was a losing stream before any major ground-
water development occurred on the island although Gay also mentioned that ‘old-timers’ had said
the stream used to flow to the sea year round. Currently, any overflow from the Maunalei Tunnels
into the stream immediately infiltrates back into the ground and does not make it past Shaft 2
(McCullough, personal communication, 4/22/1995). Other previous estimations for DRO were
made by simply assigning percentages of measured RF. In this study, DRO was estimated by
considering soil type characteristics as reported by the Soil Conservation Service (SCS) (Foote, &
others, 1972; State of Hawaii, 1972). Drainability, permeability, slope, and runoff descriptions
were the major soil characteristics considered in estimating DRO in relation to RF. Lana’i soil
data has been broken down into individual soil series and digitally compiled by the SCS on their
GRASS GIS and imported to the USGS ARC-INFO GIS. The USGS GIS was used to compute
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individual cell monthly DRO values based on soil series characteristics in conjunction with RF

trends. The GIS soil series data for Lana'i, as updated by SCS, is shown in Figure 13. Soil series
parameters important to DRO estimation are shown in Table 3.
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Figure 13. General Soil Map of Lana'i (pased on Foote,& others 1972)
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Table 3. Lana’i Soil Characteristics for Runoff Estimation

Amalu-Olokui Poorily to Well Drained 2.0 to 6.3 | 3to extremely steep Stow to rapid
Kosle-Badland Complox well drained 20063 40 o 70 na
Koele Silty Clay Loam well drained 201063 3025 slow to medium
Olokui Siity Clay Loam poorly drained 20163 31030 slow
Rough Mounlainous? na Pemeable extromely steep rapicP

Jaucas-Mala-Pulehu Well Drained 0.20 to 20.0 0 to 40 V. Slow to rapid
Beaches na na na na
Slown-out Land na na Oto 40 rapid
Coral Outcrop na na na slow?
Jaucas Sand excessively drained 6.3 10200 Oto1s5 very siow to siow
Mala Silty Clay . well drained 0.63 t0 20.0 Oto7 slow
Parnoa Silly Clay well drained 0.20 0 0.63 5t 20 medium
Pulehy Clay Loam we!l drained 0631020 Oto3 slow
Pulehu Sandy Loam well drained 0.631t02.0 2106 slow
Pulehu Stony Sandy Loam woll drained 0631 2.0 Oto7 slow
Sandy Alluvial Land na na Otos slow®

Kahanui-Kalae-Kanepuu Well Drained 0.63 to 6.3 2t0 25 Slow to rapid

- Kahanui Silty Clay well/moderately drained 2063 3to20 na
Kalae Sitty Clay well drained 20063 2l025 slow to rapid
Kanepuu Silty Clay woll drained 063020 3fo 15 siow to rapid
Pooku Silty Clay Loam woll drained 20163 825 slow to medium

Molokaj-Lahaina Well Dralned 0.08 to 2.0 O0to 40 Stow to rapid

Lahaina Silty Clay well drained 0.63102.00 Olo40 slow to medium
Lualualei Clay well drained 0.05 10 0.20 Ol2 slow
Molokai Silty Clay Loam weli drained 0.63 10 2.00 3t 15 medium lo rapid
Uwala Silty Clay Loam wel| drained 0.63 to 2.00 210 15 slow to mediurm
Waihuna Clay well/modarately drained 0.20 10 0.63 Oto25 slow to medium
Waihuna Gravally Clay well/moderately drained 0.20t0 0.63 37 slow
Waikapu Silty Clay Loam well drained 0631020 Oto 15 slow

Very Stony-Rock Land na na 0 to precipitous | M. slow to v. rapid

Rivarwash na na na na

Rock Land na na level to very stoep very rapid®

Rock Outcrop na na| gentle to precipitous very rapid®
Fough Broken Land ha na 4010 70 rapid
Stony Alluvial Land na na o5 moderately siow
Stony Blown-Out Land na na 7t 30 rapid
Very Stony Land na na 730 moderatsly rapid
Vety Stony Land Eroded na na 3to40 moderately rapid

(Source: Foote, & others, 1972 & State of Hawaii, Report R44, 1972.)

NOTES:
na = Not available

1 = runoff is based on permeability and siope of soil.
2 = soil mantle is very thin; 1 to 10 inchas over saprolite. Saproiite is soft and pemeabls to water & roots.
3 = SCS data based on Smith, 10/20/94.

It is important to understand the degree with which the soils characteristics are known.
The soil associations shown in Figure 13 and Table 3 are general mapping units of soil in which
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there is considerable uniformity in the pattern and extent of relative soils. However, individu:
soil series may differ greatly from one to another within the association and may even cross se
eral associations. - The hierarchy of soil types broken down by the SCS mapping effort is as fo
lows: Associations, Series, and Phases. High- and medium-intensity surveys were done ¢
cultivated areas, low-intensity surveys were made on grazing and forested land, and aerial recot
naissance-surveys were made in inaccessible areas. Therefore, on Lana’i, the extent of soils i
the Molokai-Lahaina association are better known than the Kahanui-Kalae-Kanepuu, Amah
Olokui, and Rock Land Associations.

In light of the limited DRO mformatmn, Table 4 is a surnmary of the approach used in th
study to quanufy DRO.

Table 4. DRO/RF Ratios from Peari Harbor for Lana’i

FL - Fill Land, Mixed (na) 1| 2208| 431 No

HLMG- Helemano Silty Clay (30-90%) 2| 7034 8.13 0.12 No

KyA - Kunia Silty Clay (0 - 3%) o No

La “Lahainia:Sily.Clay (3 7%): 2 - Yo
0

LeB - Leilehua Silty Clay (2 - 6%)
MuB Moilokat-Silty Loam (3= 7%)
MuC - Molokai Sifty Loam (7 - 15%)

IRK Aotk Land (level to very stesp)..:.- 8§ 66 }:. " 508}
rAT-Rough Mountainous Land (very steep) 0 na na
rTP-Tropohumuits-Dystrandepts(30-80%) 15 41.54 473 0.11 Na
WaA - Wahiawa silty clay (0 - 3%) 0 na na na Yea
WzA - Waipahu silty clay (0 - 2%} 0 na na na Na

(Sources: Foote, & others, 1972; State of Hawaii, Report R44, 1972; & Giambelluca, & others, 1983

&1986.)

NOTES:

ra = Not available or applicable.

1 - number of element matches where 80%,0r more, of the same soil type dominates in an finite-clement celi for the Pearl Harbor

RASA model. average annual rainfall = 30/yr, and topography approximates conditions on Lana’i.

2 - RF = Rainfall from Giambelluca (& others, 1986).
3 - DRO = Direct Runoff from Giambelluca (1983 & 1986).
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Previous DRO estimation methodology for R analysis by Giambelluca (1983 & 1986) was
considered for this study since no other measured DRO data is available for Lana’i. Giambelluca
used soil series information in conjunction with SCS runoff curves to arrive at DRO values for
specific soil series in the Pearl Harbor, Oahu region. Results for Pearl Harbor DRO using this
method can then be compared to corresponding RF to estimate direct runoff/rainfall ratios, or
DRO/RF. The DRO/RF ratio is simply the percentage of RF which becomes DRO. Therefore, if
comparable soil series can be found between the Pearl Harbor study area and Lana’i, then DRO/
RF ratios can be used estimate DRO as a percentage of the historical RF record available on
Lana’i. DRO computations were done for the USGS’s recently approved RASA model element
mesh for Pear} Harbor. The results were reviewed with the aid of GIS to find similar conditions
which exist on both islands. Table 4 summarizes the search results for dominant soil series in the
RASA model’s element mesh and how they relate to Lana'i.

Table 4 lists the soil series which occupied 80% or more of an element in the Pearl Harbor
RASA mesh. There were 177 elements in the mesh which met this initial criteria. These elements
were then checked for RF (= 30”/yr) and topographical (slope) conditions similar to Lanai. This
resulted in a2 match for fourteen (14) elements among three (3) similar soil series between the two
islands. Admittedly, this is a small number of soil series matches considering that there are over
fifty-eight (58) individual soil series on Lana’i, but this approach considers the most contempo-
rary estimation method for DRO in lieu of any corresponding data for Lana’i.

The three (3) DRO/RF ratios highlighted in Table 4 identify what is believed to be reason-
able values for slow, medium, and rapid DRO for Lana’i. As can be seen on Table 3, pg. 31, SCS
describes DRO for individual soil series qualitatively in categories of slow, medium, rapid, and
very rapid according to soil permeability and slope. Slopes of the three similar soils, from Table
4, in their corresponding Pearl Harbor mesh element location were determined manually from
UGGS quadrangle maps. The Molokai silty loam (MuB) elements identified in-the Pearl Harbor
model had typical slopes of 5% which is in the middle of the slope range described by SCS for
this soil series. Similarly, the Lahaina silty clay (LaB) and rock land (#RK) elements had slopes of
approximately 8%and 14%, respectively, which put them into the upper slope ranges in their soil
series as described by SCS. Soil series for Lana’i can be grouped according to slope and the qual-
itative DRO description assigned by SCS. The only exception to the SCS descriptions were for
LaB since its slope in Pearl Harbor approximated 8%. Given this arrangement, it is found that the
highlighted DRO/RF ratio results from Table 4 can be used to estimate Lana’i soil DRO charac-
teristics of similar SCS slope and gualitative DRO descriptions. This approach is summarized in
Table 5 and constitutes the justification for use of DRO/RF ratios in the GIS analysis.

As a final check, one can compare the the greatest hourly intensity of rainfail on record (2
in/hr) against the permeability rates, slope, and runoff description of soils in Table 3, pg. 31.
From this comparison it is evident that the Molokai-Lahaina soil associations and series are the
soils which probably produce the majority of DRO in conjunction with very steep areas. For the
rest of the island there are few large events which exceed the permeability rates of the soils listed.
Thus, it is reasonable to assume small percentages of DRO occur compared to the total RF mea-
sured on Lana’i. In fact, the topography of the island is indicative of limited DRO. On the lee-
ward side of Lana’i there are no valleys and only a few small guiches. On the windward side of
Lana’i there exists numerous large guiches but no valleys.
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Table 5. Final DRO/RF Ratios for Lana’i

@ =SCS data (Foote, & others, 1972 & State of Hawaii, R44, 1972)
# = SCS data based on Smith, 10/20/94)

As as final note, the DRO which gathers in topographical depressions and has an add
chance for infiltration is ignored in the GIS recharge model. Island-wide this may be insignific:
but in the Palawai area the affect on recharge could be significantly in error.
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Changes in Soil-Moisture Storage (ASMS & SMS,,;)

With equation eq.(5), pg. 19, and RF, FD, DRO, and I defined, we can now discuss soil-
moisture in detail. It is helpful to refer to Figure 14, an idealized cell diagram, when discussing
soil-moisture storage and changes in soil-moisture storage. Additionally, Figure 14 is good for
visualizing the computation of monthly mean recharge, R,,,.

Ry

Roots

Figure 14. Soil-Moisture Storage Cell Diagram

where:

I,,, = Mean infiltration for month m

(SMS ), = Initial soil-moisture storage at the beginning of month m

SMS, ., = Maximum soil-moisture storage capacity = (available water capacity) x
(root zone depth) .

R, = Mean recharge for month m 2 0, calculated from equation eq.(5), pg. 19

(SMS )47 = Next month’s initial soil-moisture storage

(ET ), = Mean potential evapotranspiration for month m

(ET,),, = Mean actual evapotranspiration for month m
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Itis 1mportant to understand that Figure 14 is a simplified cell diagram which represen
how soil-storage is computed. SMS,p,,, is the maximum volume of water which remains the soil

root zone after it is drained and capiilary forces between water and the soil cannot be overcome t
gravity. Drainage, which is really R, actually takes place at the bottom of the soil layer rather th:
overflowing the top as is shown in the cell diagram. However, the computation is equivalent.

The domain of SMS,,,, is defined by the depths of the deepest roots in a soil series and

equal to the available water capacity (soil field capacity minus the wilting point) multiplied by t!
root zone depth of the vegetation. Field capacity is analogous to specific retention or the wat
which remains .in the soil after it is drained. The wilting point is the pore pressure limit whic
plants cannot overcome to further transpire, or use, water; hence they wilt. The root zone depth
defined as the deepest roots in the soil series where the SCS descriptions changed from any ty]
of roots mentioned to “no roots” or if no reference to any roots occurred. This domain of SMS,,

was assumed constant throughout the soil series without any consideration given to actual veget
tive cover which probably differed spanally on all soil series. This assumption may or may not |
conservative depending on the representativeness of the SCS soil description. Soil depth, max
mum root zone depth, and available water capacity were reviewed in estimating SMS, 4, for ¢

soil series. SCS information concerning these parameters for soils on Lana’i are summarized
Table 6 and soil coverages for the water-budget analysis were used from those digitized by SCS

The monthly change in soil-moisture storage, or ASMS,,, is the additional volume -
water necessary to fill the soil up to its SMS,,,,. Obviously, the magnitude of ASMS, is depe
dent upon the magnitude SMS,,,,. Its domain is limited by and coincident with SMS,,,, but vz
ies with time.

With SMS,,,,, and ASMS,, defined, the process describing the remaining parameters

Figure 14 is straight forward. For a given month m there is a beginning soil-moisture stora
value, (SMS;),,. Any average monthly infiltration water, I,,,, which exceeds ASMS also excee

SMS 4, and goes towards that month'’s recharge, R,,. The remaining volume of water in the c
after this initial process is then decreased via and up to that month’s average ET)y, or (ETP),,,, a
the (SMS)),, value for the next month, (SMS;),,,;, is the water remaining in the soil, if any.
(ET ) is greater SMS pqy than (SMSp)p,; = 0.
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Table 6. Soil Characteristics for ASMS,,,x Estimation

Amalu-Olokui

. 0to 60 11t0 20 0.1210 0.15

Koele-Badland Complax Oto 55 18 0.1210 0.14

. Kosle Silty Clay Loamn 0to55 18 0.1210 0.18
Olokuj Silty Clay Loam 0to 60 11 0.12t0 0.14
Rough Mountainous® Gto 10 6 to 20° na
Jaucas-Mala-Pulehu 0to 62 0to> 60 0.05 t0 0.13
Bsaches na o’ 0.03 to 0.05
Blown-out Land na 154 0.0310 0.05
Coral Outcrop na thd 0.04%
Jaucas Sand 0to 60 22 0.05 to 0.07
Mala Silty Clay Oto 40 40 0.0610 0.13
Pamoa Silty Clay 0to 62 62 0.091t00.11
Pulehu Clay Loam 0o 60 60 0.09100.13
Pulehu Sandy Loam 0to 60 60 0.09100.13
Pulehu Stony Sandy Loam | 0to 60 60 0.09 to 0.13
Sandy Alluvial Land na >60° 0.03 to 0.04
Kahanui-Kalae-Kanepuu 0to 67 53 to 62 0.10%t0 0.14
Kahanui Silty Clay Oto 60 60 0.10100.12
Kalas Silty Clay Otos7 53 0.12100.14
Kanepuu Silty Clay 0to 61 61 0.11t00.13
Pooku Silty Clay Loam 0to 62 62 na
Molokai-Lahaina Gto72 15to 60 0.09 t0 0.14
Lahaina Silty Clay . Olo 60 46 0.1010 0.13
Lualualei Clay Oto 60 60 0.11100.13
Molokai Siity Clay Loam Oto72 15 0.11t00.13
Uwala Silty Clay L.oam Oto 60 26 0.10t00.12
Waihuna Clay 0to 65 18 0.09t00.11
Waihuria Gravelly Clay Oto 65 18 0.09to 0.11
Waikapu Sifty Clay Loam 0 to 60: 24 0.1210 0.14
Very Stony-Rock Land na 4to 80 na
Rock Land Shallow 55% @ 4 to 10* 0.1210 0.16
Rock Outcrop Exposed bedrock 10% @ 4 to 8* na
Rough Broken Land <20 90% @ 40 to 80" 0.14t0 0.16
Stony Alluvial Land na >60* 0.05t0 0.07
Stony Biown-Out Land na 20% @ 2to 10* 0.07 to 0.09
Very Stony Land Little soil 75% @ 4 to 20* 0.0810 0.10
Very Stony Land Eroded na 80% @ 10 to 20* 0.08 to 0.10

(Source: Foote, & others, 1972 & State of Hawaii, Report R44, 1972.)

NOTES:
El‘p = Potential evapotranspimtion
na = Not available

@ = Depth 1o top of profile identified as having ‘no roots’.
# = SCS data based on Smith, 10/20/94.

$ = Assumed

% = SCS data based on Smith, written personal communication, 10/20/94
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As can be seen in Table 3, the ranges for the parameters important in estimating SMS,,,,
are great. Ultimately, maximum root zone depths and average available water capacity were use«
for each soil series in the calculating SMS,,,,. For those available water capacities with no infor

mation reasonable values were assumed. The final GIS input values for individual soil series art
summarized in Table 7 below.

Table 7. Final Parameters for Lana’l ASMS,,,x Estimation

8s 0 0.04 || LaC 46 0.1t || rRA a5y bo.
Bw 1 0.12 || Lac3 46 0.1 HLB‘T 842 bo.
CR 1 Bo.04 || LaD3 46 0.11 |f rSL a50 bo.
JaC 22 0.08 || LaE3 46 0.1 {| rSM 250 bg.
KASD 60 0.11 || LuA 60 0.12 || rSN aq bo.
KAL 18 0.14 || MmA 40 0.12 |f rvs ag bo.
KeB 53 0.13 || Mm8 40 0.12 | rvT2 a2 bo.
KeC 53 0.13 [} MuA 15 0.12 || rAO 20.60 bo.
KcD3 53 0.13 || MuB 15 0.12 || uwB 26 0.
KhB 61 0.12 || MuC 15 0.12 || UwC 26 0.
KhB2 61 0.12 || MuC3 15 0.12 || UwC3 26 0
KhC2 61 0.12 || MuD3 15 0.12 || WoA 18 0
KrB8 18 .14 || nmac 52 0.10 “ WoB 18 0
KrC 18 0.14 || oo 11 0.25 || woC 18 0
KrD 18 0.14 || PID 62 0.10 {| WoD 18 0
LaA 46 o.11 || PID2 62 0.08 || Woh8 18 0
LaB 46 0.1 || PoB 60 0.12 {| WA 24 0
LaB3 46 0.11 |] PoaB 60 0.09 || wrC3 24 0
!l PsA 60 0.14
rRk a4 b0.14

a. SCS data based on Smith, 10/20/94
b. based on Simmons, N. (10/11/94) and Nakamura. S. (12/1/94) written personal communication.
(Source: Foots, & others, 1972 & State of Hawaii, Repoit R44, 1972.)
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Evapotrahspiration (ET,ET,, & ET,)

Evapotranspiration, ET, is the combination of evaporation and plant transpiration pro-
cesses which return water to the atmmosphere. It is important to understand that these two pro-
cesses are very difficult to segregate (Todd, 1980). in this study, potential ET, or ET), is very is
assumed to be the water which will evaporate from a properly operated Class A type pan. This, in
turn, identifies maximum ET,. It is also important to understand that many factors affect pan
evaporation, such as temperature, humidity, solar radiation, wind, and even the height of the pan
above the ground, but all these data are not available for Lana’i. It is important to note that the
error associated estimating evaporation from a Class A pan itself can be as much as + 10%
(Ekern, & others, 1985, Shuttleworth, 1993). Aside from pan evaporation methods, hydrologists
commonly use the Penman Equation (Penman, 1948) to estimate the potential for evaporation
from the surface of water, exposed openly to the air; through aerodynamic and energy budget con-
siderations. Chang (1968) noted that the Penman Equation only gives approximations of open
water evaporation and is also different than ET,, where vegetation type and height is important.
The same factors which affect ET}, also affect actual ET, or ET,, but the influence of vegetative
type and density, root-zone depth, soil-moisture storage (SMS), and density of capillary tubes in
the soil are additional considerations. ET, can be estimated as percentages of ET,. Normally,

increases in all factors result in increased ET, although it has been shown that some vegetative
cover can actually reduce ET, such that it is significantly less than ET,. Pineapple has been
shown to reduce local ET, by about 20% below ETP (Ekern, 1960). However, ET, can also
exceed measured pan evaporation, ETp,. In optimum sugarcane cultivation conditions, sugarcane

water requirements may go as high as factors of 1.1 to 1.2 times pan evaporation (Chang, 1961;
Jones, 1980).

There is little direct pan evaporation data to estimate ET), on Lana’i. State Report R74
(Ekern, & others, 1985) identifies only one pan evaporation station, Station No. 687.00 at Lana’i
City, having a limited duration of data collection (1957-1958) with an average rate of 25.63 in./yr.
This measured amount is quite low, especially knowing that over the open ocean the pan evapora-
tion rate is approximately 80 in./yr. The lower temperature associated with the higher elevation of
Lanai City (>1500 ft. msl) is probably a major reason for this lower measurement. According to
LCo. there is no additional data they have on file. Stearns (1940) stated that it is obvious that tran-
spiration requirements are not met on Lana’i except for the seven (7) square miles around
Lanaihale where the soil is muddy or damp for most of the year. Ostensibly, earlier overall ET
estimates were based on professional opinion.

Although pan evaporation data is limited, three (3) methods were considered to estimate
ET, patterns. In both methods, it is assumed that ET), is equal to pan evaporation. First, one
could use Ekern’s (& others, 1985) state-wide pan evaporation study conclusion that in areas
beneath tradewind orographic clouds evaporation ranges from 30 to 40% less than the oceanic
rate while in dry leeward areas evaporation was 30 to 40% more than the oceanic rate. These
rates could then be applied uniformly for areas above and below the 2000 ft. elevation, respec-
tively. Secondly, monthly ET,/RF rations could be estimated and used in spatially consistent
manner like the first method. Thirdly, monthly ET, ratios can be computed from the monthly per-
centages of the total annual evaporation actually measured at Lana’i City.
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Of the three methods considered, the third approach of estimating monthly ET), percent
ages of total annual evaporation was considered the best method. Although a good rough esti
mate for ET,, the windward/leeward percentage of oceanic rate was not chosen because oceani
rates around Lana’i have not been measured nor is this approach discretized enough both spatiall
and temporally. Because ET), is a function of aerodynamic and energy processes, not rainfall, th
method of ETp/RF is not a valid ratio estimation. Instead, the annual total pan evaporation can b
broken down into its monthly values to incorporate the monthly variations of E Ty, which can the
be used with other monthly estimated parameter values with equation eq.(4), pg. 18. Althoug

the period of data is limited, the monthly pan data provides the most direct estimate of monthl
ET,. This approach is summarized in Table 8.

Table 8. Estimate of Monthly E7,/ET,,,,, Ratios based on Pan Data
(Source: kem, 1564.)

January 1.73 0.07
February 2.35 0.09
March 245 0.10
April 2.58 0.10
May 2.18 0.09
June 2.07 0.08
July 2.64 0.10
August 2.35 0.09
September 21N 0.08
October 2.67 0.10
November 1.00 0.04
December

ET annua’ 25.63 1.00

a, unadiusted monthly data from Station No. 687.00, Ekem, (%

others,1985), (1/567 to 12/57 period)

b. ET,

evapatranspiration ratio.

¢. @ =for areas >2000 ft. elevation based on unadjusted data

from Class A pan

o/ Tanmas = Potential evapotranspiration to total annual
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To compensate for obvious areal differences, estimating monthly ET), for Lana’i was done
by dividing the island into two (2) major geographical areas. In the area above the 2000-ft. eleva-
tion, BTy, puq = 25.63 inches/year, as shown in Table 2. In the area below the 2000 ft. elevation,
the ET,,p,q Value was estimated by multiplying the mean (average) of the annual average oce-

anic rate of 80 inches/year by 1.2. This is based Ekern’s (& others, 1985) conclusion that in dry
leeward areas evaporation is up to 40% more than the oceanic rate. With a 0% difference at the
shoreline -and 40% increases up to the 2000 ft. elevation inland, the mean (average) increase
between these elevations is assumed to be 20% greater than the oceanic rate. This corresponds to
approximately 95 inches/year. Therefore, it is assumed that ET,,,,,; = 95 inches/year for areas

below the 2000 ft. elevation contour. Now, although the calculated monthly ET,/ET,,py, tatios

in Table 2 are based in the Lanai City area which approximates the 2000-ft. clevation area, it was
assumed that these ratios were consistent island-wide. Therefore, ETp/ET,ppyq 1atios below the

2000-ft. elevation are the same below the 2000-ft. elevation as above. From this analysis, the
resulting ET), values for areas below to 2000-ft. elevation is shown in Table 9 as follows:

Table 9. Estimate of Monthly ET,/ET,,,,,, Ratios for Areas <2000-f. Elevation

| January - - 0.07 665
February 0.09 8.55
March 0.10 9.50
April 0.10 9.50
May 0.09 8.55
June 0.08 7.60
July 5 0.10 9.50
August ' 0.09 8.55
September 0.08 7.60
October 0.10 9.50
November 0.04 3.80
December 0.06 5.70
ET snnuat 1.00 " 95.00

With monthly ET, estimated for the two major areas on Lana’i, ET,, can now be calcu-

‘lated using equations eq.(5) or eq.(8). These equations require information regarding changes in
soil-moisture storage which was described in the previous section. Since ET, is the last parame-

ter in equation eq.(4), pg. 18 we can now assess recharge.
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Rechargé (R)

Ultimately, recharge, R, is the water which makes its way to the saturated ground-wat
zone and provides the foundation upon which the ground-water flow model’s effective aquif
parameters can be estimated. [t is important to remember that R is different than infiltration,
due to soil-moisture storage considerations (refer to Figure 14, pg. 35). Individual well/aquif
pump test information (see Table 13, pg. 50) provides localized pockets of aquifer informatio
that is not necessarily indicative of regional aquifer characteristics for many reasons describx
later. However, the parameters from the water-budget calculation, in equations eq.(4) to eq.(1(
are more Vvisible, accessible, and contain a wealth of hydrologic and time series information wh
compared to geologic considerations. Therefore, R is derived on a more regional and long-ter
basis for Lana’i than existing pump test information and provides the model with a starting flux
water which provides firmer confidence in estimating the effective hydraulic parameters duri!
the calibration process.

Using equations eq.(4) to eq.(10), the GIS, and the previous individual parameter discu
sions, a reasonable long-term value for R on Lana’i can be estimated. As defined by equatio
eq.(4) to eq.(10), long-term R is the annual average recharge based on monthly variatio
amongst all contributing parameters. All available data are considered and factored into the es
mate of R. The GIS water-budget model was initialized by starting with the average month
value for ASMS,, after one year of simulated recharge computations.

Obviously, a longer period of record will provide a better estimate of the long-term ave
age for any parameter under scrutiny. Rainfall, RF, has the longest period of record followed |
fog-drip, FD, and pan or potential evapotranspiration, ET,. All other water-budget paramete
did not have direct data records or, in the case of irrigation return, IR, were ignored. Direct ru
off, DRO, and changes in soil-moisture, ASMS, and actual evapotranspiration, ET,, were es
mated using the long-term RF record and soil information to create ratios as discussed earlier. F
estimation was also enhanced using a ratio to RF approach. These considerations resulted in
estimated average daily island-wide R for the island of Lana’i of approximately 62 mgd which
approximately 38% of total precipitation available (RF + FD). The FD area of the island contri
uted 13.5 mgd of the 62 mgd for island-wide R. Resuits of the GIS calculation for individi
monthly parameters in equation eq.(4), pg. 18, are found in Appendix B.

It is difficult to make comparisons of this result with previous studies without recognizi
comparable recharge areas or familiar units. Table 10 summarizes and compares previous lor
term recharge analyses with this study’s analysis in units of inches per year which is similar
previous studies and familiar to local residents on Lana’i. Table 11 is the conversion of Table
units to consistent units of million gallons per day (mgd) to facilitate the comparison betwe
studies. This study’s recharge spatial distribution pattern is also shown graphically in Figure .
pg. 45. However, aside from the areal differences, the major difference between recharge rest
for this study and earlier analyses is that the nature of recharge in general is followed more clos
by the GIS analysis. Recharge occurs in spurts or puises from major rainfall events, as clea
shown Figure 14, pg. 35, thus the greater discretization of time will accommodate more spurts
pulses. Theis (1994) compared recharge and discharge to and from ground-water tables call;
them “episodic” and “more or less constant”, respectively, which supports this recharge concej



Table 10. Lana’i Annual Recharge Estimates (inches/yr)
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STEARNS (1940)
high-level 15.5 35 °NE dog 6.46
J26.8 19.5 ®17 14.80
Island Total 142.3 ba1.2 b17.9 21.26
ANDERSON (1961) 11.3 48.5 NE 411055
ADAMS & HUBER (1973) 142.3 f21.2 NE NE f19.7 91.7t09.8
BOWLES (1974) 155 h h h 55
ANDERSON (1983) . . . e e O NEY L EEVRTTRE I,
MINK {1983)
Primary 45 3s 22.8 5.7 I2o 75
Secondary. 25 2 9.6 2.2 33 2.4
Total 14.0 b33.9 b13.8 b4.0 bog.g in.g
ANDERSON (1984) NE kag 2 ' NE NE NE
ANDERSON (1989)
Primary 14 6.89
10 200
Total 24 NE NE NE NE M8.9
NCWRM (1990) 14| 28to35 13.8 <40 | 2610288 9
CWRM/USGS/LCo. GIS (1995) .
>2000 ft. elevation 8.36 29.84 22.28 3.29 14.92 13.50
i 132.47 23.76 0 a1 33,50 48.10
Island Total 140.83 b24.12 by.32 b3 18 by3 58 61.60

a. Actuat evapotranspiration (& annual change in storage = 0}
b. Area weighted average estimate.

¢. Not estimated

d. Steams estimated 25% of rainfall in the high-leve

estimated DRO and £T to be about 75% of rainfall in the high-level recharge area, or approximately 26 inches.
a. Steams estimated 10% to 15% in the non-high-level area ultimately goes to recharge. This means that Steams estimated

I mcharge area ultimately goas to recharge. This means that Steams

DRO and ET o be about 85% to 90% of rainfall in the non-high-level recharge area, or approximately 17 inches.

f. From Adams {(1973) Table 3 based on Caskey (1968) methods for Waikapu, Maui recharge.

g. Range of actual pumping to estimated recharge.

h. Agrees with Steams, (High-level rainfail = 26 mgd & recharge is 25% of rainfalf)

i. Also stated that A varies year to year with a range between 2 to 10 mgd.

j. Based on Mink's original descriptive calculations where ET was 20 inches/fyear. In his algebraic calculations, primary ET was
(inadvertently or conservatively) increased to 22 inches/year resulting in his origiral 9.3 mgd estimation of total racharge.

k. *Effective Precipitation” defining “near-nonmai” (average) rainfall empirically derived as follows; 1978 rainfall data used as
“hear-nomal” rainfall yoar, neglects rainfall < 0.62" or >2.50", 0.02"< 100% value of data <1.00", 1.00"< §0% value of
data< 2.50.

I. Disputes Mink’s fog-drip estimates of 60% and 30% of rainfall in two areas, However, offers no estimate except acknowl-
odges that fog-drip “unquestionably contributes to recharge”. .

m. Based on Anderson's total of primary (0.492 mgd/sq. mi.)and secondary (0.20 mgd/sq. mi.) recharge areas, Breakdown
of individual parameters not given. Based on new information from Wells 6 & 7 and Ekern’s (1964) fog-drip study.

n. Synopsis of reasonable range of values from previous studies. Area is recharge area

ADDITIONAL NOTES: all footnotes also apply to Table 11
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Table 11. Lana’i Annual Recharge Estimates (mgd)

 September 13, 1995 PREL| 'NARY DRAFT - SUBJECT TO CHANGE

STEARNS (1940)
high-level 155 25.8 °NE. dig 3 6.46
remainder of island jz2e8 n77 21029 14,80
Island Total 142.3 b1435 b123 2 21.26
ANDERSON (1961) 11.3 26.1 NE 411055
ADAMS & HUBER (1973) 142.3 1435 NE NE H33.8 91.7t0 9.8
BOWLES (1974) 15.5 h h h .5
ANDERSON (1983) _ NE .

MINK (1983) )

Primary 45 8.1 49 1.2 la3 7.5
.8 145 _43 1.4 150 2.4
Total 14.0 ban & bg o bo 6 b1g.3 lg.0

ANDERSON (1984) NE kog.2 1 NE NE NE

ANDERSON (1989)

Primary 14 6.89
10 2.00
Total 24 NE NE NE NE mg g

CWRM A(1990) 14| 18.7t023.3 9.2 27| 173t019.2 9

CWRM/USGS/LCo. GIS (1995)
>2000 fi. elevation 8.36 11.88 8.87 1.31 5.94 13.50

i j 132,47 140.28 __0 12,44 79.74 48,10
Island Total 140.83 by52.16 bgg7 | b13.75 bgs. 68 61.60

NQIES: (see Table 10 footnotes) rounding occurs in figures to be consistent.
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C

TO BE UPDATED

Figure 15. Lana’i Ground-Water Recharge Isograms
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There are several points to make concerning Table 10, Table 11, and the comparison wi
previous overall island-wide recharge results. Stearns (1940) and Adams (& others, 1973) a
previous studies which specifically addressed the island-wide recharge. Mink (1983), discountt
Adam’s estimate stating that he “employed an unrealistic evapotranspiration rate for the hiy
region of the island’. Adam’s approach is suspect since it is not compiete and uses ET estim
tions derived for the Waikapu area on the island of Maui. Also, Adams’s primary objective was
locate well sites on the windward side of the island for reforestation purposes and not to estima
sustainable yield for Lana’i. Therefore, Adam’s small estimate for recharge is not considered ri
orous enough to be valid nor comparable to other studies. Considering Stearns analysis, volume
rically, there is at least a 6% increase in the estimated average annual rainfall rate, RF, from ¢l
GIS analysis. Due to the longer record of rainfall data available for this study such an increase
not unreasonable and is, in fact, considered a better estimate with greater foundation. Ew
Stearns noted that the available rainfall data during his survey was limited by stating: “The rai
fall records are too short to determine reliable averages”. Fog-drip, FD, was not considered 1
Stearns and cannot be compared directly.~ Sinice ditect runoff, DRO, and actual évapotranspir
tion, ET,, were combined in Stearns’s analysis it is hard to make a direct comparison betwe:

these hydrologic parameters. Volumetrically, there is approximately a 30% decrease in the es
mated average annual ET, from Stearns to the GIS estimate. Since DRO appears to constitu

only a small portion of the water-budget and all other factors except the length of time-series da
is common, this decrease can be firmly attributed to the monthly basis of R calculation combin
with the changes in soil-moisture storage, ASMS, considerations. These two considerations,

discussed earlier, should result in a lower estimate of actual evapotranspiration, ET,, than by usii
annual averages based on yearly totals. Other parameters were not comparable at this island-wi
scale since they were not directly addressed. Therefore, it can be concluded that the two maj
differences between the island-wide GIS analysis and previous studies has been the reduction

ET, and the addition of FD. The GIS island-wide R estimate is almost three times the islan

wide recharge amount estimated by Stearns and is attributable, at least in part, to these two maj
differences.

Several points can be made concemning Table 10, Table 11, and the comparison with pre:
ous R results in the FD area. Mink (1983), Anderson (1984 & 1989) and the CWRM (1990) ¢
previous studies which specifically addressed the impact of FD on Lanai’s ground-wa
recharge. Stearns and Bowles (1974) also concentrated on comparable FD areas but did r
quantify FD. There are only approximate areal comparisons of FD influenced areas ranging frc
a low of 8.36 to a high of 15.5 square miles. The GIS analysis has the lowest area influenced
FD; 8.36 square miles. Volumetrically, the estimated annual average RF in the FD area is lov
from the GIS approach than previous studies by a maximum of 47%, corresponding to Mii
This is mostly attributable to the difference in area where the GIS considered 40% less area th
Mink. Volumetrically, the estimated average annual FD is about 4% less in the GIS analysis th
the previous studies, However, this total amount of FD estimated by the GIS is concentrated o
40% less area. Volumetrically, the estimated average annual DRO is approximately 50% less
the GIS than in the previous studies and the majority of this, too, is attributable to the difference
the FD area. Like the island-wide scope, the ET, was lower in the GIS approach for the FD ar

but by a greater percentage; 69%. However, unlike the island-wide scope, the difference in
area, about 40% less, accounts for about one-half of this percentage difference between studi
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The other half, approximately 30%, is due to the monthly basis of R calculation combined with
ASMS considerations as evidenced by Table 10, pg. 43, which shows the resulting inches/yr rate
for ET, significantly less in the smaller GIS FD area. One would think that in the FD area the
more concentrated presence of FD would provide more water in soil-moisture storage available
for potential evapotranspiration, thus ET, can be more readily achieved. It follows that in areas
lacking FD there are definitely more times when there isn’t much soil-moisture storage available
for ET), to be achieved. Hence, one would expect that there should be less of a difference in the
FD area’s estimated ET, between earlier studies and the GIS than the non-FD areas estimated
ET, since there is more opportunity for ET), to be achieved and earlier studies assumed that
annual pan evaporation rates were met. However, this is an additional example of the impact that
the monthly basis of calculating and ASMS considerations have on estimating annual averages.
Figure 16 plots the monthly variation of the water-budget parameters. As can be seen in Figure
16, summer months do not have as much water to meet the ASMS requirements as do winter
months. For example and from Appendix B, in the month of June there is an average infiltration
of only 1.30 inches while the ET, is 2.64 inches (see Table 2, pg. 28), of which only an average of
1.17 inches is calculated to actually evaporate. Therefore, ET), is not achieved for this month
even in the FD area. Thus, despite the area differences which affect the volumetric averages it
can be concluded that the two major differences between the GIS FD area and previous studies is
the concentration of FD over a smaller area and the reduction of ET,. The GIS FD area R esti-
mate is approximately double Stearns and Bowles estimate and about 50% more than Mink,
Anderson, and the CWRM estimates and is attributable, at least in part, to these two major differ-
ences.

TO BE UPDATED

Figure 16. GIS Monthly Variation of Individual Recharge Parameters in FD Area
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Overall, it can be said that the major differences in the results between the GIS methodc
ogy and previous studies is due to the lower estimate of ET, and the concentration of FD over

smaller area. Despite the higher level of precision in the GIS method, all previously investigat
parameters, with the exception of island-wide ETy,, did not differ greatly when areal differenc
are considered. There may be a cumulative effect of these smaller differences but the results inc
cate that these differences offset rather than amplify one another. For example, in the FD are
though the GIS estimates less DRO than Mink’s there is also less RF and FD due to the differit
areal domain. Also, it is interesting to note that ET, due strictly to the month-to-month basis
calculation and ASMS considerations are at about the same rate for FD and non-FD areas; abo
30% of RF.

A recharge scenario devoid of FD was investigated due to the concern over the health
the fog forest on Lana’i and the corresponding potential impacts on Lanai’s ground-wat
resources. If the forest leaf area is significantly lowered than FD may be affected similarly. T/
conservative approach was taken where ali D was removed although its total absence is unlike
The results of this analysis are summarized in Table 12 below.

Table 12. FDvs. No FD Recharge Estimates

CWRM/USGS GIS (1994) -
FD >2000 fi. elevation 8.36 11.88 8.87 1.31 5.4 13.f
i i 13247 140,28 -0 12.44 19.74 48,
Island Total 140.83 152.16 8.87 13.75 85.68 61.¢
CWRM/USGS GIS (1994)
No FD >2000 ft, slevation 8.36 11.88 | 0 1.31 5.49 5.
remainder of island - 13247 14028 9 12,44 1974 48
Island Total 140.83 152.16 0 13.75 85.23 53.'

As can be seen from Table 12, the effect of ignoring D is an 8.87 mgd loss to R in t
areas above the 2000 ft. elevation resulting in a decreased estimate of R for the FD area fic
13.50 to 5.08 mgd. The reduction to isiand-wide R is small, 14%, compared to the reduction to
in the FD influenced area; 62%. This clearly indicates that FD constitutes a major portion of R
the FD area.

Finally, DRO that is captured in the Palawai basin topographical depression and has a f
ther chance of infiltration was investigated. It was found that about an additional 1 mgd could
added to R for this consideration. Given that this constitutes less than 2% of the island-wide
with FD and without FD it was assumed that this ignorance of captured DRO is not a signific
error on the regional scale.
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'Existing Wells, Historical Pumpage, and Water Levels

There are twenty-four (24) wells with information helpful to the modeling effort. A new
well, Well 14 is currently under construction. The location of these wells are shown Figure 1, pg.
2. These wells and their information relevant to producing a flow-model are listed in Table 13,
pg. 50, and Figures 17 through 30. Individual chloride information has been omitted to empha-
size the flow-type nature of the model. Both water levels and pumpage from these welis vary
temporally according to seasonal and operational changes and are shown for each well and the

cumulative pumpage in Figures 17 through 30. Magnified views of monthly water level
responses for each well can be found in Appendix H.

On an island-wide basis, Lana’i has a long record of both pumpage and water level data.
The historical record of pumpage and water level data spans from 1926 to the present. Records
from 1926 to 1939 and 1942 to 1985 were found on file at the USGS and records from 1988 to the

present are found in CWRM files.. Records for.1986 through 1987 were provided by LCO. -~ . ov oo oo,

Aquifer hydraulic parameters are also listed in Table 13. The three (3) hydraulic parame-
ters listed are hydraulic conductivity, K, transmissivity, T, and the storage coefficient, S. These
parameters, their significance, and how they are obtained were discussed earlier and in more
detail. It is important to note that there are nine (9) estimates for K and T but only one (1) esti-
mate for §. This highlights the fact that single-well pumping tests were the conditions under
which the majority of these parameters were obtained. Therefore, for reasons outlined earlier,
these values were obtained under less than ideal situations. Thus, errors are present it should be
understood that the values in Table 13, pg. 50, are not absolute nor necessarily accurate. How-
ever, they do provide a reasonable range to begin the flow model parameter estimation process.
Where possible, reported values were checked using pump analysis software (Geraghty, 1989).

The average K of nine (9) high-level pump tests is 18.3 ft/day. Typical values for K in
basalt can range from 107 to 10° f./day (Heath, 1982). Research by Sooros (1973) estimated the
range for Pearl Harbor flank flows between 7 to 8500 ft/day. For dike complexes outside of
caldera regions on southeastern Oahu, Takasaki (& others, 1982) had estimated a range for K
from 1 to 500 ft/day. Therefore, the average K is for Lana’i is consistent with values for dike
complexes. However, several of these pump tests, specifically wells 1, 3, and 9 are known to have
encountered flow boundaries. Therefore, K values are probably higher than those estimated from
past pump tests. Also, K values were estimated by consultants assuming different aquifer thick-
nesses. Additionally, the pump test for Shaft 1 indicates a much higher K for the basal regions of
Lana’i. .

The average T of nine (9) high-level pump tests is 7,854 ft?/day. However, T values are
not accurately known because accurate high-level aquifer thicknesses, b, are unknown.

Typical values for § range from 0.1 to 0.3 for unconfined aquifers. However, only one (1)
estimate for S was made by Mink (1983) based on an observation well, T-2, data. S is important
for transient model simulations only. As stated earlier, S could be 41 times for a lens type situa-
tion. However, since the high-level aquifer is not known to follow the Gyhben-Herzberg relation-
ship, unknown lag-time considerations of transition zone movement, and transmissivity would
have to be modified as well, it is probable that 0.1 to 0.3 is a reasonable range.
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Table 13. Existing Lana’i Wells

4454-01 Manele 25 na na na |;|a . na
4552-01 Well 12 1990 5 -25 na na
4553-01 Wall 13 1990 0 25 na na
4555-01 Waell 10 1989 208 208 na na
4852-01 MH Tunnel 1918 Dry - 2,700 na na na na
4852-02 Well 5 1950 1,570 174 c16.4 6,412 na | Figure17
4852-03 USGS T-2 5112 | 4,355 ©0.1 na
4853-01 Gay Tunnel 1920 Dry 1,920 na na na{. na
4853-02 Woll 1 1945 818 -3 8.8 ﬁ3,740 na Figure 18
485401 Well 9 1990 808 a6 %32 | 92,670 ha | Figure 19
4952-01 Waiapaa T. 1924 Dry 2,220 na na na na
4952-02 Well 4 1950 1,589 1,149 %60 | 2,663 na | Figure20
4953-01 Well 2 1946 1,544 903 na Figure 21
4953-02 Shatts 1954 1,583 91,510 na Figura 22
4954-01 Weii 3 1950 Ny, 124 651 BCeg.1 | ooe2002 na | Figure 23
4954-02 Well 8 1990 1,014 412 16.5 l9,900 na Figure 24
5053-01 Lowsr Tunnet 1911 .. 1,103 1,103 na na na | Figure 25
5053-02 Upper Tunnel 1911 1,500 1,500 na na na Figure 26
5054-01 UsSGS 73 1950 51,064 gmd-928.6 na na na na
5054-02 Woeli 6 1986 1,008 600 ‘8.6 | 135,640 na | Figure 27
5055-01 Well 7 1987 650 450 2 ©2,400 na na
5149-01 Gay Well A 1800 2 -44 na na na na
5154-01 Shaft2 1938 738 479 na na na | Figure 28
5253-01 Shatt1 1938 2.4 14| m™4500 545°'°g na | Figure 29
TOTAL Data | 24 welis ha 22 20 9 9 1 Figure 30
AVERAGE na na na na M38.3 n7,854 0.1 Figure 30
a. not avaiiable

b. Mink (1983), Jacob's Method & b =l initial head to bottom of well (u=0.08 @ T2).

¢. basad on recovery data & Thels method. v

d. Nance (1993}, Jacob's Method & b = initial water lsvel above sea level.

6. Probable boundary encotnterad ’

1. Updated from K. Takasaki investigation and resurveysd ground elevation information,

g. based on Steamns {1953 & 1959) langth of tunnel behind bulkhead is 745.5 ft.

h. based on Steamns (1958).

1. Pump test report M&E Pacific (1951}, Modifled Soraos Mathod.

]. b= water table to bottom of wel.

k. based on Stearns (1959).

L. Sorcos Mathod (1973) medified.

m. Based on Thels equation although Theim is more appropriate no observation. wells (Takasaki, & others, 1982); probebly too high.
n. not including results from Shatt 1 since & ls a basal source. :

Other Notes to Table 13

K = estimated hydraulic conductivity,
T = estimated transmissivity.

$ = storage coelficlent.

ms) = mean soa level
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Figure 31. Selected Periods of Drawdown Levels on Lana’i
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It is important to note that there are gaps in the data for both water levels and pumpage
Part of the reason for the Maunalei sources’ data gap in the late ‘60s through the late 70°s were
combination of a flooding event in Shaft 2 and problems with the distribution system going up th
pali (McCullough, personal communication, 4/22/95). Gaps in the data for other sources are sinr
ply indicative of the intermittent nature of pumpage and the lack of taking water levels betwee
pumping and non-pumping times. There are also spikes in the data which do not seem reasor
able. Upon checking original recorded data with LCo. and consultant reports (Anderson, 1987
some of these spikes were corrected and such corrections are reflected in Figures 17 through 3(
Other spikes could not be rectified. However, despite these problems with the water level an
pumpage data the overall historical data necessary for model calibration is good.

Water level data on Lana’i were and continue to be measured via pressurized airlines fc
both pumping and non-pumping conditions on continuous water level charts. Pumping water ley
els are reported as the lowest water levels during a particular month. Pumping water levels, ¢
dynamic water levels, always include some-turbulent and frictional losses, which-are primarily th
function of well design, construction, and development and add to the theoretical drawdown in
well. Non-pumping, or static, water levels are more representative of an aquifer’s water leve
response to stresses and are more important in the model calibration effort than pumping wate
levels. This is because MODFLOW does not account for pumping well losses. Static water ley
els on Lana’i were taken at least one-day after pumps were turned off although measuremen:
after longer periods, sometimes several months, of pump shut-off are also common. The stati
water level was and continues to be reported as highest water level during a particular month.

There are definite general trends in the water level data. Specifically, the rising trends i
some of the wells in the absence of any long-term changes in rainfall patterns (Figure 10, pg. 2°
and corresponding fluctuations in total pumpage (Figure 30, pg. 64) during the 1960’s are curiou:
Bowles (1974) attributed the steady rising water level trend in Shaft 2 (Figure 28, pg. 62) durin
the 1960’s to reforestation and drainage programs initiated in the 1920’s by Dole Plantation. Tk
same may be said of Well 1 (Figure 18, pg. 52). From the early 70’s to the late 80’s a gener:
decline in water levels occurs between the ranges of 100 to 275 feet; a period of increasing pumy
age. Since the early 90’s, water levels have recently been recovering due to the cessation ¢
pumpage for pineapple which significantly lowered island-wide total pumpage.

Historic pumping stresses are to be imposed to the model after initial water levels hay
been calibrated. Ideally, there should be periods where recharge, pumping and water level
show a steady-state like condition. This would allow the calibration of the model based on tw
(2) apparent steady-state conditions where effects of storage depletion from an aquifer have con
pleted and can be ignored (i.e. the effective storage coefficient can be set to zero (0) and it
unnecessary to calibrate this parameter). Assuming the modeled long-term average recharge :
steady-state, one can identify the second situation by comparing pumpage and water levels alon
However, no clear steady-state condition can be identified for ail wells simultaneously. Thus, tl
lack of two (2) definite steady-state situations island-wide makes it necessary to investigate tra:
sient situations to further evaluate the model. This entails calibration of the storage coefficier
Therefore, periods where significant trend changes in related rainfall, pumpage, and water level
were identified and resulted in eight distinct periods as shown in Figure 31, pg. 65. These san
periods which define variations in pumping also define variations in recorded rainfall which c:
then be applied to the GIS recharge model to arrive at corresponding variations of recharge.
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The numerical model chosen for the flow model is the three-dimensional fiow finite-dif-
ference model MODFLOW (McDonald, & others, 1988). The code is public domain, well docu- '
mented, and is referenced herein. An additional package to the original MODFLOW was used to
simulate the barriers to horizontal-flow imposed by dikes and faults (Hsieh, & others, 1993). This
augmentative code is also an open file report with the USGS and well documented. The advan-
tage of Hsieh’s work is that the MODFLOW model grid need not be changed to add these barri-
ers. Additionally, the MODFLOW code contains error checking criterion for calculated water
levels and mass balance (water-budget within MODFLOW separate from the GIS water-budget).

The experience associated with MODFLOW’s use was a major factor in selecting it for
this preliminary model. MODFLOW has been the most widely used code by the USGS in model-
ling ground-water. One-hundred and sixty-five (165) calibrated models have been published by

the USGS (Appel, 1994). There are other niuierical odels which are dvailable bit thieir ise has ~~ ~ -

been limited. For example, SHARP (Essaid, 1990) is a freshwater and saltwater flow model
which could be used for Lana’i. However, there are limitations in its grid construction when com-
pared to MODFLOW and it is usually used in areas where the interface near the shoreline is of
importance. Additionally, SHARP is a quasi-three-dimensional model rather than the fully three-
dimensional MODFLOW. Since the high-level ground-water source is of primary concern and
not the shoreline interface between fresh and salt water, and it is a fully three-dimensional model,
MODFLOW is considered the more efficient and appropriate model to use. Additionally, SHARP
has only eight (8) documented cahbrated models (Appcl 1994) as compared to MODFLOW’s
165.

Basically, MODFLOW solves for the fundamental three-dimensional (3D) movement of
ground—water by the partial differential Equation eq.(11), which is defined as:

T(Kxg’;J+a}'(Krg:J (K3t} =s22-F eq.(11)

where:

K,, K,, and K, = hydraulic conductivity along the x, y, and z axes (L/t)
h = potentiometric head (L)

F = net volumetric flux per unit volume of aquifer per unit time (1/t)
S = Specific storage of porous material (1/L)

£ =time (t)

Equation eq.(11) is derived by combining Darci’s law, equation eq.(1), pg. 14, and conti-
nuity considerations for a constant density fluid where flow into and out of the system is equal.
Anderson (& others 1992) describes this fundamental equation as the flow system viewpoint
where one is not concerned with identifying individual aquifers and confining beds per se but in
constructing the 3D distribution of heads, hydraulic conductivities, and storage properties every-
where in the 3D system. MODFLOW? s finite difference equations and numerical methods used
to solve Equation eq.(11) between each cell is too technical for this report but is well documented.

67
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Numeri 1 Constructi

The goal of any numerical model construction is to represent the conceptual model prog
erties of the study area in mathematical terms which can be solved numerically. To do this on
requires the governing mathematical equations, or equation eq.(11), pg. 67, mathematical bounc
ary conditions, and known initial conditions. In constructing the Lana’i numerical model on
concept was kept in mind at all times; make the model as simple as possible. Although this limit
the flexibility of the model, this approach is thought to lend itself to easier model construction an
calibration which is important in the initial interpretive phases of model construction. This als
limits the “subjectivity” of the model by forcing the modeler to use one consistent approach.

Grid

Before addressing the mathematical boundary conditions for the Lana’i numerical modt
the grid, or discretization, for the model was made. This was due to the fact that the entire islan
is modelled and external boundaries need not be critically examined as much in the initial discre:
ization phase. The simplest grid to construct is where individual cells are of uniform size whic
adequately cover the entire area of interest. Since the model is at a regional scale cells should t
on the order of many hundreds, or a few thousands, of feet square. A cell size of 2000 ft. by 200
ft. square, which covers an area of 1/4 mi?, was arbitrarily chosen. This resulted in a total gri
- size of 1800 cells (50 x 36) which encompasses the entire island of Lana’i (See Figure 32). Fc
convenience, the grid was oriented along the relatively straight northeastern coast of Lana’
which spans from the mouth of Maunalei Gulch to Halepalaoa Landing, and such that wells wer
located in separate cells. The total grid size places the model in the regional scale categor
according to Anderson (& others, 1992). This is an important feature since many different loc:
or site characteristics that may reside solely within one cell will be lost in the representativ
regionally effective characteristics.

Grids in MODFLOW are finite difference which can be either block-centered or mesl
centered. Block-centered grids places the flux boundaries at the edge of the cells and the node «
the cell at the center, whereas the mesh-centered grid places the flux boundary at the nodes ar
not the cell edges. To utilize the horizontal-flow barrier (HFB) package of MODFLOW ti
block-centered grid was chosen to use cell edges as flux boundaries.

2-D Rational

As shown in Figure 32, pg. 69, the model is only a single layer which effectively mak
the Lana’i numerical model two-dimensional (2D). This is because for a single unconfined lay
MODFLOW incorporates Dupuit assumptions which ensure horizontal-flow by requiring 1
change in head with depth. This effectively removes the K, term, or any vertical flow, from equ
tion eg.(11), pg. 67 and reduces the problem to one of 2D. However, MODFLOW can still sol
3D distribution of heads but multiple layers are necessary. Since the initial assumption was that
the regional island scale the aquifer would behave isotropically and the model is preliminary, m
tiple layers are not necessary. '
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Lanai MODFLOW 36 x 50 Grid
1800 Cells 2000 ft. x 2000 ft. square
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70,
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Note: Y - axis in MODFLOW has origin at the top rather than the normal cartesian display as shown.

Figure 32. Single Layer MODFLOW Girid 50 x 36 Mesh with 2000 ft. square cells. 9
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Mathematical Béundary, Internal, & Source/Sink Conditions

The way the conceptual hydrologic boundaries and stresses correspond to the mathema
cal boundary, internal, and source/sink conditions in the Lana’i numerical model are described
the following paragraphs. It is important to note that setting boundary conditions is the step
numerical modelling most subject to serious error (Franke, & others, 1987). Itis believed that t
assumptions of simplicity and uniformity made for the mathematical boundary conditions, int¢
nal conditions, and source/sink terms will not induce serious errors.

Normally, when speaking of boundary conditions in a numerical model the modeler
addressing the mathematical boundary conditions which define the extent or domain of the ent:
modelled area. These can be thought of as the perimeter, bottom, and top of the saturat
ground-water between which all flow occurs within the grid layer. When these mathematic
boundary conditions are specified then one may solve the partial differential ground-water flc
equationt €q.(11), pg. 67 through sinmulfanedds algébraic eéquations in the TMuirierical moc
(Franke, & others, 1984). The three (3) major types of mathematical boundary conditions are:

(1) Specified head;
(2) Specified flow; or
(3) Head-dependent flow (some combination of (1) & (2)).

Such boundaries constrain the problem and make solutions unique. The freshwater fl¢
at the coast does not extend for any significant distance offshore. Therefore, the edges of the g
located in the ocean surrounding the island act as a specified flow type of no-flow boundari
Also, the bottom of the freshwater lens is assumed to be an idealized constant which is not phy
cally correct in location but is correct in establishing streamlines along the bottom of the aquit
These streamlines go towards to ocean and provide a datum for the model to estimate aquifer
values based on given K values. This specified flow boundary of no-flow across the bottom of 1
model was set at -400 ft. msl based on geophysical resistivity work by Swartz (1940) which idc
tified the depth of salt-water/freshwater break in a cross-section of the istand. As stated earli
the maximum lens bottom estimate of -948 ft. msl at one station. Since the lens depth m
decrease to approximately zero at the coast, the average between the coastline and the maxinm
lens depth was considered to be a reasonable assignment for the assumption of a constant bott

depth ((948+0)/2 = 424 = 400 ft.).

It is clear that the perimeter and bottom of the grid layer for the Lana’i model are no-fl
mathematical boundaries. The top of the model, or the water table, is a different matter. Since
Lana’i numerical model uses Dupuit assumptions, where all flow is horizontal in the 2D sin
layer representation, flux across the water table is treated as a source, lumped in the F term
equation eq.(11), pg. 67, rather than a boundary condition (Anderson, & others 1992). The
govemmg numerical model mathematics, equation eq.(11), pg. 67, is such that if flux, the const
F in the equation, were to also vary with time the solution would be non-unique and unsolva
(Anderson, & others, 1992). Therefore, recharge flux is more appropriately handled throug
separate water-budget analysis which was covered earlier in this report. Thus, the model’s me
ematical boundaries are no-flow on five (5) of the six (6) edges of the grid layer.
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Internal conditions of a model are often confused with mathematical boundary conditions.
The relevant physical or hydraulic hydrologic boundaries for Lana’i are the Pacific Ocean coast-
line which swrounds the entire island, a northemn region of low permeability along the coast, the
three rift zones which are manifested by observed dike and fault boundaries, the water table (com-
puted by MODFLOW), the tunnel sources, and even flank flows. In the Lana’i numerical model,
these conceptual hydrologic boundaries are types of internal conditions, or boundaries, which are
different than the mathematical boundary conditions described in the previous paragraphs.

The Pacific Ocean coastline is represented by surrounding the island with the equivalent
of a leaky streambed which is an internal head-dependent flow condition. The river or drain
packages in MODFLOW calculate aquifer heads necessary to simulate seepage from the aquifer
to a surface water body with a constant stage. These packages are identical although the river
package allows flow to and from the surface water body whereas the drain package allows flow
- only to the surface water body. The river package, RIV, was chosen over the drain package to
allow for ocean intrusion at the coast. Normally;the-river package is used to represent streams -
but can be used to represent the equivalent leaky type of boundary where flow through the coastal
toe of the basal lens must occur. The ground-water must pass through a thin region near the shore
which approximates the toe of a basal aquifer which does not extend past the shoreline for any
great distances. Therefore, a thin band of this leaky internal head-dependent flow condition sur-

rounds the entire island as is shown in Figure 33, pg. 72. A total of one hundred and sixty-four
" {(164) celis were identified to form a single cell wide band around the island. All cells ocean side
of this boundary are not part of the island ground-water system and were given the internal speci-
fied flow condition of no-flow. The internal river boundary is divided into the two (2) regimes of a
flank flow permeable southern coast and a less permeable alluvial northern coast. The demarca-
tion points for these two regimes are Palahinu Point and Naha, which corresponds to Stearns
(1940) description of coastal alluvial deposits and is twice the length of Adams (& others, 1973)
study regime for the alluvial beachrock on the northern coastline. This stretch of northern shore-
line is assigned a lower hydraulic conductivity than the southern shore with the exception of Lae
Hi Point which happens to be a basaltic outcrop. These internal conditions corresponding to a
caprock like condition impact a total of seventy-two (72 cells in the numerical model and are also
shown in Figure 33, pg. 72.

. The boundaries associated with three (3) major rift zones for Lana'i are also internal
head-dependent flow conditions. The combination of dikes, faults, and rock contained within
Lanai’s rift zones produce a honeycombed effect as these geologic features incise the flank flows
of the island and intersect with each other within the major rift zones. The horizontal-flow barrier
(HFB) package in MODFLOW provides and easy way to produce model these conditions. A
total of eight hundred and seventy-five (875) cell walis were made into effective internal HFB
conditions. It is important to remember that these internal conditions represent the net effects of
many unseen geologic features and are not actual individual boundaries.

The Lower and Upper Maunalei Tunnels ate modeled as internal head-dependent flow
condition through the drain package. Finally, all other pumping wells are sink terms in the model.
One important issue with wells is that although they are located in the model’s individual cell.s
they are only approximately located at the central node in each cell. In addition to this approxi-
mation, interpolation errors between the grid nodes in this regional numerical model may be as
much as 10 ft. (Anderson, 1988).
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Source/sink terms are basically the net flux, F, applied at each celi node in the model in
accordance with equation eq.(11), pg. 67. The recharge, R, array portion of this net F term is the
resuit of the GIS water-budget model discussed earlier and is a source term. The individual celi
value results were constructed by merging the GIS results with the model grid and inputting the
results into the recharge package of MODFLOW. Recharge values were in inches/day over for
each cell area in the model grid which produce a cell volumetric inflow rate. Once initial water
levels have been calibrated then pumping stresses can be imposed easily for each well by using
the well package of MODFLOW. Pumping stresses in the Lana’i numerical model are all sink
terms which mean they take water out of the aquifer system.

Hydraulic Parameters

Previous discussions of the governing hydraulic equations for. Darci’s Law, equation .. . .. .. .

eq.(1), pg. 14, and transmissivity, equation eq.(2), pg. 15, are not repeated here. Before discuss-
ing additional and individual hydraulic parameters there it is again necessary to clarify a major
concept regarding their values. As discussed earlier and in general, the many sources of error
associated with aquifer pumping tests dictate that values obtained are not absolute nor necessarily
accurate and are more appropriate for local conditions and individual weil performance rather
than island-wide regional hydraulic behavior. Thus, this actual heterogeneity in the real world
cannot be entirely dismissed. However, these hydraulic tests for do provide a *ballpark’ starting
point and reasonable range to begin the numerical flow model parameter estimation process for an
assumed or ‘effective’ homogeneous situation which represents the heterogeneous situation.
~ Thus, it is important not to label or confuse resuiting ‘effective’ homogenous hydraulic parame-
ters estimated by the numerical analysis with the ‘actual’ hydraulic parameters in the very hetero-
geneous real world. However, it should also be understood that rules governing the estimation of
these ‘effective’ homogeneous parameters are not well defined (Smith, & others, 1993).

For the Lana’i numerical model there are four basic hydraulic parameters which are varied
in the calibration process. These are the global flank flow horizontal hydraulic conductivity, or
permeability, K, the coastal streambed conductance term, SC, the horizontal-flow barrier (HFB)

hydraulic characteristic, HYDCHR,,., and the tunnel drain conductance term DC.

Global Kj can be described as the average effective hydraulic conductivity in the flank
flow lavas. The average K from existing pumping test data is 18.3 ft/day(Table 13, pg. 50). As

stated earlier, it is known that pumping tests occurred in the rift zone and actually encountered
dike, fault, or both boundaries. The intrusive boundaries cause greater drawdown during a pump
test than would otherwise be observed which results in lower computed K}, vaiues for flank flows.

It is difficult to determine to what degree pump test Kj values would increase to correct for
boundary encounters but it would not be unreasonabie to assume flank flow K}, values are within
the range of tens (10*) to thousands (10%) of feet per day. The K}, value may be lower in the Pala-

wai Caldera region than other parts of the island as evidenced by pump test results (see Table 13,
'pg. 50) but it is less than an order of one (1) magnitude. :
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Streambed conductance, SC, is defined in MODFLOW as:

SC = — . eq.
where:

SC = Streambed conductance (L2/t)
K = hydraulic conductivity (L/t)

I =length of cell (L)

w = width of cell (L)

m = depth of stream bed layer (L)

In the numerical model, the length, 7, and width, w, are constant for all cells, including

coastal streambed was defined by setting the bottom of the river bed at -10 ft. msi in the mc
which is estimated to be the equivalent depth of freshwater leakage depth at the coastline.

RIV package requires a constant water level to be maintained in the stream/ocean coastline it:
which is sea level, or 0.0 ft. msl. The resulting stream bed hydraulic conductivity, X, must t
be estimated. The overall the SC term is inherently empirical (McDonald, & others, 1988)
must be calibrated. Given the lack of a caprock type formation along the southern coast, the ¢
ambed hydraulic conductivity, K, in eq.(12), is set equal to flank flow K of any particular cali
tion run. Given the caprock or beachrock coastal geology along the northern shore,

streambed hydraulic conductivity, K, in eq.(12) for each cell must be calibrated and will be lo
than the flank flow K}, of the same corresponding calibration run. Typical K values for o

windward type caprock have been estimated to range between 0.1 to 0.08 ft/day (Yuen, 1994)

The horizontal-flow barrier (HEFB) boundary package for MODFLOW requires a hyd
lic characteristic input which is defined as:

_ Ky
HYDCHR, = —=

where:

HYDCHR,= Unconfined aquifer HFB hydraulic characteristic (1/t)
K5 = hydraulic conductivity of the horizontal-flow barrier(L/t)
w = width or thickness of horizontal-flow barrier (L)

Equation eq.(13) is valid for MODFLOW layer types defined as unconfined. It is s
what empirical since one does not know the actual width or actual ‘effective’ width of a [
Therefore, HYDCHR,, was allowed to vary as needed to simulate water levels. Since we k

that the Kp; term must be lower than the global flank flow K, term, the w term could be a sij
cant portion of the width of the cell, or 2,000 ft., and the K term could be several orders of :
nitudes lower than Kj, the HYDCHR,, term should be as low as 10 or less.
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There is no general formulation presented in MODLFOW for the drain conductance term,
DC, like the other modeled hydraulic parameters. This is due to the difficulty in quantifying ail
the parameters which affect flow to adrain. Therefore, it is truly a lumped proportionality param-

eter. However, three (3) processes affecting drain flow are discussed in MODFLOW and are
described through equation eq.(14) as follows:

DC = CF- KD - WL eq.(14)
where: ‘

DC = Drain conductance (dimensionless)

CF = head losses from convergent flow to the drain

Kp = hydraulic conductivity or material around drain

WL = head losses from flow through the drain wall openings, length, etc.

Like SC, DC is empirical and perhaps even more so given the fact that turbulent flow
losses are to be accounted for in this terrn. However, if one knows the flow to the drain then DC
can be calibrated for that flow. Fortunately, sufficient Maunalei tunnel flow data is available.

As a final note, the storage coefficient, S (see equation eq.(3), pg. 16), is set to zero (0) in
all initial tunnel flow and water level computer runs since we are calibrating to an assumed

steady-state conditions. In transient situations it will be necessary calibrate S to match transient
water levels.

Solution Techniques

Of the two basic solution techniques available in MODFLOW to solve the large matrices-
which are developed in making a model, the Strongly Implicit Procedure Package (SIP) was used
throughout the computer runs for this study. SIP utilizes backward difference approximation, or
implicit difference formulation (Wang, & others, 1982), to solve the system of linear equations
which approximate the analytical solution to equation eq.(11), pg. 67 for each cell. This tech-
nique is favored since it always numerically stable, i.e. errors introduced at any time diminish
progressively at succeeding times. The specific technique is not covered here but is well docu-
mented in MODFLOW (McDonald, & others, 1988). An alternative solution technique called the
slice successive over-relaxation (SSOR) is available but was not used.

Numerical Parameters (closure, seed, acceleration, etc.)

Various numerical parameters were used for error checking and to help speed convergence
of the model. The closure criteria was set at 0.001 ft. maximum absolute value of head change
and was constant throughout all simulations. Seed factors were always calculated by MOD-
FLOW. The acceleration factor used was generaily one (1) although model estimation sensitivity
during later simulations necessitated smaller positive values (down to 0.1) to smooth solution clo-
sure and speed convergence.
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Calibration Targets (tunnel flow, initial water levels, transient water levels)

Generally, steady-state, or equilibrium, calibration targets need solid definition for :
meaningful calibration effort. The steady-state targets are those conditions under which ground
water level variation will be minimized under normal long-term climactic conditions. Ideally
many observation wells could be put in and ground-water levels recorded many years prior to an’
pumpage to establish some stead-state distribution of ground-water levels. In reality, welils ar:
normally pumped immediately after they are drilled since the expenditure of monies for drillin:
was justified by the potential utility of supplying water needs in the first place. Thus, as wells ar:

drilled and pumped sequentially in time a steady-state situation may be hard, if not impossible, t:
define.

Fortunately for Lana’i, there is a period of steady-state pumping and initial water levels
Aquifer water levels for the first ground-water sources, the Lower and Upper Maunatei Tunnel
are difficult to ascertain except that they are higher than the tunnel floors. These tunnels had beer
producing ground-water for at least twelve (12) years prior to the drilling of later sources and ma;
have affected the later sources’ water levels. However, this seemingly unfortunate circumstanc:
actually provides a steady-state situation. The steady-state calibration target was identified as th-
established base flow from the tunnels and the corresponding water levels for Shafts 1 & 2 whici
were not pumped significantly during this period and serve as observation wells. Other than thi
scenario, there is no other definite period of constant water levels with constant rechargc, pump
ing, and ground-water levels in the record.

The establishment of baseflow from both Maunalei tunnels is difficult given the historica
record. Although Stearns stated that the Lower Maunaiei Tunnel was ‘driven’ in 1911, data recor
dation for the tunnel flows did not begin until 1926. However, Lloyd (1975) stated that wate
development of the gulch began in 1923. Whatever is the actual case, the tunnels had at leas
twelve (12) years in which to deplete storage and reach base-flow or steady-state conditions. O
Oahu, the maximum time to establish based flow conditions for the Waiahole Ditch tunnels wa
approximately seven (7) years from Takasaki’s (& others 1895) estimation of monotonic deca;
periods. Therefore, it is assumed that the Maunalei tunnels probably had reached steady-stat
base flow conditions before other Lana’i wells were drilled and pumped. Using this reasoning
the average flow for the Maunalei tunnels during 1926 to 1939 was deemed to be an appropriat
value to use. One could argue that perhaps the data from 1933 to 1939 would be an even bette
period of flow use since this would filter out the initial decay period of tunnel flow to get a bette
base flow average. However, considering the rainfall departure, as shown in Figure 10, pg. 23 ¢
Figure 11, pg. 24, for the two different periods it can be seen that the 1933 to 1939 period is
much wetter period than the longer 1926 to 1939 period. Not surprisingly, the average tunn
flow for 1933 to 1939 is slightly higher than the average flow for 1926 to 1933 for both tunnel
This indicates that the tunnei flows are sensitive to changes in climactic conditions and recharg
Therefore, the longer period was considered closer to the average climactic conditions on Lana
than the 1933 to 1939 period and is somewhat more conservative. These tunnel flow calibratic
targets values are shown in Table 14, pg. 77. These target tunnel flows are primarily achieved t
altering the DC parameter from equation eq.(14), pg. 75 but are also dependent on the inlar
ground-water levels which, in turn, are defined by the various other hydraulic parameters alreac
defined.
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As tunnel base flows are calibrated, observed ground-water levels for existing non-pump-
ing wells or initial ground-water levels observed for wells drilled after the tunnels must also be
calibrated. This resuits in a calibration effort which must simultaneously match tunnei base flows
and initial ground-water levels in selected wells to achieve the calibrated steady-state situation.
Ground-water level data from Shafts 1 & 2 provide the best estimate of initial water levels for the
steady-state period, at least for the windward side of Lana’i. Although initial water level data is
limited to these two (2) sources and not gathered on Lana’i under ideal conditions (windward
only, and during a higher rainfall period), it is the best situation available for steady-state condi-
tions. However, this situation can be helped by a ranking, or weighting, of other initial water lev-
els encountered. The resulting ranking of initial water levels is more or less chronological since
stresses imposed on the aquifer vary through time in concert with the construction of the wells.
The calibration targets for initial water levels are shown in Table 14.

Table 14. Calibration Targets and Rank of Importance.

85 S

1
2 1911 Lowsr Tunnel 5053-01 32,25 49, 37 1103 0.261
3 1911 Upper Tunnei 5063-02 © 33,25 49, 35 1500 0.064
4 1918 MH Tunnel 4852-01 39,24 47,23 (dry)<2700 na
5 1920 Gay Tunnel . 4853-01 37,22 43,27 (diy}<t920 na
6 1924 Walapaa Tunnel 4952-01 38,24 47,29 (dry)<2220 na
7 1936 Shaft1 5253-01 27,30 59, 47 24 na
8 1938 Shaft2 515401 . 20, 26 51,41 738 0,014
) 1945 Well 1 4853-02 36,20 39,29 ats 0
10 1946 Well 2 4953-01 35,22 43, 31 1544 )
11 1950 Well 3 4954-01 32,21 41,37 1126 0
12 1950 Well 4 4952.02 38, 23 45, 29 1539 0
13 1950 Well 485202 39,23 45,23 1570 0
14 1950 USGS T3 505401 30, 23 45, 41 1067 0
15 1954 Shaft 3 BH 4953-02 35,22 43,31 1553 o
16 1986 Well 6 5054-02 29,23 45, 43 1005 0
17 1987 Well 7 $055-01 27,22 43,47 850 0
18 1989 Well 10 4555.01 38, 12 23,25 208 )
19 1989 Well 9 4854-01 33,19 37,35 808 0
20 1990 Well 8 4954-02 31,22 43,39 1014 0
21 1990 Well 12 4552-01 44,16 31,13 5 0
22 1990 Well 13 4553-01 44,15 29,13 0 0
23 na Manels 4454-01 [ 43,13 25,15 ) 0
24 1950° USGS T-2 485203 tag, 23 b4s, 23 na 0
a. not available

b. based on 9/22/38 to 1/14/37 intermittent pump test (Steams, 1940). However, ignored in calibration effort.
©. measured in 1993 when discovered by Lanai Co.
d. estimated.
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It should be clear that no true “initial” ground-water levels, even in areas with zero
pumpage, can be established without an initiai comprehensive network of observation we
Ground-water levels throughout the island will fluctuate naturaily under varying climactic con
tions, especially in dike confined regions. However, such variations in water levels sho
approach an average equilibrium over time periods where long-term natural conditions can
identified. Unfortunately, observation well networks are seldom in place prior to pumping con
tions and Lanai’s situation is no different. Since pumpage would affect initial regional equil
rium ground-water levels, then the earliest drilled wells deserve greater weight in matching tt
wells drilled later in time. Additionally, aithough tunneis do not give an accurate measure of
ground-water table other than the fact that they lie below it (or above it if dry!), they do prov
limits which must be met. Also, geothermal heating for Wells 1, 9, and 10 affects the water lev
initially encountered. Such heating could account for water level differences in the neighborhc
of five (5) feet differences for these three wells (this can easily be calculated by taking specific
ratio of water’s approximate specific weight at 60° F and 100° F, or 62.37/62.00 (Roberson.
others, 1980), multiplied by a 1’k 1"X'900" WwateT Coliiinint = 5.4 ft).” Thérefore, the initial grow
water levels should not be affected by geothermal activity significantly in areas with water lev
exceeding several hundreds of feet in elevation on Lana’i.

In addition to the steady-state calibration targets, levels or associated error targets must
defined to provide an additional basis of identifying an acceptably calibrated solution. Given
model assumptions of regional isotropy, homogeneity, and other averaged hydrologic paramet
it is unlikely that every observed water level will match perfectly. Associated error targets ¢
vide a means of a qualifying how well the steady-state calibration targets have been achieved
ative to one another. For this study, an acceptable steady-state calibration solution is achie:
when the combination of all model hydraulic parameters resuiting in observed tunnel flows :
water levels minimize the associated errors. This was accomplished most efficiently by defin
several levels calibration and striving to maximize higher leveis of matching while minimiz
lower ievels of matching. Therefore, such associated error targets are defined for both Maun:
Tunnel base flows and initial water levels in which is summarized in Table 15.

Table 15. LeVels of Calibration for Lana’i Numerical Model

1

2 60 2 10
3 20 15
4 > 90 >3 _ 20
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Admittedly, levels of associated error targets are subjective but are based on relevant crite-
ria. Typical flow meters and totalizers, especially older, are commonly known vary as much as
5%. Given the uncertainty of the tunnel base flow data and the completeness of their record vari-
ability is arbitrarily set in increments of 5%. For water levels, propetly installed airline measure-
ments are accurate to the nearest 0.1 ft. Also, and as mentioned earlier, nodal interpolation errors
alone may cause errors up 10 ft. in a regional model (Anderson, & others 1992) and well locations
are not exactly coincident with nodal locations in the grid. The ignorance of return irrigation
could also affect water levels but such effects are probably limited to the Palawai basin area.
Also, dike-confined water levels are generally more sensitive to climactic variations than basal
aquifers. Since the majority of wells on Lana’i are located in dike-confined regions their initial
water levels will be difficult to match due to local climactic differences when initially drilled. As
described earlier, geothermal presence can aiso affect water levels by a few feet in the Palawai
Caldera. Considering these factors alone would justify an associated error of several tens of feet.
Basal wells, on the other hand, typically do not exhibit the same level of sensitivity to climactic
and purnping stresses. Therefore, the associated error for basal weils should be much lower than

that for dike-confined water levels; on the order of a few feet. Again, these associated emrors are

subjective and based on discussions with hydrologists of the USGS, CWRM, and LCo.

There are two (2) additional calibration targets which must be met before any of the initial
water level or tunnel base flow results are compared to the calibration targets identified in Table
14, pg. 77 and Table 15, pg. 78. These are the water level closure criteria, where the numerical
iteration processes will stop, and the corresponding mass balance for each run. A rule of thumb is
that simulated water level closure criteria should be one to two orders of magnitude smaller than
the level of accuracy possible (Anderson, & others, 1992). Since water levels have been mea-
sured to the nearest 0.1 ft. on Lana’i this would correspond to a closure criteria of 0.001 ft. Each
calibration run had to meet this error criterion, which means that before its results were accepted,
water level changes between progressive iterative solutions for each cell could not exceed this
amount. The mass balance error is calculated by MODFLOW at the end of a calibration run when
the water level closure criteria is met. A mass balance target error of 1%, or less, is considered
acceptable (Anderson, & others, 1992). When both these error criterions were met the results of a
calibration run were considered acceptable to rate against Tables 14 & 15.

A second major effort in this calibration process was to match transient water leveis in
each well with historical data. The ‘target transient ground-water levels are defined as those
observed in each well over the eight periods identified in Figure 31, pg. 65. The effort here is to
calibrate the model’s effective storage coefficient, S (see equation eq.(3), pg. 16), and also to give
a sense of reliability to the initial steady-state calibration effort. As stated previously, the reason-
able range of § is 0.1 to 0.3 for the unconfined aquifers. Other modelling studies in the State, on
the island of Oahu, have shown that storage coefficients between 0.02 to 0.05 appear reasonable
for unconfined basal situations (Eyre, & others, 1986). Whether or not this is the case for high-
level unconfined aquifers is subject to conjecture. In any case, it is much more difficuit to identify
a § calibration or an associated error target with water levels since they vary with time. Instead,
transient water levels were analyzed in a more spatial context at each weil site. This spatial anal-
ysis also provided insight for changing boundary conditions. For example, it was found during
early rounds of the transient simulations that the windward water levels were reacting too low
while the leeward side water levels were reacting too high. This lead to a change in the configura-
tion of dike boundaries on the windward side which led to a better match in transient water level
response.
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Trial-and-error is the method used to arrive at best fit solutions for initial steady-state ¢
transient recharge and pumping water levels. In both situations, the goal is to meet the associa
error and closure criteria conditions which minimize the average difference between the sin
lated and observed initial heads and pumping drawdowns. MODFLOW does have an automa
calibration module called MODFLOWP. However, MODFLOWP is a recent code which has |
been used much and it may be 10 to 20 years before the use of such automatic calibration mod
become standard practice (Anderson, & others, 1992). Therefore, this study remained with
trial-and-error method of calibration. It is important to understand that the trial-and-er
approach does not guarantee the statisticaily best solution (Anderson, & others, 1992). Therefc
sensitivity analysis will be necessary later to quantify the uncertamty of the parameter estimat
through this trial-and-error approach.

- - [OOSR —

There are many ways to 1dcnt1fy and measure thc success of the cahbrauon cffort
Lana’i. The two (2) major categories to evaluate the calibration effort are quantitative and qu
tative measures of success. The ultimate calibration objective is to minimize both types of m
sures of error. The statistical measures used in this study to quantify average differences betw:
the simulated and observed initial heads and transient drawdowns are. the mean error (ME),
mean absolute error (MAE), and the root mean squared error (RMS), or standard deviati
However, these quantitative statistical properties do not identify the spatial, or qualitative, dis
bution of the errors. Therefore, spatial relationships between simulated and observed water lex
must be shown graphicaily as well. . .

Initial Steady-State Ground-Water Levels

Over a thousand (1000) ground-water level simulation runs were performed to caliby
the model to the initial steady-state water level conditions. In the effort to verify the final conc
tual model, many of these runs were made to test possible conceptual models which were m
simpler but probably too simpie to meet observed conditions. For example, through many c«
puter runs it was found impossible to match observed water levels with a single uniform effec
global permeability, K, devoid of other internal boundaries to horizontal-flow, with a calibra

level of 1 (see Table 15, pg. 78) for more than 1 well at any time. Likewise, it was found imyj
sible to match observed water levels by using only field identified dike and fauit and bounda
alone without any inference of unseen horizontat-flow boundaries which must exist in the kn
rift zones. Thus, the failure of these simpler conceptual models mean that they are too simple
that there must be many unseen internal boundaries. Some adjustments to internal boundary ¢
ditions were necessary in the rift zones and along the shoreline to calibrate the model but ow
there is little deviation from the initial assumptions of homogeneity, isotropy, and simplicity
the regional scale of the Lana’i numerical model. Therefore, many of the earlier simulation -
were used as rule out other possible conceptual models.

Following the initial invalidation of oversimplified conceptual models, the final con

tual model, as shown in Figure 33, pg. 72, was calibrated by varying the various hydraulic pa

-~ eters until a best fit match for the in initial steady-state water leveis was obtained. .MODFL
input data and resulting output data for the best fit calibration are located in Appendix C and
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Summaries of the best calibration fit to initial steady-state ground-water level conditions
are shown in Tables 16 & 17 and Figures 33 and 35. It is important to understand that this is nota
unique solution and that other combinations of these hydraulic parameters can result in similar
results although changes in conceptual internal boundary conditions have a much greater effect on
the quantification of these parameters. For example, it was found that under the original bound-
aries to horizontal-flow configuration initial water levels for Wells 1 and 12 were several hundred
feet too high when other wells seemed to be reasonably matched. The solution for this was to
remove the makai most boundary to horizontal-flow which solved the problem rather than trying
to alter the hydraulic permeabilities locally. Likewise, using recharge distributions from past
studies resulted in Shaft 2, the most important initial water level, drying up consistently when
pumped at its long-term average, which is not consistent with reality. Only after the GIS recharge
was overlaid on the model was the Shaft 2 problem resolved. An important feature of the steady-
state calibration effort was that the Upper Maunalej Tunnei needed to cross into the next mauka
cell since it was impossible to get enough flow out of one cell only. This is reasonable since the
tunnel source is really horizontal and may indeed tross into anothercell in the conceptal model. © -

Whether or not this is true, such a change is necessary for the model to achieve the defined steady-
state target conditions.

Table 16. Resultant Calibration Parameters for initial Steady-State Conditions

s Storage Coefficient dimensionless
K, (both x & y directions) Global Horizontal Permeability
lstand 1000 ft/day
Palawai Caldera 100 f/day
sc Coastal Leakance
Southem coast ' ‘ 4% 108 ft2/day
Northem coast 4x10* feiday
HYDCHRy, Hatizontal Flow Boundasry Conductance
Dike Complexi 5.01x 10 1/day
DC Drain Leakance
Lower Maunalei " 255.84 f2/day
Upper Maunalei 1370.00 ft¥/day
Extension of upper 1370.00 t2/day
R Rechargs 61.60 mgd
Areaof A Recharge area 14083 mi2
Bottom Elevation Bottom of model -400 ft
Pumping Pumpage scenario 0 mod
Mass Balance valuss < 1.0% are acceptabie
Closure Criteria water level changes < 0,001 ft stops itaration na t
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Table 17. Best Fit Steady-State Calibration Resuits

1 | Gay Well A 2 25 +0.5 1 0
*2 | Lower Tunnel 1103 1240 +137 | 0.261
*3 | Upper Tunnei 1500 . 1508 +6 | 0.064
*4 | MH Tunnei {dry)<2700 1841 bnn 1 0
*S | Gay Tunnel {dry)<1920 1504 nn 1 0
*6 | Waiapaa Tunnel | (dry)<2220 1743 nn 1 0
7 | Shatt t 24y T T a4 | ) S T R N
8 | Shaft2 735 738 +3 1 0
9 | Well 1 818 850 +32 2 0
10 | Well 2 1544 1523 -21 1 (]
11 | Weli 3 1128 1154 -28 1 0
12 | Well 4 1589 1625 +36 2 0
13 | Well 5 1570 1728. +153 4 o
14 | USGS T-3 1087 1131 +64 3 0
15 | Shaft 3 BH 1553 1523 -14 1 0
16 | Well 6 1005 | 991 -14 1 0
17 | Well 7 650 755 +105 4 0
18 | Weli 10 208 318 +110 4 0
19 | Well 9 808 846 +38 2 0
20 {Wellg 1014 191 | +177 4 0
21 | Weli 12 5 0.3 4.7 4 0
22 | Well 13 0 0.7 +0.7 1 0
23 | Manele '] 23 +0.3 1 0
24 f USGS T2 - dna na na na 0
a. steady-state flow equai to ‘26-'39 average.
:f P sumed i 1993 when discovered by Lanai Co.
d. not avaiiable.
ME = }‘ E(initial - calibrated) = 404 where n = 18 {wells marked * not counted)

MAE = }‘z (linitial - calibrated]) = 48.1

0.5
RMS = [}‘Z(initial-calibrared) 2] =723
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Fiaure 34. Spatial Contour Results of Best Fit Calibration
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From Table 17, pg. 82, it can be seen that levels of calibration for the earliest sources
match much better than later sources, which is expected. The MAE of the simulated water levels
for all wells is 438 ft., which implies that the overall match is fair (Level 2, as defined in Tabie 15,
pg. 78) while the standard deviation is 72 ft. (Levei 3). However, considering the assumptions of
homogeneity and isotropy and the transient considerations of wells coming on-line at various
times, the match is better than expected. Additionally, calibrated hydraulic parameters from Table
16, pg. 81, fall within the range of reasonable values mentioned earlier in this report.

To investigate the reasonableness of the 61.60 mgd recharge R input, a separate calibration
was performed where the fog-drip component of R was entirely removed. The total average R for
this situation was 53.18 mgd (see Table 12, pg. 48). The same technique and closure criteria from

the previous calibration was used. The best calibration fit parameter values with the no fog-drip R
are summarized in Table 18 below.

Table 18. Resultant Calibration Parameters for No-Fog Steady-State Conditions |

s Storage Coefficient 0 | dimenasionioss
Kj, (both x & y directions) Global Horizontal Permeability
Island 1000 ft/day
Palawai Caidera 100 ft/day
sc Coastal Leakance
Southem coast . 4x108 tt*/day
Northam coast ) 4x 104 (t2day
HYDCHR,, Horizontal Flow Boundary Conductance '
Dike Complex 240 x 108 1/day
oe , Drain Leakance
Lower Maunalei §120,00 ft2day
Upper Maunalei 5120.00 f2/day
Extension of upper ' 5120.00 ft%/day
R Recharge £53.18 mgd
Areaof R . Recharge area 140.83 mi?
Bottom Elevation Bottom of mode{ <400 ft
Pumping Pumpage scenario mga
Mass Balance values < 1.0% are acceptable 0.05 %
Closure Criteria water level changes < 0.001 ft stops iteration na ft

- As expected, the HYDCHR,, and DC terms were different in the no fog-drip R scenario. The
best way to compare the impacts of these changes is to view the changes in the profile of the
resulting changes in water levels (see Figures 36 & 37 on the following pages).
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The results of this alternative calibration show that, for the given conceptual model w:
all its assumptions and identical internal boundary locations, the R with FD is a better estimate
island R than without FD, for several reasons. First, it was impossible to get the Upper Mauna.
Tunnel to flow at all under the same steady-state model conditions as the previous calibration.
was found that additional 2000 ft. mauka extensions to both tunnels was necessary to achieve t
calibration target of historic tunnel flows observed, before any other wells were drilted, for
without FD. These boundary changes are not incorporated into Figure 37, pg. 87 since we 2
comparing calibrations without boundary changes which is a more meaningful comparisc
Therefore, it was only possible to match the Lower Maunalei Tunnei flow and initial Shaft 2 wa:
levels but not the Upper Maunalei Tunnel flow. This is clearly visible in Figure 37, pg. 87 sin
the Upper Maunalei Tunnel will not flow in the R without FD scenario since the bottom of t
tunnel floor iies above the ground-water level. Even if these boundary changes were allowed t
horizontal flow boundary, HYDCHR,, had to be decreased such that ground-water levels cot
rise to achieve not only tunnel flow but the observed initial water ievel at Shaft 2.

The fact that HYDCHR,, must be decreased (tightened) to meet the calibration targets
expected, since less recharge would require tighter dike and fauit formations to increase wa
levels to compensate for less R, and is the second reason why R with FD is a better estimate
island R than without FD. Removing FD from R affects water levels on the leeward side mc
than the windward side of the island. For R without FD, calibrated water leveis on the leews
side of the island are consistently higher than if R incorporates FD, as is clearly shown in Figt
37, pg. 87. All the observed initial high-level water levels with a calibration level greater thar
are already lower than water levels from the calibration with R containing FD (see Table 15, 1
78 and Table 17, pg. 82). Therefore, removing FD from R increases this error rather th
decreasing it.

Lastly, the decrease in HYDCHR,, will also affect aquifer response to long-term avera

pumpage such that drawdowns for the model calibrated without FD are less reasonable. Fig
38, pg. 89 shows that even with long-term pumping the water levels at Wells 1 and 10 are on 1
order of 200 to 300 ft higher than what has been initially observed at these two wells sites. Al
drawdowns in other wells seem much more drastic than what is observed in the field. From F
ure 38, pg. 89 it can be seen that the drawdowns at Wells 2 & 4 should be on the order of 300
600 ft greater than what is currently observed and historical behavior of these sources do not in
cate that such drawdowns would be expected. The only exception of ground-water ievel respoi
without FD is Well 5, which appears to be a better match than the calibration with FD. Howey
Well 5 is known to have efficiency problems and, as will be seen later in transient runs, this sou
is one of the more poorly modeled wells in this report. Therefore, it is the opinion of the aut]
that this figure is further evidence that the model calibrated with FD is a better calibration tl
without it. Therefore, calibration parameters made with FD, as described in Table 16, pg. 81
deemed the “best-fit” calibration mode} from here on in this report.
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Transient Recharge, Pumping, and Water Levels

-

Following the steady-state initial water level calibration, transient water levels are investi
gated to calibrate the effective storage coefficient S and to further provide confidence in the cali
bration of the steady-state conditions. As shown from Figure 31, pg. 65, there are eight (8
periods of significant changes in static water level trends from 1942 to 1994. These periods corre
spond to what are called stress periods in the numerical model. Therefore, there are eight (€
stress periods in the transient model input. Since the high-level water elevations are sensitive t
both climactic and pumping stresses both must be varied within the defined periods.

Varying recharge, R (with fog-drip, FD), over the specified periods was accomplishe
through the GIS by applying the monthly departure from the long-term monthly means for rair
fall, RF, and running the recharge model with these modified RF variables for each period. N
... other water-budget parameters were altered and it is assumed that the lag-time between recharg
and water levels is negligible. The results for the penodlc RF departure computations are show
in Table 19, pg. 91. The resulting effect on the GIS R departure computations for each stres
period are shown in Table 20, pg. 91, and it is interesting to note that they generally exceed R,
departures. The reason for the difference in departures is most likely due to the differences i
ET,, which is dependent on changes in soil-moisture storage, ASMS,,, which was discussed ea

lier in this report. Computations of periodic recharge rates used in deriving the tables 19& 20 ca
be found in Appendix E.

Of the twenty-four (24) ground-water sources identified for Lana’i in this report, onl
eleven (11) of these were pumped significantly and of these eleven only nine (9) have water lev:
responses to pumpage and climactic changes. These production wells and their correspondin
average pumpage for each period are summarized in Table 21, pg. 92. Yearly time-steps wei
investigated for each stress period. For example, in stress period one, ‘42 to ‘51, there are ten (1(
years or ten (10) time-steps in the model. In each of these time-steps the model will iterate to
solution which meets the criteria set forth in Table 16, pg. 81 before moving to the next time-ste
However, since this is a transient simulation the water balance criteria does not have to necessa
ily meet the steady-state condition of 0.05% difference since changes in storage now occur.

For comparison, specific capacities reported by Takasaki (& others 1982) for wells in tl
Waiahole-Waikane dike complex region range between 1 to 10 gal/min/ft which means that a we
pumped at a rate of 200 gal/min would resuit in a drawdown of between 200 to 20 ft., respe
tively. This is consitent with the current reaction of most individual wells purmnpage on Lana’i.

With the transient input variations established, calibration of the storage coefficient,

was approached by trial-and-error. Five (5) S values were investigated; 0.01, 0.05, 0.1, 0.2, C
with the assumption of homogeneity on the island-wide regional scale. No lag-times were cc
sidered. The resulting transient water level runs and tunnel flows for the final calibration ¢
found in Appendix F. The best S value is the one which matches the trend or relative changes
ground-water levels for each source. This is best accomplished by matching the departures frc
the mean for each source for the observed data and each resuiting simuiated transient run. The
results are graphed in Appendix E
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Table 19. Stress Period Departures from Mean AF for A Calculations

Pariod 8.
'Sreafer |
Jan 14.77 -13.10 3.13 77.44 29.92 27.36 -43.66
Feb -6.23 -13.59 -44.13 -67.36 22.25 9.65 16.79 -11.74
Mar 29.45 -24 45 -12.98 95.58 17.22 -28.30 -27.09 -44.72
Apr 51.41 -53.29 -53.56 4840 8§7.50 -4.68 2117 -82.77
May -13.47 -39.58 42,00 97.79 70.22 22.72 -5.76 -11.06
Jun 30.85 -3745 -18.38 -25.98 -11.88 8.19 -1.25 24.42
Jul 21.07 11.60 -32.04 67.62 65.03 -17.85 10.92 260
Aug 5.05 -19.58 -8.62 -1.57 13.18 2.21 -39.67 -13.87
Sep -19.688 -11.01 -11.77 -49.95 96,22 ~34.25 -6.50 48.99
Qct -38.50 -27.36 -30.10 43.63 6.83 -23.09 10.06 15.51
Nov -11.90 31.00 -5.43 15.68 96.02 -19.52 23.71 -21.95
Dec -10.99 39.12 -14.88 -20.92 38.12 2.81 2830 -35.42
Year 3.66 -10.84 <1499 27.62 4268 -6.29 -0.89 -21.13
Table 20. Stress Period Departures from Mean A from GIS Model
Feb -9.23 -19.95 - -5788 -74.44 35.10 14.47 25.98 -17.28
Mar §2.34 -40.80 ~22.40 178.84 30.20 -46.39 -44.67 £9.27
Apr 100.92 -76.76 -77.04 94.66 135.11 -8.18 39.93 -91.73
May 27.12 60,09 105.47 280.84 191.78 -41.50 -12.35 -24 .11
Jun 51.13 -40.38 35.09 -29.08 -15.09 13.40 -2.08 39.81
Jul 29.69 14,53 -36.48 130.88 124,92 -21.00 14.74 4.14
Aug 7.81 2652 -12.85 243 20.14 3.47 4444 -18.92
Sep -32,73 -19.04 -20.30 -67.92 269.25 -49.01 -11.65 112,55
Oct 64,72 -51.25 -54,60 100.38 16.27 -46.16 21,00 3475
Nov -19.19 53.83 -9.33 26.68 179.62 -31.24 40.79 -34,38
Dec -15.08 54.01 -20.26 -27.75 54.20 3.20 39.41 -44.82
Year 10.91 -9.71 2041 63.41 73.452 27 085 -41.06
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Table 21. Stress Period Pumpage input

bUpper Tunnel

b ower Tunnel 0.206 " 0.112 0.115 0.138 0.198 0.094 0.107 0
Shaft 2 0.218 0.140 0.157 0.109 0.058 0.060 0.435

Shaft 3 BH 0 0 0.598 0.378 0.291 0.409 0.310

Well 1 0.029 0.038 0.095 0.073 0.002 0.119 0.288 g
-Well2 - |- 017t | - -0.360 |-----1.000-}-~-—9:20% +——0:360 | - -0.374 |- ©0.355 0
Well 3 0.005 0.196 0.194 0.125 0.058 0.319 0.345 0
Waelil 4 0.003 0.105 0.219 0.160 0.023 0.315 0.766 0
Waell 5 0.016 0.232 0.099 0.066 0.077 0.234 0.288 0
Woell 6 0 0 o 0 0 0 0.019 0
Well g 0 0 0 0 0 0 o 0
Total p

bUpper Tunnei | 29808.2 | 13775.2

5300.6 3605.6 5581.9 24203 6850.1

Lower Tunnel | 27520.9 15015.9 15365.8 18411.2 | 26490.8 12573.6 14238.1 7€

Shaft 2 28880.0 | 187015 | 210299 | 14583.7 | 77422 8083.5 | 58159.0 | 68k
Shaft 3 BH 0 0| 79698.8 | 50645.4 | 38849.3 | 54657.8 | 51392.2
Well 1 3874.6 | 50872 | 12737.3 9812.9 3157 | 158420 | 39261.1 | 14
Well 2 222856.5 | 481255 | 1337434 | 384134 | 481689.4 | 499931 | 474879 | 25¢
Well 3 623.3 | 262233 | 259734 | 167428 | 77845 | 42678.7] 46053.8 | 3a(
Woeli 4 340.0 | 140828 | 20207.0) 214122| 31288 | 420788 | 1024149 | 67
Well 5 21744 | 310782 | 13239.3 8858.4 | 102542 | 31291.9 | 384395 | 14
Well 6 0 0 0 0 0 0 25194 | 44
Well 9 0 0 0 0 0 0 0| 19
Total 1.16x105 | 1.72x105 | 3.36x105 | 1.82x10% | 1.48x105 | 261x10° | 3.96x10% | 3.0
a. million gailons per day
b. Gravity flow

¢. cubic feet perday
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Several unportant observations resulted from the transient analysis. First, in earlier tran-
sient simulations it was found that the transient windward water levels were to low and the lee-
ward were too high. This prompted a change in the internal boundary conditions by adding
several additional horizontal flow boundaries in the Puuz Kawelo and Puu Mahana area. Addition-
ally, a mauka horizontal flow boundary in the Shaft 3 bulkhead was removed since the tunnel here
does extend for some distance. These changes, in turn, necessitated a recalibration effort to meet
the initial steady-state conditions which was then followed again by transient analysis. This cir-
cular type of calibration effort resulted in 2 much better match for all observed water levels. Sec-
ondly, there is no one best § value which can accommodate the entire island on the regional scale.
This should cast some doubt on the validity of the initial assumptions of homogeneity and isot-
ropy on the regional scale. From the various figures in Appendix F it can be seen that some simu-
lated transient water levels match observed trends better than others for dlfferent S values. Tabie
22 was constructed to show these differences in matching trends.

Table 22. Best Match for Transient Conditions

Upper Tunnel

3 ower Tunnel best
Shaft 1

Shaft 2

Shatt 3 BH
Well 1 bast
Well 2
Well 3 best
Well 4
Well 5
Well 6
Well 9

Total 3 1 1 2 3

a. Gravity flow
b. Pumped in model but actuaily gravity flow tunnel

bast

bast

bast

best

best

best

An additional transient run was made to investigate and provide a estimate of how close
the present situation is to steady-state conditions. The long-term average pumpage for each
source was induced on the best-fit calibrated model and run for 1000 years into the future. A sin-
gle S value 0.1 was chosen for this exercise. Results for each well in this exercise is found in
Appendix G. According to this exercise, water levels in wells are between 10%-90% of steady-
state water levels for the long-term pumpage between 1942 to 1994 excluding well 5.
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Model Sensitivity Analysis

As noted earlier, the trial-and-error approach of parameter estimation does not guaran
the statisticaily best fit, and senmsitivity analysis is necessary. Sensitivity analysis is sim
observing the water level response changing an individual hydraulic parameter on the best fit ¢
ibration while holding all other parameters and boundary location conditions constant. This
done to help quantify the uncertainty of the calibrated Lana’i numerical model. Specifically, -
individual regionaily effective model parameters are; the global and caldera horizontal hydrau
conductivity, Ky, the horizontal-flow barrier (HFB) hydraulic characteristic, HYDCHR,,,
north and south coastal streambed conductance term, SC, the tunnel drain conductance term L
and the input flux of recharge, R. Each parameter was varied individuaily by increasing
decreasing its calibrated value over the range of 1 100% and the model run to steady-state. 1
changes in resulting ground-water levels between the sunulated steady-state best fit cahbran
and sensitivity runs is summarized in Figure 39, pg: 95.

It is important to understand that Figure 39, pg. 95 shows the sensitivity of the calibra
model based only on the internal boundary geometry, the simplified assumptions of regio
homogeneity and isotropy for the hydraulic values of these boundaries, and the steady-state ct
ditions discussed earlier. Figure 39, pg. 95, does not include the model’s sensitivity to changi
mathematical or internal boundary geometry nor initial seed conditions, such as starting head v
ues for a specific computer run. Changing internal boundary conditions will create an alternat
solutionr which could be calibrated, graphed similarly, and would also show a trend towards a z
(0) mean absolute error along the x-axis of the figure. What is also missing from Figure 39 is
models’s sensitivity to changes in internal boundary conditions. Through the calibration effor
was clear that the Lana’i model is also quite sensitive to small changes in the locations of inter
boundary conditions. For example, removing only a few horizontal flow boundaries had dram:
regional and local effects on water levels. In fact, other recent studies (Meyer, & others, 19
have shown that water level responses to pumping in compartmentalized high-level type aquif
are very sensitive in numeric models. Changing the calibrated boundary geometry, in effect, ¢
ates a new model.

From the sensitivity analysis it is clear that the model is most sensitive to changes in
horizontal flow boundary, HYDCHR,, and recharge, R. The sensitivity to HYDCHR, an
should not be surprising since these internal boundaries are known to be a reason for high-le
aquifers and their observed sensitivity to climactic conditions in the real worid. Since the mc
is sensitive to HYDCHR),, it follows that the model must then be sensitive to the locations of th
internal boundaries. This supports the statement made in the preceding paragraph that the mc
is very sensitive to changes in boundary locations but is difficult to show in the graphical mar
as done in Figure 39, pg. 95. )

A few other statements can be made from the behavior of the sensitivity curves.
model seems to be equally sensitive to equal changes in both HYDCHR,, and R. This indic
that the two are correlated which makes sense since the lack of either one wouid result in no h
level water. Changes to other parameters in the model do not induce significant changes 1
much larger percentage increases than HYDCHR,, and R, and even then the MAE is much les
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ictive R

Using the best-fit calibrated model as the base, six (6) predictive scenarios were inve:
gated to assess potential regional ground-water level responses to various stresses. The first p
dictive run was made to assess the impacts of pumping at the long-term ‘42-'94 avera
Secondly, fog-drip only is removed (i.e. no pumpage). Third, the model is pumped at the curm:
CWRM estimate of island-wide sustainable yieid (6 mgd) through existing wells normally op
ated. The fourth predictive run combines the impacts of scenarios 2 and 3; removing fog-drip z
imposing 6 mgd pumpage. Fifth, the Wells 1 & 9 in the caidera were pumped alone with all otl
wells turned off. Lastly, a potential pumpage distribution specified by LCo. is investigated.

Pumpage was not constrained by the actual physical limitations of each well. Estima
future withdrawals from existing wells to meet the 6 mgd pumpage for scenarios 3 & 4 are sim
a matter of convenience. This approach is probably not an accurate prediction of actual fut

- operations-but it serves-as an objective- way of-distributing-6- mgd pumpage.--Not knowing
future distribution of such an increase in pumpage, additional necessary pumpage was distribu
evenly amongst the existing recent annual average pumpage for each high-level pumped w:
Future pumpage for Scenario 5, concerning the caidera, is evenly distributed between Wells 1
9. Pumpage in scenario 6 was specified by LCo.’s hydrologic/engineering consultant. The pun
age values used in these predictive scenarios are summarized in Table 23. :

Table 23. Individual Well Pumpage for Predictive Modei Runs

Upper Tunnel
Lower Tunnel ff ff ff| ff ff i it ff ff
Shaft2 0.196 | 26,190 | O] 0| 1.044| 139,618 0 0| 0500 | 6t
Well 1 0116 | 15479| 0| 0| 0690| 92,229| 0.325] 43,450 | 0.270 | 3¢
Well2/Shafta | 0.721| ©3,021| O] O] 0604| 80,766 0 0| 0300 &
Well 3 0205| 27398| 0| O| 0683 91,291 0 0] 0300 4t
Well 4 0273| 36483| 0| O| 0918| 122,668 0 0| 0.400| 5
Well 5 0155 | 20,738| 0| 0| 0531 71,010 0 0| 0.400] 5
Well 6 0029| 23919| 0] 0| 0746 99,744 0 0| 0300 &
Well 7 ) o ©of o 0 0 0 0| 0200 2
Well 8 0 0] of o 0 0 0 0| 0300 4
Well 9 0012| 1571} O O] 0784 104,733 | 0.325| 43450 | 0270| 3
Well 14 0 0l O] O 0 0 0 0] 0280 3
TTotal 7607 | 214,800 | O] O] 6000 B602,079| 0.650 | 86,900 | 3.520 | 47

a. ff - free-flowing, no induced pumping.
b. Ignores any contribution of tunnel flow to total ground water removal via antificial means.
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Predictive R

Before discussing predictive run results, it is an appropriate time to clarify the issue of
sustainable yield and regional water-level response. The reader may recall from Table 1, pg. 3,
the issue regarding the definition of the term ‘safe yield’ between Stearns and Anderson. The
issue is significant since it highlights what other respected hydrologists (Theis, 1994 & Lohman,
1979) have identified as the “Alice-in-Wonderland” syndrome where there is a plethora of defini-
tions for aquifers and safe yields which complicate the communication and representation of these
hydrologic concepts. Likewise, the definition of sustainable yield has many different meanings to
many different people both familiar and unfamiliar to ground-water hydrology. Therefore, it is
important to understand that the results from the six (6) predictive runs do not in any way define
the sustainable yieid for Lana’i. Instead, the numerical model will only attempt to predict Lanai’s
reglonal or aquzfer ground-water Ievel response to these pa:ncular Stress scenarios.

4 am e b cm——— - - -——

ThlS leads one to another issue which must be clanﬁed before mterprctmg predlctlve
results. It is important to understand that regional or aquifer responses predicted by the model do
not predict localized or discrete water levels over areas smaller than a single cell grid. Local
changes in ground-water levels for locations within grid cells, such as pumping wells, are only
predicted insofar that they reside in a particular grid cell whose water level is the average water
level over a 2000° by 2000’ area. In simply terms, the numerical model is predicting the average
regional water level at each cell node which represents a 2000 ft. by 2000 ft. area and not a typical
12 to 18-inch diameter well. One would have to increase the discretization of the model grid, i.e.
increase the number cells by reducing cell sizes to the diameter of a typical well (around 2’ x 2°)
to have the numerical model address such a localized question. Not only would such a change
dramatically increase the amount of work and time in constructing a new modet grid and bound-
aries but heterogeneities and anisotropies would play a more significant role at smaller scales and
increase the difficulty in calibration. If and once this is achieved thenr an additional difficulty
would need to be addressed. Localized changes in ground-water levels in pumping cells are fur-
ther complicated by well efficiencies which can increase actual drawdown beyond ‘theoretical
aquifer or regional drawdowns. MODFLOW does not account for such well efficiencies and -
assumes that wells are 100% efficient. Therefore, one would have to additionally estimate weil
efficiencies which depend on many factors that have been described earlier in this report. Effi-
ciencies of 70% to 80% are usually obtainable if a well is properly designed, constructed, and
developed (Driscoll, 1986) but may be as poor as 50%, where actual pumping well drawdowns
would double, or worse. In all, such localized ground water level detail is beyond the scope of
this report.

The results of the six (6) scenarios according to Table 23, pg. 96, are summarized graphi-
cally in Figures 40 through 53 on the following pages. One general statement which can be made
is that except for Scenario 1, in all scenarios the Maunalei tunnel sources will eventually dry up at
steady-state conditions. Other statements are now broken down by scenario.
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Scenario 1: ‘42-"94 Average Pumpage

This scenario, steady-state ground-water levels response to the long-term average pumm
age has actually already been covered in the determination of the “best-fit” calibration (see Figu
38, pg. 89). In the plan view, there does not appear to be much difference between the “best-fi
water level contours (Figure 33, pg. 72) with the water level contour map for this scenario, Figu:
40, pg. 99, except that the areal extent of some higher-level contours are a bit smailer. Drawdow
contours shown in Figure 41, pg. 100, show that the regional water leveis should decrea:
between 50 to 250 ft. with the greatest drawdown near Shaft3/Well 2 and Well 4. The Low
Maunalei Tunnel should have a steady-state flow around 183,000 gpd while the Upper Maunal
Tunnel should dry up if the long-term average pumpage is continued or exceeded and long-ter
recharge is unchanged. Observed static water levels and recently reported tunnel flows a
regionally consistent with this prediction with the understanding that steady-state has not yet be
achieved.

Maximum steady-state regional drawdown predicted by the model is 264 feet. Wells 4
5 in recent times have approached this drawdown on particular months and have actual
exceeded it during pumping (see Figures 17& 20). Otherwise, no reported static or pumpi
drawdown has exceeded this value.

The predicted time necessary to reach steady-state is on the order of 200 to several hu
dred years. Figure 42, pg. 101, compares observed water levels with simulated water levels tak
out 1000 years from 1942. This transient figure for other wells is found in Appendix G. Like t
other transient runs done during calibration on only the past 50 years, found in Appendix F, the
does not appear to be one universal storage coefficient value for all weils. From Figure 42, it c
be seen that through various storage coefficients the time needed to reach steady-state isont
order of 200 to several hundred years.

Comparing model predicted regional drawdowns with observed static drawdowns in we
it can be generally said that the range of actuai aquifer drawdowns due to long term pumping
somewhere between 20%. to 95% of steady-state drawdowns. This statement is independent
the time necessary to reach steady-state conditions but is only a comparison of steady-state dra
downs predicted. This statement does not appiy to Wells 6 & 9 which are relatively new and ha
very little data compared to other older sources on the island and Well 1 whose recent pumpage
much greater than the historical long-term pumpage averaged over 52 years.
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Scenario 2: Total Fog Drip (FD) Removal

If FD is completely removed from the “best-fit” calibrated model, regional water leve
around existing high-level wells are predicted to drop between 100 to 700 ft. (see Figure 44, p
104) and impact a much broader area (see Figure 43, pg. 103) than the existing long-term pum
age. This greater impact is expected since FD is estimated at about 8.9 mgd whereas long-ter
pumpage is around 1.8 mgd. The major impacts are confined within the center most portion of t!
high-level aquifer (see Figure 50, pg. 112) while the outer fringes of the high-level aquifer are n
as affected. This is expected since this is the area above the 2000’ elevation where rainfall preci
itation is augmented.

Transient analysis of this scenario, as shown in Figure 45, pg. 105, assumes S = 0.1 a1
indicates that it would take between 400 to 600 years to achieve complete steady-state. Howewt
much of the changes should be seen in the first 100 years of such a drastic change. These tv
- observations indicate that if a significant amount of FD were reduced-in the past 50 years thi
some of the drawdown seen in the wells may be due to a reduction in FD, but it will also take
long time before the full effects of such a reduction are complete.

The insight provided by this predictive run shows that FD, or some other form of precig
tation which augments rainfall, is an important contributor to the ground water supply on Lana
This should not be surprising given the sensitivity of the calibrated model to recharge. Water le
els can therefore be greatly affected by this one recharge component alone. In fact, Bowl
(1974) had attributed some of the decline in ground water levels due to the reduction of fore
cover on the island which would have an effect on FD although other factors such as changes
runoff may be involved. Since FD is dependant on forest cover this scenario makes a particulas
strong case for protecting forest cover, particularly in the regions above the 2000’ elevation co
tour where FD is more prevalent.

What is most interesting about this particular scenario is that it can be viewed as a pote
tial optimized well configuration scenario. Assuming long-term recharge, including FD, conti
ues, then placing wells at every cell node (i.e. every 2000 ft.) in the region above the 20C
elevation and pumping at a rate which matches the effect of FD removal at that cell node wot
result in the same aquifer response as removing FD only. Thus, such an optimized welil config
ration could pump 8.9 mgd with similar regional effects as shown in Figures 43 to 45. This dc
not mean to say that such a well configuration, which itself is questionable considering econo:
ics, power, and other physical constraints, would result in fully operational pumpage sche:
since localized water levels depend on other criteria such as well efficiencies or water quali
However, the model suggests that from the aquifer’s point of view such an optimized scheme
possible.
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Figure 43. Scenario 2 Predictive Regional Ground-Water Level Contours
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Scenario 3: 6 mgd Pumping From Selected Existing Wells

This predictive scenario has its origin in the current CWRM estimate for sustainable yiel
for the Lana’i. Pumpages for this scenario are defined in Table 23, pg. 96.

On the regional scale, pumping selected existing wells to 6 mgd results in regional draw
downs between 50 to 950 feet over a larger area than the long-term pumpage effects but a smalle
area than what the model predicts for Scenario 2; total FD removal. Figures 46 & 47 show th:
clearly when one compares these with the corresponding Scenario 2 figures. This is expecte
since drawdowns due to 6 mgd pumping through a limited number of wells, rather than spreadin
a greater flux removal, total FD, over a larger area, should be more concentrated.

In broad areas around the existing wells regional water levels would decrease on the orde
to 300 to 500 feet with the maximum drawdowns occurring at Shaft 2. In fact, the model predic
that aquifer water levels at Shaft 2 would go below sea level which would probably render th
source unusable. This was the same well problem encountered before GIS recharge was incorpc
rated into the model. The historical behavior of this source does not indicate such a drastic eve:
would result and probably indicates that there are some unresoived locai effects associated wil
this source.

Although regional water levels remain high at steady-state for this scenario it does n
mean the 6 mgd can be achieved under the current well configuration. Again, localized effec
will increase drawdowns at the specific well sites and would necessitate the deepening of all exis
ing wells which do not reach sea level. Even such a modification may not be enough to develop
mgd from the aquifer and additional wells would probably be required.
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Figure 46. Scenario 3 Predictive Regional Ground-Water Level Contours
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Figure 47. Scenario 3 Predictive Regional Drawdown Contours
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Scenario 4: Combined FD Removal & 6 mgd Pumping Scenarios

Scenario 4 is the combination of scenarios 2 & 3. Figure 48, pg. 110, shows that regional
water levels are greatly affected throughout the high-level area with high drawdowns located
around several existing wells. Figure 49, pg. 111, shows the spatial distribution of drawdowns
with maximum regional drawdowns in excess of 1300 ft. Regional water levels would render
many wells useless as they reach or go below sea level. This is not unexpected since the totat
stress delivered to the aquifer is equivalent to a 14 mgd pumping scenario which is over twice the
next nearest sustainable yield estimate ever made for the island. However, even at this elevated
pumpage scenario the model predicts regional water levels would remain near. 10600 ft above sea
level but on the windward side of the island only.

One technical problem with this scenario is that many cells in the model actually dry up
which induce error into the results. In the particular version of MODFLOW used, once cells dry
up during an iteration solution they become inactive. This, in turn, reduces transmissivities in the
model which may cause error in other parts of the grid. There is 2 module which allows MOD-
FLOW to re-wet a cell which has dried up during an iteration but experience with this modular
package resulted in a decision to leave this particular feature out of the model. Despite this draw-
back, the model clearly shows that the combination of total FD removal combined with a 6 mgd
pumping scenario results in a drastic reduction of regional water levels on the leeward side of the
island. ; . ‘

For a different perspective, Figure 50, pg. 112, was produced to compare water resuiting
water level responses between scenarios 2-4. Using the same A-A’ profile shown earlier in Figure
36, pg. 86, profiles were constructed along this base profile line to compare scenarios 2-4. As can
be seen in Figure 50, greatest changes occur near the center of the island where the majority of
recharge is concentrated. . As one moves away from the center of the island water level responses
become more attenuated, especially when one moves outside the high-level area and into the
basal portions of the island’s ground water system.
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Figure 48. Scenario 4 Predictive Regional Ground-Water Level Contours
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Figure 49. Scenario 4 Predictive Regional Drawdown Contours



i |

Steady-State Water Level Profiles

2,200
2,000 -1--|Effects of removing 6 mgd and fog drip} - - - - -~ - - -~ - - - oo __....
| |separately and combined from best-fit Max Water Level
1,800 - calibration withfogdrip. | AN
-4 ’ )
e 1600 e e
= 1 s mmw;"; v Well 5 « Upper Tunnel floor el. = 1500 ft.
a ] : .
Eqa00 L TEE R TR P N
> P v
o 1 ¢ N
G " Y
24,200 oo e
=] il e ‘Y Lower Tunnel floor el. = 1103 ft.
o . !
24000 - oo S FO. N P
é ’ T :,- - llx\z l‘n
? ® v 3
® 800 - R 1
o o Well 1 ! Eomux
2 T 1 £ ! ‘& & Shaft 2
g 600 el /L 2 S N ..
N i / . '.:, .
+ ’- »Ee -\ ' " :‘
400 —-----------mmeeaeeaao - o we 2" -‘-,,3\- -- r- Smmessnoee \t -----------------------
} "x =, % \
200 % td Ly
TA T Maaido T TiTTTTI e N W
' | A \ ‘}," 1 shaft1 A’
0 = i — | b= —
0 ' 20,000 40,000 60,000 80,000 100,000 120,000

distance along A - A’ in ft.

w———e Calibrated w/fog --» - Pumpage only

~-g— Fog only - -2 - Pumpage & Fog 7 13/94 water levels




(" ptember 13, 1995 PRELIMINARY DRAL  SUBJECT TO CHANGE

Scenario 5: Palawai Caldera Pumpage Impacts

This scenario is based on the concern over the impact of pumping wells 1 & 9 (and the
soon to be completed Well 14). Chlorides in Well 1 have decreased with increasing pumpage
which indicates that fresher water is being supplied to the well and raises concern over the impact
on upgradient sources.

Figure 51, pg. 114, shows the steady-state drawdown contours associated with pumping
just wells 1 & 9 to assess their impact on the aquifer. To filter out effects of other well pumpage
all other wells are turned off for this scenario. As can be seen, in the caldera region a total pump-
age of 0.650 mgd would have a regional drawdown of about 50 ft with a maximum drawdown of
about 80 ft. Other wells upgradient would see steady-state regional drawdowns of about 10 to 30
ft. due to the caldera pumpage. Given the general sensitivity of the high-level wells to local
pumpage and climactic events it would not be unreasonable “miss” effects of the caldera pump-
age. In other words, the relative effect of caldera pumpage is such that pumpage and the climate
would have to be very steady over a reasonable long period to measure the effects of caldera
pumpage in upgradient sources. Also, sensitivity analysis (see Figure 39, pg. 95) has shown that
the model is insensitive to caldera permeability, probably due to the small region it covers com-
pared to the entire island. Generally speaking, the model predicts that the effects of caldera
pumpage on upgradient well regional water level are relatively small.
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Figure 51. Scenario 5 Predictive Regional Drawdown Contours
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Scenario 6: A Potential Plan of Future Pumpage

The pumpage distribution for this scenario has been supplied by LCo. which should pro-
vide a more realistic pumping scenario for the future. The pumpage scenario is only a possible
distribution of average pumping at each existing source with the new addition of Well 14 (State
Well No. xxxx-xx) which is near completion as of this writing.

Results of this pridictive run are shown graphically in Figures 52 & 53 on the following
pages.

As expected, the resuiting regional water ievels fall between the extremes of long-term
pumping and scenarios 2, 3, and 4.
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Summary of Predictive Scenario Results

Table 24 below summarizes the steady-state results for individual wells for the vario
predictive runs rather than the island profiles shown earlier. The reader is reminded that the be:
fit aquifer parameters found in Table 16, pg. 81 are the base upon which the various stress scen
ios are imposed. It is important to realize that the water levels predicted are regional and are mc
relevant to the aquifer water level response rather than the actual pumping water level response
each well for reasons explained earlier. Also, the reader is reminded that transient analyses h
shown that there are definitely heterogeneities at the local well scale (see Table 22, pg. 93) whi
also add to the uncertainty water levels in actual well sites.

. e - Avedme sree St —dma— e ko e mb e mmer -

Table 24. S'urﬁméi.'y of Predictive Ground-Water System :Rems'bdl'ises

Shaft 2 681 627 1 527 -204 <-400 735
Well 1 a729 765 675 449 275 768
Woell 2/Shaft 3 1426 1258 1050 953 315 1502
Well 3 1024 974 861 412 <-400 127
Well 4 1503 1390 1098 957 26 1608
Weil 5 b1519 1604 1143 1345 608 1709
Well 6 1026 |; 918 764 180 < -400 983

Well 9

Upper Tunnel 0.005 0.183 0.000 0.000 0.000 0.000

Lower Tunnel €0.000 0.000 0.000 0.000 0.000 0.000

a. As of October 1994
b, As of November 1993
c. As of January 1991
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A descriptive summary of resuits for each scenario which considers transient results of
each predictive run is as follows:

1.

Long-term pumpage is between 20% to 95% complete in terms of present water level
change compared to steady-state water level change. However, Upper Maunalei Tun-
nel is predicted to cease flowing at continued long-term pumping.

Total removal of fog-drip has a more impact on water levels in the high-level aguifer
area than long-term pumpage. Fog-drip, or whatever phenomena accounts for precipi-
tation above observed rainfall, has a major role in observed water levels.

Pumping 6 mgd from existing sources has a greater affect than if fog-drip alone
stopped altogether. However, pumpage patterns would have to be modified as under
this scenario’s distribution Shaft 2 may become useless. Still, it may be possible to
develop 6 mgd from the aquifer without harming the resource although not without
major modifications to existing wells,. additional . wells development, and carefully
managed pumping distributions and schedules.

Pumping to 6 mgd and losing all fog-drip would result in several existing wells to
become useless and both tunnels to cease flowing.

Caldera impacts to upgradient wells are relatively small.

It appears this pumpage scenario amongst existing wells will not harm the aquifer.
However, some changes in the existing well infrastructure may still be necessary as
some of ‘the wells specified for future pumping have no track record of water level
response to such stresses. The lower Maunalei Tunnel should continue to flow with an
average flow of 0.103 mgd. However, the model predicts that the Upper Maunalei
Tunnel would cease to flow.
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No predictive sensitivity analysis was performed outright due to time constraints. Inste:
it is anticipated and most probable that the model will have the same sensitivity to the horizon
flow boundaries and recharge as found in earlier sensitivity analyses. However, it is evident ti
the distribution of pumpage is an important factor in resulting ground water level respon:
according to the numerical model.

Model Limitations

The limitations of the model are based upon the assumptions and uncertainties associa:
with the construction and calibration of the model. These assumptions and uncertainties do 1
invalidate the model but do provide important caveats which should be kept in mind when int
preting the results of the model. A synopsis for the assumptions and uncertainties which we
described in the body of this report are listed as follows:

SUMMARY OF ASSUMPTIONS AND UNCERTAINTIES

1. The Lana’i ground-water model is classified as an identification or “inverse” type proble
Inverse type problems are where stresses, like pumpage, and the resulting responses,
resulting water levels, are known, but the aquifer system is unknown. Unfortunate
inverse type problems do not have unique solutions, and especially when the model i
“simplified” or “effective average” version of the real world. Additionally, the “inver:
problem must be solved before a prediction problem can be solved (Beat,& others, 199

2. Sources of error can originate in the conceptual model, the numerical analysis, and -
input data. Errors in these three general areas are cumulative. Additionally, it is hard
differentiate errors between the three once they are integrated.

3. Conceptual errors could arise if significant perched conditions exist on Lana'’i since
model does not consider this possibility. Additionally, the model does not consider t
differences in the ground-water fluid from the geothermal activity in the Palawai Basin

4, Numerical errors arise mainly from the interpolation of nodal values which for Lanai’s ¢
are water levels. Ideally, actual data values should coincide with nodal location. In f
model cell areas cover one-quarter of a square mile and wells are not exactly located at
node of the cell. This type of interpolation error can be as much as 10 ft. or more (Ander
& others, 1992).

5 Another source of error is the GIS recharge calculation based on geographic informati
There are over ten (10) sources of error associated with the accurate projection of any
However, since the island of Lana’i is relatively smail this cartographic error is assume:
be small. Also, the GIS is an improvement over earlier studies which were based
outdated projections.



10. -

11.
12.

13.

14.

15.

16

C "September 13, 1995 PRELIMINARY DRC. [ - SUBJECT TO CHANGE

For any field measured data input (head, rainfall, evaporation, recharge, etc.) sources of
error include transient effects, measurement technique, scaling effects.

Must be aware that there are differing structures at different scales. The Lana’i ground-
water model is looking at the entire island scale which may differ from the smaller scale of

individual localized well sites and results from their pump tests. Such “scaling-up” may be
€IToneous.

Regional homogeneity and isotropy is assumed for the regional scale of the island which
may or may not be invalid.

Setting boundary conditions is the area most prone to serious error. Many unknown dike
boundary locations may render uniform distribution of “effective” barriers to horizontal-
flow erroneous. Boundary effects of fauiting are not accurately known. They could
provide either an impediment or a more permeable conduit in some local situations.

Dike inclinations or dips are assumed to be vertical. This is not usually the case in
Hawaiian volcanics as evidenced by dike systems examined in Windward Oahu and
Kilauea, Hawaii.(Walker, 1987). This could invalidate single layer approach of the model.

Rates and spatial variations and conditions of leakage between boundaries are unknown.

Effects of geothermal activity on water viscosity, density, and water levels in the Palawai
Basin, or elsewhere, are not directly addressed. Density in MODFLOW is assumed
constant. Realistically, however, effects of this on water levels are probably less than 0.6%.

Resistivity analysis is of limited value since analysis is generally limited to a depth of 150
ft.(AWWA, 1973) and the presence of dikes and faults may invalidate interpretive results.
Additionally, thickness and resistivity of interpreted layers are not independently well
determined by resistivity analysis; only the product of the two. On the other hand, it may

mean that the Ghyben-Herzberg relationship rmay not be applicable to the high-level water
on Lana’i. '

It is important to understand that it is the combination of dikes, faults, and rock contained
within the dike complex which is most important rather than the individual hydrologic
characteristics of each compartment. This is an argument, of course, for the simplified
conceptual formulation of the model.

Variability of areal distribution (spatial heterogeneity) and annual averages based on
monthly variability (temporal variability) for total rainfall, RF, fog-drip, FD, direct runoff,
DRO, changes in soil-storage, ASMS, and evapotranspiration, ET, to caiculate recharge, R,
introduces more complexity, hence chance for subjective error.

Assuming maximum root-zone information is uniform throughout soil areas may induce
significant error in actual evapotranspiration, ET,, estimates for calculating individual cell
recharge values.
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Irrigation réturn, IR, was ignored in calculating cell-by-cell recharge values.

Direct surface runoff, DRO, constrained within topographical depressions is nc
considered. Although preliminary GIS analysis indicates that this does not appear t
induce a major significant error (underestimation) of recharge, R, in the Palawai basin are:
the cumulative effects of island-wide depressions are unknown.

Pineapple reduces evapotranspiration, ET, rates by about 20% (Ekern, 1960) but is ignorec

Pan evaporation is assumed to equal potential evapotranspiration, which is technicall
incorrect.

Direct measurements for actual evapotranspiration, ET,, and direct runoff, DRO, ar

lacking and must be estimated indirectly through soil-storage, ASMS, information whic
has limited actual data sampling,

Although the boundaries in this model may be good under steady-state conditions they ma
not hold true under transient (i.e. pumping) conditions (Andérson, & others, 1992). Unde
transient conditions initial hydrologic boundaries may change in response to stresse
imposed under transient conditions which will result in errors. This is especiaily true wher

the bottom of the aquifer on Lana’i is defined by the water level dependent Ghyber
Herzberg relationship.

Variability in pumpage from well to well and year to year,

The model’s domain and aquer matrix are based on the entire island and pumping te:
analyses performed on the island. Assumptions for methods of determining global T, K,
from pumping tests on Lana’i are as follows:

Aquifer is homogenous and isotropic.

Aquifer is infinite.

Position and nature of aquifer boundaries.
Occurrence and nature of confining beds.
Thickness of aquifer is known.

Fluid is homogeneous.

Flow to well is uniform and horizontal only.
Ideally, wells are fully, not partially, penetrating into the aquifer.
Length of aquifer pump test period is adequate.
Pumping rate is constant.

Well losses vs. aquifer losses are known.
Nominal vs. effective radius of well are known.

SRt oTR N A0 TP

As stated by others, (El-Kadi, & others, 1985, Anderson, & others, 1992) comple
equivalence in hydraulic behavior between the true heterogeneous or nonuniform mediu
in the field and a model’s homogeneous uniform medium is obviously impossibl
Therefore, overall model input values are “averaged” and not necessarily true or accurz
values. This is the attempt to define “effective” parameters which try to preserve observ
hydraulic behaviors.
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MODFLOW does not simulate a 2 fluid system of freshwater floating on the more dense
salt water which is known to exist in basal aquifers. However, this problem should not
significantly affect the ground-water flow system in the dike-confined regions of the
aquifer.

The lack of a single “effective” regional storage coefficient, S, makes the validity of the
initial assumptions of regional homogeneity and isotropy doubtful.

Evaluation of a model is based on 1) The amount, distribution, and quality of information
used; 2) methods and criteria used to calibrate the model; and 3) post-auditing, Obviously,
a post-audit for this model cannot occur for the next several years.

Due to all the previous reasons above, resulting regional water level responses cannot be

directly related to localized individual welfls. Individual well responses will probably be
both more and less than that predicted by the numerical model. -
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Due to the higher level of precision required in developing the Lana’i numerical groun
water model, it has been shown that there is a wealth of historical information and hydrologis
studies on the island. There are a minimum of forty-four (44) historical hydrologic and geologi
studies about Lana’i and numerous hydrologic consultant reports by Anderson. Additionaily
Lana’i has one of the few fog-drip studies ever done in Hawaii to quantify the augmentation o
rainfall precipitation at hlgher elevations. Most importantly, there is a long record (over 50 years
of rainfall, pumpage, and both pumpmg and non-pumping water level data which is unique in it
the island-wide completeness in Hawaii. This fact is 1rnportant since other hydrologists hav
argued that numerical models are many times invalid since they are not ‘closed’ system
(Oreskes, & others, 1994). Since the entire 1s1and of Lana’i is modelled with much of the histori
~ cal data known it is as ‘closed’ a system one may find in Hawaii and may be an important contrib
uting factor to the model’s success of matching regional ground water level responses.

Despite all the possible sources of error, pitfalls, and lack of data associated with numeri
cal models in general, the Lana’i numerical model does a reasonably good job of reproducing th:
observed ground-water behavior with reasonable flow parameters based on the existing data am
similar information from other studies in Hawaii. The assumed steady-state ground-water level
and tunnel flow data was calibrated with an excellent match and other ground-water levels for thi
situation seemed reasonable on a regional scale. Also, the numerical model does a reasonabl
good job at simulating the major ground water level trends observed in transient well data. How
ever, on the local scale the model does not match actual water levels any better than 48 ft based o
the mean absolute error, although this is relatively minor given the high water levels for mos
wells. The transient simulations and the inability to utilize a single global storage coefficient als
testify that localized water level responses are difficult to match as evidenced by transier
responses in Shaft 3/Well 2 and Well 5. These difficulties do not even consider the additione
complications of including well inefficiencies. The issue is one of precision vs. accuracy; th
numerical modelling effort has scrutinized Lanai’s ground-water flow system at a high level ¢
detail and precision but it is not necessarily accurate. The higher level of precision than previou
studies gives one greater confidence in the recharge and conceptual make-up of the isiand, but th
localized conditions are such that the assumptions of homogeneity and isotropy are limited to th
regional scale of the island. Still, these simple island-wide assumptions and approach enabled th
model to match the observed data reasonable well. The advantage of the regional assumptions |
that it simplifies the model to a point where hydrologists can agree upon a simpiified conceptu:
model, which can then be ‘effectively’ calibrated, and agree to disagree on how closely tk
numerical model represents the actual ‘reality’ at the localized scale. Ignoring this approac
would open the model up to much more subjectivity and lead to a greater muititude of non-uniqu
solutions which were initially sought to be constrained by the assumptions of homogeneity ar
isotropy.

It is believed by many prominent hydrologists that the true value of numerical models a
the insights into how an aquifer flow system works (Anderson, 1994; Bredehoeft, 1994, 199
Konikow, 1994). This study has provided a few from which several conclusions can be draw
Beginning with the source of ground water, it is clear that the estimated ground water recharge
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the entire island is more than previously estimated. Both the GIS and the calibrated numerical
model analysis in this study support this conclusion. The long-term average recharge estimate for

Lana’i is approximately sixty (60) mgd which includes fog-drip, or whatever phenomena is aug-
menting rainfall precipitation, above the 2000’ elevation.

With the given mathematical and internal boundaries and island-wide assumptions for the
conceptual model of Lana’i, the calibrated hydraulic parameters magnitudes from Table 17, pg.
82 are consistent with previously estimated values. This gives an added level of confidence to the
Lana’i conceptual model as the other studies and Lana’i pumping test data analyses fail within
reasonably similar orders of magnitude. Of course, the calibrated hydraulic parameter magni-
tudes will change as boundary conditions are modified. In areas with many unseen internal
boundaries, such as Lana’i, this emphasizes the non-uniqueness of the numerical model solution.
Ultimately, the statistical error between simulated and observed water levels is approximately a
mean average error of 50 ft and a standard devxatlon of 70 ft in the hlgh level aquer

P e [

The the msxght provxded through sensmvxty ana1y51s clearly shows that under natura.l con-
ditions both horizontal flow boundary and recharge magnitudes and their spatial distributions are
the most important variables in controlling the ground water flow system on Lana’i. This conclu-
sion has various implications. One is that the combination of these two parameters fogether is the
major controlling factor which governs the observed water level responses to induced climactic
and man-made stresses on the flow system rather than each of these parameters alone. This was
clearly shown by the problem of Shaft 2 continually drying up until the GIS spatially distributed
recharge was overlaid upon the internal system of horizontal flow boundaries. Likewise, it was
difficult to match observed water levels for Well 5 any better than 150 ft error and would require
changing assumptions of homogeneity in various parameter values or spatial placement of inter-
nal boundaries to reduce such error.

Since the calibrated model is sensitive to recharge then recharge should be protected and
enhanced to guarantee a reliable ground water resource. The numerical model has shown the
importance of fog-drip and makes a strong case for the maintenance of fog-drip efficient vegeta-
tion above the 2000’ elevation. A significant portion of drawdowns observed in the wells may be
attributed to changes in the forest cover m the cloudy regions above 2000’ ft. This has been sug-
gested as early as 1974 (Bowles).

Given the insights provided by calibrating the model, additional insights are provided by
imposing changes in stresses on the calibrated model. The spatial distribution and magnitude of
pumpage are just as important as the recharge and internal boundary structures. The reader need
only be reminded of the comparative results between predictive scenario 2 (fog-drip removal) & 3
(6 mgd pumping from existing sources) where drawdowns for the latter where greater than the
former-despite having approximately 30% less removal of water from the aquifer to see the truth
in this conclusion.

Transient analysis has provided the insight that the time required to reach steady-state con-
ditions is on the order of a few to several centuries. Also, in terms of steady-state water levels
only, the model indicates that if current conditions remain unchanged drawdowns are 20% to 95%
complete although it may take many years to reach 100% average steady-state water levels.Man-
agement decisions regardless of the model’s validity, or ‘closeness’ in representing reality.
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Predictive model runs provide additional insights. First, the model predicts that the reduc
tion of forest cover would affect ground water levels drastically. The model shows that man:
more wells would be necessary to achieve pumpages near the current CWRM sustainable yielk
estimate of 6 mgd assuming that long-term recharge conditions in the regions above 2000’ eleva
tion remain stable. Also, modifications are probably necessary to existing well configuration tc
realize greater long-term development of ground water on Lana’i. It appears that more wate
could be developed from the windward side of the island. This is consistent with Adams’s (1968
conclusions of developing sources along the northeastern windward shores of the island althougi
better quality water in the high-level aquifer is likely more inland. However, the model canno
address the subject of individual well yields due to the uncertainties of localized heterogeneitie
and well inefficiencies. Other published numerical modelling studies in Hawaii (Underwood, &
others, 1995) have stated such information must be gained through field experience or have lim
ited their predictions in water levels to areas rather than specific well sites (Eyre, & others, 1986;

- Finally, there is general agreement between- hydrologists that post-auditing is a necessar

element of any worthwhile the modelling effort (Anderson, 1994; Bredehoeft, 1994, 1995; Koni
kow, 1994, Oreskes, & others, 1994). Post-auditing is the continued recalibration of the mode
with new information, thus continued data collection is absolutely necessary (Emery, 1994
Even with all the available data on Lana’i the continuation of long-term data collection is neces
sary if improvements to this model are desired. Areas of data collection which could be improve«
on Lana’i are pan evaporation and further fog-drip analysis. The continued monthly measuremen
and reporting of long-term well pumpages and pumping and non-pumping water levels is als
necessary to contribute to any post-auditing effort. Additionally, to address 3D concerns and geo
thermal impacts additional layers and.variable density fluid changes could be made to the model.

With the current drilling of Well 14, the need of post-auditing is underscored. The initia
ground water level encountered is unofficial but reportedly confined and artesian conditions hav:
been observed. This confined situation is not considered in the current numerical model since it i
only one layer. If true, this shows the need for post-auditing of model work to further fine tun
this model or and any numerical model. The Lana’i numerical model is one step towards a fine
tuned model but it is not the final model. Additional study could be performed to use muitipl
layers for a more fully three-dimensional ground-water flow model and perhaps even transpoi
modelling of chlorides can be performed in the future to further fine-tune a tool with which t
assess natural and human induced stresses on Lanai’s ground-water resource.

This report has also provided a general guideline in documenting numerical modellin
efforts. There are some guidelines available in a few references (Anderson, 1994; ASTM, 199:
CWRM, 1994) but none has been officially approved or endorsed by the CWRM. Guidelines ar
necessary to convey the assumptions, analysis, and results in a simple and consistent format.

In closing, Loucks (1995) has defined numerical models useful for management decisior
as Decision Support Systems (DSS). To be useful, numerical models need to be easy to learn an
remember and useful in providing information in a meaningful form (i.e. graphically) and in
timely manner. The input and output methods used to design and calibrate the Lana’i model prol
ably do not meet this criteria at this time, especially if post-auditing is undertaken. However, ne
software is emerging which expedites this process. Information and insights gathered from th
modelling effort can no doubt be used when this newer user friendly software is available.
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200.00005010
210.00005010
180.00005010
190.00005010
200.00005010
210.00005010
220.00005010
180.00005010
190.00005010
200.00005010
210.00005010
180.00005010
180.00005010
200.00005010
210.00005010
180.00005010
190.00005010
200.00006010
180.00005010
190.00005010
200.00005010
170.00005010
180.00005010
190.00005010
170.00005010
180.00005010
190.00005010
200.00005010
160.00005010
170.00005010
180.00005010
190.00005010
160.00005010
$70.00005010
1680.00005010
190.00005010
150.00005010
160.00005010
170.00005010
180.00005010
150.00005010
160.00005010
170.00005010
180.00005010
130.00005010
140.0000501Q
150.00005010
180.00005010
170.00005010
120.00005010
130.00005010
140.00005010
150.00005010
180.00005010
170.00005010
130.00005010
140.00005010
160.00006010
160.00005010
120.00005010
130.00005010
140.00005010
150.00005010
160.00005010
120.00005010
130.00005010
140.00006010
150.00005010
120.00005010
130.00005010
140.00005010
150.00005010



01050000068
0L0S0000OLE
0165000008
01090000062
01090000082
01090000°00¢
04050000062
01050000'00Z
0105000000
04L090000°062
01090000°082
0105000006
01050000062
03090000'062
04050000062
01090000°082
01090000°0¥2
0L090000°0¢Z
01090000'062
01050000082
01090000022
D10S0000°0PZ
D1090000°0ET
0102000002¢
010S0000'01E
04090000'00¢
91050000062
03090000082
08050000042
0105000002
01050000°0£Z
01050000°02¢
0109000001
01050000°00¢
03050000062
0$050000'0¥2
0L0S0000°0E2Z
0105000004
010800007002
01050000°062
03090000°08Z
040S0000°0£Z
01050000062
010S0000°CLE
01050000°00¢
0105000006C
03050000062
01050000'0r
01050000°0€2
0105000000
01050000°06Z
010S0000'08C
0L050000022
0L0S0000'0¥Z
0105000000
01050000°062
01050000°082
010500007022
010S0000'052
01090000'08Z
0100000042
01050000°062
03050000062
01050000042
01050000°'0682
01690000022
01050000042
03050000°00Z
01050000002
01050000061
01050000084
0105000002}
01050000°06%
01050000°0¢
04050000'0C}+
01050000°0F1
0105000001
01050000702}
010500000}
0105000002
0105000001 1

oo ll99Y

oo~ ~IR2P202855333238332999%



01050000°0¥Z
01050000062
01050000092
01090000052
0105000009
01050000052
01050000'0¥Z
010S0000'0ET
01050000052
0105000002
010S0000°0¥Z
0105000002
01050000°0¥2
010S00000€2
01050000°0Z4
0109000008
01050000°05
01090000°0S
040S0000'0Y1
01050000°0¢
01050000051
01030000°0¥1
010500000¥1
QL0S0000°08 4
01090000°0Y
0105000005
at030000°0¥}
01050000064
01050000002
0105000000
01050000°084
01050000002
01050000002
01050000002
03050000064
01050000081
0L0S0000°0L b
0105000009}
01050000051
0105000004}
01050000081
01090000084
01050000061
04050000061
01050000081
01050000061
01050000°031
01050000081
0105000004}
0105000009}
0100000051
01050000051
010S0000°05 4
01050000054
01050000°0F
010500000y ¢
01050000°0¥1
01090000°0¥}
03090000071
03050000008
01050000052
0105000005
01050000°082
01050000'0¥Z
01050000028
0105000001
01050000062
01050000082
01050000°0¥Z
01050000°02¢
010S0000'0LE
01050000'062
01050000067
01650000'0¥2
01050000°02¢
0105000004
0105000000
01050000062
0L0S0000°TYZ
010S000001E
01050000°00E
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27
27
27
27

27
27
27
ri
27
27

250.00005010
260.00005010
240.00005010
250.00005010
280.00005010
270.00005010
290.00005010

™
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k]

aRENNBREeERegase

NAIGHILBINNURBNVRY

13

0.000 4.0008+04-1.000a+31
0.000 4.0000+08-1.000e+01
0.00G 4.000¢+08.1.000e+401
0.000 4.0000+08-1.000e+01
0.000 4.000+08-1.0008+01
0.000 4.0000+08-1.0008+31
0.000 4.000¢+08-1.000e+01
0.000 4.0008+08-1.0008+01
0,000 4.0008+08-1,000¢+401
0.000 4,0008+08-1.0008+01
0.000 4.0000+08-1.0008+01
0.000 4.0008+08-1.000e+01
0.000 4.0008+06-1.0008+01
0.000 4.0000+08-1.0000+01
0.000 4.0008+08-1.0008+01
0.000 4.0009+08-1.000¢+01
0.000 4.0008+08-1.000¢+01
0.000 4.0000+06-1.000e+01
0.000 4.0008+08-1.0008+01
0.000 4.0008+08-1.0008+01
0.000 4.000w+08-1.0000+0%
0,000 4.0008+08-1.0000+01
0.000 4.0009+08-1.0008+01
0.000 4.0008+08-1.0008+01
0.000 4.0008+08-1.000¢+01
0.00C 4.0008+08-1.0008+01
0.000 4.0000+08.1.0000+01
0.000 4.0009+08-1.0008+01
0.000 4.0008+08-1.0008+01
0,000 4.0C0a+08-1.000e+01
0.00C 4.0008+08-1.0004+01
0.000 4.0008+08-1.0008+01
0.000 4.0008+08-1.0008+01
0.000 4.000e+06-1.0008+01
0,000 4,0008+08-1.0000+01
0.000 4.0004+08-1.000e+01
0.000 4.0000+08-1.000a+01
0.000 4.0000+08-1.0008+01
0.000 4.0008+08-1.0008+01
0.000 4.0006+08-1.0000+01
0.000 4.0000+08-1,0008+01
0.000 4.0008+08-1.0000+01
0.000 4.0008+08-1.0000+01
0.000 4.0008+08-1.0008+01
0.000 4.0006+08-1.0008+01
0.000 4.0000+08-1.0008+01
0.000 4.0008+08-1.00084+01
0.000 4.0008+08-1.000e+01
0.000 4,0000+08-1.0008+01
0.000 4.0000+08-1.0008+01
0.000 4.0000+08-1.0008+01
0.000 4.0000+08-1.0000+01
0.000 4.0008+08-1.000a+01
0.000 4.0008+08-1.000e+01
0.000 4.000¢+08-1.000e+01
0.000 4.0008+08-1.0000+01
0.000 4.0000+08-1.0008+01
0.000 4.0008+08-1.0008+01
0.000 4.0000+08-1.0008+01
0.000 4.0000+08-1.0008+01
0.000 4.0009+08-1.0000+01
0.000 4,0000+08-1.0008+01
0.000 4,000¢+08-1.000e+01
0.000 4.0000+08-1.0008401
0.000 4.000e+08-1.0008-+01
0.000 4.0008+08-1.0008+01
0,000 4.0008+08-1.000a+01
0.000 4.0008+08-1.000e+01
0.000 4.0008+08-1.0008+01
0.000 4.0008+08-1.000e+01
0.000 4.0000+08-1.0008+0 |
0.000 4.000e+08-1.0000401
0.000 4,000+08-1.0000+01
0.000 4.0008+08-1.0008+01
0.000 4.0008+06-1.0008+01
0.000 4.0008+08-1.000a+01
0.000 4.0000+08-1.0008+01
0.000 4.0008+08-1,000+01
0.000 4.0008+08-1.0008+01
0.000 4.0000+08-1.000e+01
0.000 4.0008+08-1.0000+01
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888

25
25
24

1103
1500
1500

25584 lower tunnel
1370.00 uoper tunnel
1370.00 extension of upper

LANALWEL CALIBRATED INITIAL STEADY-STATE

R I e e e e W \ J \ {

BUNNBBERBEEAEELE8888LE

16
15
13
12
23
24
34
2
a3
24
2
2
13
25
25
28
23
23
2
k)
2
21

0.000
0.000
0.000
0.000
0.000
0.008
0.000
0.000

LANALWEL LONGTERM PUMPAGE

dddaaddaasaaasaaacaaaxNN

0

BLNNBSBREBRERRLIEL8RERS

0.000
0.000
0.000
0.000

23-20737.8
24 0000
4 0.000
22 0.000
23364839
24 0.000
22.8%020.8
20-15479.0
18 -1570.8
25 0,000
25 0.000
26-28190.1
23 0000
23 39193
2 0000
30 0000
22 0000
21-27398.1

well 13
well 12

LANALSIP STRONGLY MPLICIT PROCEDURE PACKAGE

25000

1.0000  0.001

5

1

1

LANALOC OUTPUT CONTROL PACKAGE

0
0
1

0
1
(]

0
0
1

40
1
1



APPENDIX D



C C

LANAI QUTPUT RESULTS (BINARY FILES ARE EXCLUDED AND USED IN CREATING REPORT FIGURES)

1 U.S, GECLOGICAL SURVEY MODULAR FINITE-DIFFERENCE GROUND-WATER MODEL
OLangl, 16721000, HB=885, R=61.6, F=0, KWu5.01E-5, SC Is South=4E8 Northu4E4), Khca400,Dreins {lower DC=255.8 upper DCI1370 ax

1LAYERS 50 ROWS 34 COLUMNS

1 STRESS PERIOINS) IN SIMULATION
MODEL TIME UNIT IS DAYS
QUQ UNMTS:
ELEMENTOF IUNIT: 1 234 5687 89101112131435181718192021222324

VOUNIT: 11121314 0 001818 002200026 00000000

OBAS1 — BASIC MODEL PACKAGE, VERSION 1, /1/87 INPUT READ FROM UNIT §
ARRAYS RHS AND BUFF WILL SHARE MEMORY.
START HEAD WILL BE SAVED ’

16290 ELEMENTS IN X ARRAY ARE USED BY BAS

16290 ELEMENTS OF X ARRAY USED OUT OF 350000
0BCF3 — BLOCK-CENTERED FLOW PACKAGE, VERSION 3, 7/9/52 INPUT READ FROM UNIT 11
STEADY-STATE SIMULATION
CONSTANT HEAD CELL-BY-CELL FLOWS WitL BE PRINTED
HEAD AT CELLS THAT CONVERT TO DRY= 0.00000
WETTING CAPABILITY IS NOT ACTIVE

LAYER AQUIFER TYPE INTERBLOCK T

3 1 O-HARMONIC
3601 ELEMENTS IN X ARRAY ARE USED BY BCF
19891 ELEMENTS OF X ARRAY USED QUT OF 350000
OWEL1 - WELL PACKAGE, VERSION 1, 9/1/87 INPUT READ FROM 12
MAXIMUM OF 22 WELLS
88 ELEMENTS IN X ARRAY ARE USED FOR WELLS
19979 ELEMENTS OF X ARRAY USED OUT OF 350000
ODRN1 = DRAIN PACKAGE, VERSION 1, %1/87 INPUT READ FROM UNIT 13
MAXNAUM OF 3 DRAINS
CELL-BY-CELL FLOWS WILL BE PRINTED WHEN ICBCFL NOT 0
15 ELEMENTS IN X ARRAY ARE USED FOR DRAINS
19994 ELEMENTS OF X ARRAY USED OUT OF 250000
ORCHt — RECHARGE PACKAGE, VERSION 1, 9/1/87 INPUT READ FROM UNIT 18
OPTION 1 ~ RECHARGE TO TOP LAYER
1800 ELEMENTS OF X ARRAY USED FOR RECHARGE
21734 ELEMENTS OF X ARRAY USED OUT OF 350000
ORIV1 ~ RIVER PACKAGE, VERSION 1, 5/1/87 INPUT READ FROM UNIT 14 .
MAXIMUM OF 164 RIVER NODES
CELL-BY-CELL FLOWS WILL BE PRINTED
964 ELEMENTS IN X ARRAY ARE USED FOR RIVERS
22778 ELEMENTS OF X ARRAY USED OUT OF 350000
0SIP1 ~ STRONGLY IMPLICIT PROCEDURE SOLUTION PACKAGE, VERSION 1, /1/87 INPUT READ FROM UNIT 19
MAXIMUM OF**** [TERATIONS ALLOWED FOR CLOSURE
5 [TERATION PARAMETERS
107205 ELEMENTS IN X ARRAY ARE USED BY SIp
129963 ELEMENTS OF X ARRAY USED OUT OF 350000
OHFB1 ~ HORIZONTAL FLOW BARRIER PACKAGE, VERSION 1, 06/43/86 INPUT READ FROM UNIT 26
A TOTAL OF 895 HORIZONTAL FLOW BARRIERS
4475 ELEMENTS IN X ARRAY ARE USED FOR HORIZONTAL FLOW BARRlERS
134458 ELEMENTS OF X ARRAY USED OUT OF 350000
tLanai: Kh=1000, HB=895, R=61.6, P=0, KWw5.01E-5, SC Is South=4ED North=4£4), Khe=100,Drains (lower DC=255.8 upper DC=1370, ex
[

BOUNDARY ARRAY FOR LAYER 1 WILL 8E READ ON UNIT 5 USING FORMAT: (2513)

1 2 3 4 5 (] 7 8 S 10
18 17 18 19 20
21 22 23 24 25 28 7 28 23 ¢
k< ]

01 0 0 0 0 0 0 0 0 (] 0
0 [ 0 o ° (] 0 0 0 0
0 0 ] 0 0 0 [\ 0 0 0
0 0 0 ] 0 (]

02 0 "} 0 0 o 0 0 0 (] o

’ 0 ] 1 1 1 1 1 0 0 0
0 (] 0 ¢ . o 0 0 0 0 0
0 ] 0 0 ] ]

03 o 0 0 0 0 0 0 0 0 0
"} 1 1 1 1 1 1 1 1 1
1} e} 0 0 0 0 0 0 0
0 1} 0 ] 0 (]

04 [ 0 0 0 o (] o ° ] 0
1 1 1 1 1 1 1 1 1 1
1 1 0 0 0 o i} ] 0 0
0 0 0 (] ] 0

05 (1] 0 0 0 0 K] 0 0 0 1



o8

07

Ll -] -0
o0 9«0
-Q 01.0
o 9«0
1000’10
1100110
-—o®
1100110
1100110
1100119

L

o

(]

010

on

012

013

014

018

018

017

018

o190

020

021

on

023

024

028



9N

0268

027

a28

029

030

031

032

033

034

035

AR

023

037

038

039

040

042

043

044

045



“a

4T ("\

1 1 1 1 0. o

048 0 o c 0 0 ° 0 0 o 0
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 ° 0 o

047 0 0 0 ° o o o 0 0 °
0 0 0 0 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 0 0 o .o

048 o o o o ¢ 0 0 o 0 0
0 0 ) 0 0 0 0 0 1 1
1 1 1 1 1 1 1 1 1 1
0 o o 0 o

049 0 0 0 o o 0 o o 0 0
o ¢ 0 o 0 0 0 0 1
1 1 1 1 1 0 o 0 0 0
o 0 0 0 0

050 0 0 o 0 0 0 o o 0 o
0 0 0 ° 0 0 0 o ° o
0 0 0 o 0 o 0 0 0 ¢
0 0 0 c .0 o .

OCAQUIFER HEAD WILL 8E SET TO 0.00000 AT ALL NO-FLOW NODES {IBOUND=0).

INITIAL HEAD, LAYER t WiLL BE READ UNFORMATTED ON UNIT 35

1 2 3 4 5 8 7 8 9 10
11 12 13 14 15 18 17 18 19 20
21 2 23 24 25 28 27 28 29 30

N 32 33 34 35 ]

01 00000 00000 00000 GO0000 00000 00000 0.0000 00000 00000 0.CO00
0.0000 00000 0.0000 00000 00000 00000 00000 00000 00000 0.0000
00000 00000 00000 00000 00000 00000 00000 00000 00000 (.0000
0.0000 00000 00000 00000 00000 0.0000

02 00000 00000 00000 00000 00000 00000 00000 00000 0.0000 0.0000

0.0000 0.0000 2.3181E-07 7.0108E-05 1.0295E-04 9.6275E.05 7.4483E-07 0,0000° 00000  0.0000

00000 00000 00000 00000 00000 0©.0Q00 00000 0.0000 00000 0.0000
00000 00000 00000 00000 0.0000 0.0000
03 00000 00000 00000 00000 00000 00000 00006 00000 00000 0.0000

0.0000 3.4317E-07 1.6217E-04 7.0200E-02 0.1031 G.644BE.02 B.5004E-04 0.2544 03892 0.4357

00006 0.0000 00000 00000 0O.0000 00000 00000 00000 @©.0000 0.0000
0.0000 00000 00000 00000 00000 0.0000

04 00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
3.3271E-07 1.8169E-04 9.2508E-02 0.1742 02313 02656 02918 04010 0487t 05337
05808 06048 00000 00000 00000 (000G 00000 00000 00000 0.0000
00000 00000 00000 00000 00000 (.0000

05 00000 0.0000 00000 00000 00000 00000 00000 00000 00000 21403607
1.5168E-04 8.9400E-02 0.1907 02852 03823 04232 04708 (5512 06142 0.6580
06864 06798 06910 00000 00000 00000 00000 00000 00000 0.0000
00000 00000 00000 00000 0.0000 0.0000

06 000006 Q0000 00000 00000 00000 00000 00000 00000 ©0000 6.2780E-05
6.2674E-02 01815 0.2766 03942 04892 0.5651 06304 08928 07445 07810
08008 07969 07714 07732 0.0000 00000 00000 00000 ©.0C00 0.0000
00000 00000 00000 00000 00000 0.0000

07 00000 00000 00000 00000 OCO0OOD 00000 00000 0.0000 00000 89530608
85719602 02082 03400 05058 06151 06987 07682 08276 08743 0.9058
09204 0916% 08830 08522 068435 00000 00000 00000 00000 0.0000
00000 0.0000 00000 0.0000 0.0000 0.0000 :

08 00000 00000 00000 00000 00000 00000 00000 00000 00000 1.5585E-05
1.8523E-02 111.8 1248 06528 07485 08300 08008 0958  1.003 1.03t
1.042 1035 1,012 08720 09178 08667 00000 00000 00000 0.0000
00000 0.0000 00000 0.0000 0.0000 0.0000

09 00000 00000 00000 00000 00000 00000 00000 0.0000 00000 1.8702E-08
1.8729€:02 151.2 2001 1548 08785 09555 1.025 1008 1132 1155
1162 1152 1128 1.089 1035 00690 09430 00000 0.0000 0.0000
0.0000 00000 00000 00000 00000 0.0000

010 00000 00000 00000 0.0000 0.0006 O.0000 00000 00000 0.0000 1.3096E-08
1.3107E02 1485 2219 2179 1448 1074 1144 1210 1258 1278
1.280 1.268 1283 122 1.148 1082 1009 00000 00000 0.0000
00000 00000 00000 00000 00000 0.0000

011 00000 00000 00000 00000 0.000C 00000 00000 00000 00000 B.5463E-08
85586603 109.4 1784 1927 1904 137.0 1260 1.331 1377 1.3%8
1.394 1379 1.383 1.313 1258 1487  1.084 1058 0.0000  0.0000
00000 00000 00000 00000 0.0000 0.0000 :

012 00000 00000 00000 00000 00000 00000 00000 00000 00000 1.1548E-07
1.0715E-04 9.89296-02 0.2101  0.2952 148.1 1988 1640 1455 1468 1503
1505 1.487 1480 1420 1.368 1300 1219 1128 1085 0.0000
00000 00000 00000 0.0000 00000 0.0000



013 0.0000 0.0000 §.0000

C

0.0000 00000 00000 00000 00000 00000 0.0000

7.3922E08 74030E-02 0.1868 03158 (04178 1723 2550 2353 1.587 1.607

1600 1.589  1.581
0.0000 0.0000 0.0000
014 00000 0.0000 0.0000

1.522 147 1.410 1338 1250 1150 1102
0.0000 0.0000 0.0000
00000 00000 00000 00000 00000 00000 0.0000

A 2287607 24960E-04 01763 03289 04593 05778 2243 3248 2173 1718

1.708 1.684 1.653
1.110 00000  0.0000
015 0.0000 00000 0.0000
0.0000 1.71S1E-04 0.171¢
1.790 1.7 1.742

1617 1.573 1.515 1448 1368 1.270 1.163
0.0000 00000 ©.0000
00000 00000 00000 00000 ©0000C 00000 0.0000
0.3405 04803 08224 07455 3257 2688 1.793
1.710 1.689 1818 1.550 1.47¢ 1382 1.278

1.167 1111 0.0000 00000 0.0000 0.0000

016 00000 00000 0.0000
0.0000  1.7374E-04 0.1738
1.850 1854 1334
1.272 1.168  0.0000

017 00000 00000 0.0000
00000  2.0458E-04 0.2047
1738 1.967 1.833

00000 00000 00000 00000 00000 0.0000 0.0000
03467 05180 06500 0.7588 3558 3833 2088
1.801 1762 1710 1847 1571 1.484 1.380

0.0000 00000 0.0000

0.0000 00000 0.0000 00000 00000 0.0000 0.0000
0.3957 05479 06804 0.7863 3948 4401 309.9
1.954 1852  1.798 1.735 1650  1.569 1.470

1.356 1222 1.451 0.0000 0.0000 0.0000

018 00000 0.0000 0.0000
0.0000 2.1822E04 0.2182
2521 2028 2017
1.442 1.318 1.9

419 00000 00000 0.0000

00000 00000 00000 00000 00000 0.0000 0.0000
041657 05755 07000 08153 4125 4725 3603
1983 1937 1880 1818 1738 1650  1.553
1121 00000  0.0000
00000 0.0000 00000 00000 00000 00000 0.0000

51700E-07 3.8427€-04 02507 04513 060856 07304 058398 4198 4915 4177

3309 2464 2108
1.522 1.402 1.278
020 00000 0.0000 0.0000
1.3457E-04 0.1347 03278
3788 2877 2191
1.582 1.470 1.338
021 00000 0.000¢ 0.0000
21088E-04 02107 0Q.4060
3|24 2718 2208
1.854 1.520 13803
022 00000 0.0000 0.0000 -
4.0527E-04 03008  0.4960
780 2707 237
1.714 1.579 1.433
023 00000 0.0000 0.0000
0.1007 04914 05120
380.1 2902 239t
1.774 1622 1456
024 00000 00000 0.0000
03281 0.5460 C6979
4302 3088 2707
18400  t.681 1.483
025 00000 0.0000 0.0000
04802 0647t 07888
511.2 5058 434
1.918 1703  1.454
026 0.0000 0.0000 0.0000
06058 0.7524 0.8848
817.0 6323 5813
2017 1.750 1.447
027 00000 00000 0.0000
07133 08501 05788
7380 7553 7214

207 2020 1983 1898 1813 1728 1.629

1162 0.0000 0.0000

00000 00000 00000 00000 00000 00000 0.0000
05080 06517 07681 08588 4109 5088 4576
2152 2104 2044 1973 1890 1799 1.702

1992 1411 0.0000

00000 00000 00000 00000 00000 00000 0.0000
0572¢ 07030 08070 08884 3548 5092 | 4880
2200 2180 2119 2050 1908 147t 1.789

1257 1138 0.0000

00000 00000 00000 0.0000 00000 00000 6.7892E-07
0.5480 07089 08505 09288 38 4484 Q78
2297 22%3 2180 2120 2037 1.541  1.834

1288 1155 0.000Q .

00000 0000G 00000 00000 00000 58845607 2.7101E-04
07308 08403 05210 09604 2519 3879 4011
2354 2311 2257 2185 2116 2019 1.905

1.29¢ 1.143  0.0000

0.0000 0.0000 00000 - 00000 6.2931E07 3.1882ED4 0.1623
0.8214 09223 1.000. 1.054 2314 3563 4180

23080 2388 2320 2279 2209 2113 1909

1.261 1.064  0.0000 '

00000 00000 00000 6.5451E-07 3.1195E-04 0.1575 03184
0.9101 1.011 1.091 1.148 2592 3952 4753
2871 2429 2492 2383 2327 2235 2.095

1187  0.5488  0.0000

0.0000  2.2019E07 1.1040E-04 3.4387ED4 0.1558 0.3008  0.4581
1.00t 1104 1190 12586 3211 4807 5502
4707 © 3049 2504 2500 2488 2377 2223

1.068 06587  0.0000

0.0000 1.102E-04 0.1104 0.1892 03088 04390 0.5739
1007 1202 1283 1368 73t 5507 &G0
8487 5118 2848 284 2858 2558 2378

2444 1855 1489 09880  2.4944E-03 0.0000

028 00000 0.0000 0.0000
0.8089  0.9408 1.070
8438  seat 8885
2302 201 1.673
029 00000 00000 ©0.0000
0.8927 1025 1158
9329~ 9785 9910
2484 2198 1.897

3.2208E-07 1.6157E-04 02520 0329t 04348 05518 0.6758
1182 1.303 1400 1488 4154 6165 7605

8017 7123 5718 3549 2931 2786 2560

1273 08438  0.0000 :
1.6143E-04 0.1819 0331 04244 05301 008442 0.7650
1285 1402 1508 1588 4541 6779 8364

S482 6438 8589 I740 3268 39 2767

1.589 1312 0.0000

030 00000 00000 2.5353E-10 2.1802E07 0.3319 04116 05033 06018 07128 0.83%9

09643 1.101 1241
1001, 107%. 1121,
265 2378 2108

1376 1500 1812 1710 5089 7417 8950
1118 9938 7382 4255 3748 3226 29N
1.843 1608 0.0000

031 00000 00000 3.8021E-08 21980E-05 0.4195 04780 0.5552 06481 07580 0.3535

1.020 1.108 1.320
1078. 1191. 1273,
2708 2.5 223

1.484 1506 174 1.324 5866  B0e.t 953.8
1287. 1155, 8582 4528 4114 353 3111
2.042 1.820  0.0000

032 00000 00000 1.81756-05 16197602 1378 1779 1737 1700 1848 2178 .

228 3481 478.5
1154, 1287. 1382
2,821 2852 2431

5201 5408 5082 6083 7494 8716 1014.
1408, 120. 9402 5000 46820 18385 1588
2201 1,980  0.0000

033 00000 0.0000 2S065E-06 26122E-02 193'.0 2507 2503 207 [ WA
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SHAFT 1 (State No.5253-01)
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September 13, 1995 PF(’""MINARY DRAFT - SUBJECT T0 CHANG

.

C

Appendix E-1. GIS Calculated Stress Period Recharge in cfd

Jan 30.50 20.79 28.40 53.91 36.04 35.10 12.48 10.58
Feb 11.18 9.86 5.19 3.15 16.64 14.10 15.52 10.19
Mar 19.14 7.43 9.76 35.08 16.36 6.74 6.95 3.86
Apr 17.51 202 2.00 16.96 20.49 8.00 12,19 0.72
May 226 124 8.38 11.823 9.07 1.82 272 2.36
Jun 1.07 0.42 0.98 0.50 0.80 0.80 0.69 - 089
N T Y T T e T T T T
Aug 0.83 0.47 0.87 0.75 0.92 0.80 0.43 0.52
Sep 1.80 1.80 1.77 0.78 8.22 1.14 1.97 4,73
Oct 1.86 257 2.39 10.54 6.12 2.83 6.37 7.09
Nov 8.45 16.09 9.48 13.25 29.26 7.19 14.73 6.86
Dec 13.72 25.03 12.88 11.67 24.92 16.67 2253 8.95
Year - 9.17 7.44 6.56 13.44 14.29 8.02 8.17 4.86

Appendix E-2. GIS Calculated Stress Period Recharge in mgd

o

Feb 83.60 - 7378 38.79 23.54 124.42 105.43 118.03 76.31

Mar 143.11 55.52 7290 261.94 122.31 50.36 51.98 28.87
Apr 130.92 16.14 14.98 126.85 163.20 £9.83 91.18 6.39
May 16.93 927 47.73 88.47 67.78 - 13.59 20.38 17.63
Jun 8.01 3.18 4.18 a.78 450 6.00 5.19 7.41

Jul 12.28 10.80 5.99 21.77 21.21 7.45 10.82 9.82
Aug 6.21 4.29 5.02 5.62 6.92 596 3.20 4.67
Sep . 11.20 13.48 13.27 5.84 61.48 8.49 14.71 35.39
Oct 13.88 19.18 17.86 78.83 45.74 21.18 47.60 5§3.01

Nov 63.20 120.31 70.91 99.08 218.69 63.78 110.11 61.32
Dec 102,59 187.16 98.33 87.29 186.29 124.67 168.42 €6.90
Year 68.33 56.62 48,03 100.50 106.83 §9.93 61.08 38.31
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CUMULATIVE VOLUMES L3 RATES FOR THIS TIME STEP  L*aT
IN: IN:
STORAGE # 0.00000 STORAGE = 0.00000
CONSTANT HEAD =  0.00000 CONSTANT HEAD = 0.00000
WELLS = 0.00000 WELLS = 0.00000
DRAINS = 0.00000 DRAINS = 0.00000
RECHARGE = 0.82318E+07 RECHARGE = 0.82318E+07
RIVER LEAKAGE = 0,00000 RIVER LEAKAGE = 0.00000
TOTAL IN= 0.32316E+07 TOTAL IN = 0.82316E+07
ouT: OuT:
STORAGE = 0.00000 : STORAGE = 0.00000
CONSTANT HEAD = 0.00000 . CONSTANT HEAD = (0.00000
WELLS = 0.00000 WELLS = 0.00000
DRAINS = 43538, DRAINS » 43538,
RECHARGE = 0.00000 RECHARGE = 0.00000
RIVER LEAKAGE = 0.81884E+07 RIVER LEAKAGE = 0.81884E+07
0 TOTAL OUT = 0.82320E+07 TOTAL OUT = 0.82320E+07
[\] IN-OUT = -338.50 IN-OUT = .338.50
[1] PERCENT DISCREPANCY = 0.00 PERCENT DISCREPANCY = 0.00
o
TIME SUMMARY AT END OF TIME STEP 1 IN STRESS PERIOD 1
SECONDS MINUTES HOURS DAYS YEARS
TIME STEP LENGTH . 864000 1440.00 24,0000 1.00000  0.273785E-02
STRESS PERIOD TIME 86400.0 1440.00 24,0000 100000  0.273785E-02
86400.0 1440.00 24,0000 1.00000  0.273785E-02

TOTAL SIMULATION TIME
1

Yhyoe

s
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1154, 1287, 1352, 1408, 1240, 9492 5000 4620 1835 1508
2821 2652 2431 2201 1980  0.0000 .

033.0.0000 00000 2608SE-05 2.6122E02 1830 2507 2503 2437 259.7 3043
3689 4768 4767 8394 8358 8409 8422 849 BASS 1048,
1208,  1358. 1478, 1508 1404, 1096. 5578 3348 2604 1829
2982 2798 2587 2333 2108  0.0000

034 00000 00000 2.4087E-05 24061E-02 1920 2603 2694 2528 2548 3049
3759 4766 4788 6285 7589 7591 7582 8437 B47.0 1058
1259, 1421, 1538, 1600, 1539,  1319. 8911 4707 4039 TR
3273 2980 2687 2434 2196 0.0000

035 0.0000 82308808 5.1283EDS 20184E-02 1461 2004 2110 1987 1823 2191
3027 4785 4768 6282 7588 7590 7592 7554 8482 1038
1280. 1523, 1523, 1667. 1641, 1453  1047. 4654 4197 3794
3398 3059 2768 2500 2257 0.0000

038 0.0000 3.1187E-05 3.1279E02 0.1249 025t5 03828 05439 07039 08730  1.049
1244 1478 6273 6279 7588 7588 7591 7583 B492 8501
1268, 1402, 1825 1743, 1720, 1562 11720  4T2. 4244 3815
3433 3096 2798 2528 2281 0.0000

037 00000 14431E07 1.1241E-04 8.2574E-02 01684 03365 04882 065544 0.8315 09941
1457 2739 550 7577 7582 7588 7590 7594 9277 1020
1284, 1504. 1580, 1808, 1804. 1674, 1390, 8889 4179 3745
3392 3073 2780 2512 2288  D.0000

038 00000 00000 3.0843E07 1.9383E-D4 0.1118 02483 03674 05724 07848 0.9207
189.5 3189 4331 5458 7579 7583 7588 S273 w278 9284
1273, 1514, 1748, 1839 1883 1761. 1550, 1199, 7058  3.568
3280 2988 2712 2456 2218 0.0000

039 00000 0.0000 00000 43120607 2.3842E-04 0.1275 02633 04325 G147 1700
2429 2730 2356 1882 €649 8831 9281 9271 9278 9234
1278, 1515, 1723, 1844. 1868,  1807. 1628, 1320, 8888 3510
3151 2868 2800 2388 2138 0.0000

040 00000 00000 00000 00000 45213607 2.1461E-04 B.7504E-02 86207E-02 0.1359 1602
2152 1742 1601 1751 6317 6867 6638 8547 9200 1000,
1311, 1514, 1696, 1810, 1845 1003, 1843 1374, 015, 5505
2928 2701 2485 2241 2032 0.0000 :

041 00000 ©0.0000 00000 00000 0.0000 3.3019E-07 1.1825B-04 2.8796E-02 1.9698E-02 117.2
1319 1140 1389 4848 5625 3425 66868 84968 9818 1139,
1320. 1481, 1647. 1751, 1781, 1744, 1595, 1352 1083 668098
2821 2523 2281 2082 1.910 0.0000 .

042 00000 00000 00000 00000 00000 0.0000 1.4460E-07 2.8730E-05 1.9668E-05 1.4448E.02
05255 0.8427 3201 4048 1559 3614 - 6498 B840 984t 1129,
12820 1438, 1588, 1678, 1689 1633,  1497. 1298, 1065, 7749
4048 2268 2078 1.867 1.800 0.0000

043 00000 00000 00000 00000 00300 00000 00000 00000 2.0954E07 1.9020E-04
01768 1444 2335 4031 08888 1054 54§ 7688 9322 1083,
1222 1349, 1458, 1524, 1523, 147%. 1261, 1204, 1012 7790
4884 2127 1859 1677 00000 0.0000

044 00000 00000 00006 00000 00000 00000 00000 00000 0.0000 S.0002E-07
74453804 05372 01318 04470 06783 03055 4308 6409 8116 9678
1107. 1216, 1296, 1341, 1331, 1280, 1187. 1055, 8947 6992
4832 2348 1539 1458 0.0000  0.0000

045 00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
1.6574E-04 0.1655 01241 01932 7.7318E-03 02175 2879 4489 5903 7631
9426 1043, 1108, 1133. 1108, 1047. 9640 8501 7088 5100
3504 1979 1252 1252 0.0000 0.0000

046 00000 00000 00000 00000 00000 00000 00000 0.0000 0.0000 0.0000
3.3023E07 1.6515E-04 1.2414E-04 1.9288E-04 7.7628E-05 6.9825E-02 5.7704E02 7.0608E-02 0.1980  48t.8
7086 8168 9699 8772 8256 7168 G410 5500 4057 0.9490
08482 06720 1012 00000 00000 0.0000

047 00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
0.0000 00000 00000 00000 1.4600E-07 6.9674E-05 5.7883E-05 7.8703E-05 2.6685E-04 6.9527E-02
W07 5127 5555 5468 4488 07996 07904 07980 07742 0.7857
07618 07880 0.0000 00000 0.0000 0.0000

048 00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
00000 0.0000 00000 00000 00000 00000 00000 0.0000 3.6433E-07 0.8213E-05
2.9072E-02 9.3986E02 0.1072 0.9052 03116 05748 06882 07002 07081 07105
00000 00000 00000 00000 0.0000 0.0000

049 00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
0.0000 00000 00000 00000 00000 00000 0.0000 0.0000 0.0000 1.2704E07
2.9080E-05 9.3852E-05 1.0706E-04 1.0532E-04 3.1116E-04 00000 C.0000 00000 0.0000  0.0000
00000 00000 00000 0.0000 00000 0.0000

050 00000 00000 00000 00000 00000 00000 00000 00000 0.0000 0.0000
00000 00000 00000 00000 00000 00000 0.0000 00000 0.0000 0.0000
00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
00000 00000 - 00000 0.0000 00000 0.0000

OHEAD WILL BE SAVED ON UNIT 30 AT END OF TIME STEP 1, STRESS PERIOD 1

ODRAWDOWN WILL BE SAVED ON UNIT 40 AT END OF TME STEP 1, STRESS PERIOD 1

0

VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP 1 IN STRESS PERIOD 1
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10715604 9.8920E-02 0.2101 02952  148.1 158.8 1840 1455  1.488 1505
1.505 1487 1480 1420 1368 1300 1219 1128 1.085 0.0000
00000 00000 00006 00000 0.0000 0.0000

013 00000 0.0000 00000 00000 00000 0.0000 0.0000 00000 00000 0.0000
13922ED5 7.4030E02 01968 03158 04178 1723 2550 2353  1.587  1.507
1.608 1.589 1.561 1522 1.471 1410 1338 125 1150 1.102
00000 C.0000 00000 00000 00000 0.0000

014 00000 00000 00000 00000 0.0000 00000 0.0000 00000 00000 0.0000
32207E-07 2.4960E-04 0.1763 03289 04563 05778 2243 3248 2173 1718
1.708 1.684 1853 1617 1673 1515 1448 1368 1270 1.183
1410 0.0000 00000 00000 0.0000 0.0000

015 00000 0.0000 Q0000 00000 00000 00000 0.0000 O0.0000 ©.0000 0.0000
0.0000 1.7151E04 0.1718 03405 04903 06224 07456 3257 26888 1.793
1.790 1.7 1.742 1710 1680 1815 1550 1474 1382 1278
1167 1111 00000 00000 00000 0.0000

018 00000 00000 00000 OODOC 00000 00000 00000 00000 0.0008 0.0000
0.0000 1.7374E-04 01738 03497 05180 06509 07588 3658 3833 2086
1.850 1854 1834  1.809 1782 710 1847 1571 1.481 1.380
1272 1188 00000 0.0000 0.0000 0.0000

017 00000 00000 00000 00000 00000 00000 00000 00000 0.0000 0.0000
0.0000 2.0458E-04 0.2047 03957 05479 06804 07883 3945 4409 309.8
1738 1,987 1933 1.8%4 1852 1798 1735 1859 1568 1470
1.358 1.2 1459 0.0000 0.0000 0.0000

018 00000 00000 00000 00000 00000 0.0000 00000 00000 0.0000 0.0000
0.0000 2.1822E04 02182 04157 05755 07089 08153 4125 4725 3803
2821 2028 2017 1963 1.537 1.3%0 1.818 1738 1650 1.553
1.442 1318 1.191 1121 0.0000 0.0000

019 00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
5.17800E-07 3.8427E-04 02507 04513 06085 0.7384 08398 4198 4918 4177
3399 2484 2108 207 2020 1963 1898 1813 172§ 1.629
1.522 1.402 1278 1.162 0.0000 0.0000

020 00000 00000 00000 00000 00000 00000 00000 GOCOO 00000 0.0000
1.3457E-04 0.1347 03276 05080 06517 0.7881 08508 4109 5088 4578
a7ee 2877 2191 2152 2104 2044 1973 1830 1.799 1.702
1.592 1.470 1338 1192 1111 00000

021 00000 00000 00000 0.0000 00000 00000 0.0000 00000 00000 00000
2.1068E-04 0.2107 04069 05724 07030 08070 0.8884 3948 5092 4880
3924 2718 2288 2200 2180 2119 2050 1968 187 1.769
1654 1529 1383 1257 1138 0.0000

022 00000 00000 00000 00000 00000 00000 00000 0.0000 00000 8.7892E07 .

40027E-D4 03008 04580 06490 07600 08596 09288 3389 4484 4376
3760 2707 2337 2297 2253 2190 2120 2037 1941 1.834
1.714 1579 1433 1288 1155  0.0000

023 00000 00006 0.0000 00000 00000 00000 00000 00000 5.8845E.07 2.7101E-04

01007 0494 06120 07388 08403 03210 05804 2519 367.9 4011
380.1 2902 2.3 2354 2311 2257 2195 2118 2019 1.905
1.774 1.622 1.456 1.291 1.143  0.0000

024 00000 00000 00000 00000 00000 00000 00000 6.2831E-07 3.1862E-04 0.1823

03281 05488 066879 08214 09223 1.000 1054 2314 3563 4189
430.2 38968 2707 2398 2368 2329 2279 2208 2113 1.969
1.840 1.681 1.463 1.261 1.084  0.0000

025 00000 0.0000 00000 0.0000 00000 00000 8.5451E07 3.1195E-04 0.9575 0.3184

04802 06477 07888 05101 1.011 1.001 1.148 2892 385.2 4753
511.2 5058 4341 267.1 2429 2412 23 2377 2235 2.085
1.918 1703 1.454 1.187 - 0.9488  0.0000

026 0.0000 00000 00000 0.0000 22019607 1.1040E-O4 3.4387E-D4 0.1558 0.3068  0.4581

06058 07524 08345 1,001 11104 1,180 1,256 32t 4697 5602
6170 6323 . 5813 4707 3049 2504 2500 2468 2377 22
2017 1758 L4447 1068 08567 0.0000

027 00000 00000 0.0000 00000 1.1022E-04 04104 0.1852 03008 04390 05739
07933 08501 09786  1.097 1202 1293 1386 37341 §50.7 6610
7380 7553 7214 6487 5316 3648 26844 2858 2558 2378
2.144 1.855 1491 09000 2.4S44E-03 0.0000

028 00000 00000 ©.0000 <I.226EH7 1.6157E04 02520 03291 04348 05510 06755

08089 05405 1070 1182 1303 1400 1481 4154 5165 7605
8438 969t 8555 8017 7123 S718 3549 2831 270 2560
2302  20M 1373 1273 03438 0.0000
029 00000 00000 00000 1.6143E-04 0.1619 03151 04244 05301 06442 0.785
0.8827 1.025 1158 1285 1402 1508 1505 4541 6779 8384
3329 9785 9910 9482 8438 6589 3IT40 3265 3039 2767
2484 2198 1,897 1588 1312 0.0000

030 00000 0.0000 .2.53535-10 21802EQ7 03318 04118 05033 06018 07126 0.8339

0.9643 1.10% 1.241 1.378 1.500 1612 1710 S089 7417 8950
100t. 1079, 1131, 1116, 9836 7382 4255 Q748 23328 2971
26858 2378 2108 1843 1608  0.0000

03t 00000 0.0000 38021E-08 2.1960E-05 04195 04760 05552 06481 07580 0©.3835

1.020 1.168 1320 1484 1586 1714 1824 5866  808A 9536
1078. 119, 1273, 1287. 1155, 8582 4528 4114 ASRN N1
2708 2531 2283 2042 1820  0.0000
032 00000 00000 1.6175E-05 1.8197E-02 1378 1779 1737 1700 1848 2178
2628 0.1 4765 5291 5498 5862 6083 7494 6718 1014
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O RIVER LEAKAGE PERIOD ¥ STEP t REACH 137 LAYER 1 ROW 23 COL 10 RATE -108402.3
O RIVER LEAKAGE PERIOD 1 STEP t REACH 138 LAYER 1 ROW 22 COL 10 RATE -271.5877
0 RIVERLEAKAGE PEROD 1 STEP 1 REACH 139 LAYER 1 ROW 22 COL 1t RATE -183708.5
0 RIVER LEAXAGE PERIOD 1 STEP 1 REACH 140 LAYER 1 ROW 19 COL 11 RATE -207.1189
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 141 LAYER ¢ ROW 20 COL 11 RATE 5382854
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 142 LAYER 1 ROW 21 COL 1t RATE 8427170
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 143 LAYER t ROW 14 COL 12 RATE -09838.40
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 144 LAYER 1 ROW 15 COL 12 RATE -68604.00
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 145 LAYER 1 ROW 18 COL 12 RATE -83498.23
0 RIVER LEAKAGE PERIOD 1 STEP 1 REACH 148 LAYER 1 ROW 17 COL 12 RATE -81820.05
0 RIVER LEAKAGE PERIOD ? STEP t REACH 147 LAYER 1 ROW 18 COL 12 RATE -8728831
0 RIVERLEAKAGE PERIOD t STEP { REACH 148 LAYER 1 ROW 19 COL 12 RATE -1537088
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 149 LAYER 1 ROW 12 COL 11 RATE -42358.30
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 150 LAYER 1 ROW 13 COL 11 RATE -29588.88
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 151 LAYER 1 ROW 14 COL 11 RATE -129.1490
0 RIVER LEAKAGE PERIOD 1 STEP 1 REACH 152 LAYER 1 ROW 5 COL 10 RATE -25.681381
O RIVER LEAKAGE PERIOD 1 STEP 1 REACH 153 LAYER 1 ROW 6 COL 10 RATE -25111.98
0 RIVER LEAKAGE PERIOD 1 STEP 1 REACH 154 LAYER 1 ROW 7 COL 10 RATE -35815.64
0 RIVER LEAKAGE PERIOD 1 STEP 1 REACH 155 LAYER 1 ROW 8 COL 10 RATE 8233918
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 156 LAYER 1 ROW 9 COL 10 RATE -7480.835
0 RNVERLEAKAGE PERIOD t STEP 1 REACH 157 LAYER 1 ROW 10 COL 10 RATE -5238.204
0 RIVERLEAKAGE PERIOD 1 STEP 1t REACH 158 LAYER 1 ROW 11 COL 10 RATE 3418.512
0 RINERLEAKAGE PERIOD 1 STEP 1 REACH 158 LAYER 1 ROW 12 COL 10 RATE 48.18445
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH180 LAYER 1 ROW 4 COL 11 RATE -123.0842
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 161 LAYER 1 ROW 5 COL 11 RATE -50672.87
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 162 LAYER 1 ROW 3 COL 12 RATE -137.2604
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 163 LAYER 1 ROW 4 COL 12 RATE -72677.49
0 RIVERLEAKAGE PERIOD 1 STEP 1 REACH 184 LAYER 1 ROW 3 COL 13 RATE -84866.45
1 HEAD IN LAYER 1 AT END OF TIME STEP 1 IN STRESS PERIOD 1

1 2 3 4 5 8 7 8 9 10
1 12 13 14 15 18 17 18 18 20
2 2 23 24 25 28 27 28 28 30
at 2 Ee) 34 3% 3
01 00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
00000 00000 00000 00000 00000 0.0000
02 00000 00000 00000 00000 00000 00000 00000 00000 Q0000 0.0000
00000 00000 2.3181E-07 7.0108E-05 1.0295E-04 9.6275E05 7.4483E07 00000 00000  0.0000
00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
00000 00000 00000 00000 00000 0.0000
03 00000 00000 00000 00000 00000 00000 - C.0000 00000 00000 0.0000
00000 34MTED? 1.6217E04 7.0200E-02 0.1031 O.6448E-02 6.5004E04 02544 0.3812 04357
00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
00000 00000 00000 00000 00000 G.0000
04 Q0000 00000 00000 00000 00000 00000 00000 00000 00000 (.0000
3327EO7 18165504 92588E02 0.1742 02313 02858 02018 04010 04871 05337
0.5808 0.6046 00000 00000 00000 00000 00000 00C00 0.0000 0.0000
00000 00000 00000 00000 0.0000  0.0000
05 00000 00000 00000 00000 00000 00000 00000 00000 00000 2 1403E-07
1.5168E-04 8.9400E02 0.1907 02852 03823 04232 04789 05512 06142 06580
06084 08798 06910 00000 00000 00000 00000 00000 00000 0.0000
00000 00000 00000 00000 00000 0.0000
08 00000 00000 0000 00000 00000 00000 00000 00000 00000 6.2780E-05
820874E02 0.1615 02798 02042 0482 05651 06304 065928 07445 0.7810
08008 07989 07714 07732 00000 00000 00000 00000 00000 0.0000
00000 00000 00000 00000 00000 00000
07 00000 00000 00000 00000 00000 00000 00000 00000 00000 8.9530E-05
89719602 0.2082 0.3400 05058 0815t 06087 07682 08278 08743 09066
09204 09161 08330 08522 08435 00000 00000 0.0000 00000 0.0000
0.0000 00000 00000 00000 0.0000 €.0000
08 00000 00000 00000 00000 00000 00000 00000 00000 00000 1.5585E-05
1.5523E02 1118 1248 08528 07485 08300 08096 0958 1003  1.031
1042~ 1035 1012 08720 05175 08967 00000 00000 00000  0.0000
00000 00000 0.0000 00000 00000 0.0000
09 0000 00000 00000 00000 00000 00000 00000 00000 00000 1.8702E-05
18720602 151.2 2001 15468 OB7B5 0655 1025 1088 (12 1155
1462 1452 1128 1.088 1035 09690 0.5430 00000 00000 0.0000
00000 00000 00000 00000 00000 0.0000
010 00000 00000 00000 00000 00000 00000 00000 00000 0.0000 1.2008E-05
1.3107E02 1485 2219 2174 1448 1074 1146 1210 1258 1278
1280 1268 1243 1202 1148 1082 1008 00000 00000 0.0000
00000 0C0000 00000 00006 00000 0.0000
641 00000 00000 00000 00000 00000 00000 00000 00000 00000 8.5483E-08
85586603 1094 1784 1927 1904 1370 1260 1331 1377 1396
1394 1379 14353 1313 1258 1487 1094 1.058 00000 0.0000
00000 00000 00000 00000 00000 ©.0000
012 00000 00000 00000 00000 0.0000 00000 00000 00000 00000 1.1548E07
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RIVER LEAKAGE
RIVER LEAKAGE
RIVER LEAKAGE
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RIVER LEAKAGE
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RIVER LEAKAGE
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RIVER LEAKAGE
RIVER LEAKAGE
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RIVER LEAKAGE
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RIVER LEAKAGE
RIVER LEAKAGE
RIVER LEAXKAGE
RIVER LEAKAGE
RIVER LEAKAGE
RIVER LEAKAGE
RIVER LEAKAGE
RIVER LEAKAGE
RIVER LEAKAGE
RIVER LEAKAGE
RIVER LEAKAGE
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PERIOD
PERIOD
PERIOD
PERIOD
PERICD
PERIOD
PERIOD
PERICD
PERIOD
PERIOD
PERIOD
PERIOD
PERICD
PERIOD
PERIOD
PERIOD
PERIOO
PERIOCD
PERKD
PERICO
PERICO
PERICD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIKOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERICD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERICD
PERIOO
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD
PERIOD

STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STeEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
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STEP
STEP
STEP
STEP
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STEP
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STEP
STEP
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REACH 58
REACH &7
REACH 58
REACH 59
REACH 80
REACH 81
REACH 62
REACH &3
REACH &4
REACH 85
REACH 68
REACH 67
REACH 68
REACH 88
REACH 70
REACH 71
REACH 72
REACH 73
REACH 74
REACH 75
REACH 78
REACH 77
REACH 78
REACH 78
REACH 80
REACH 8t
REACH 82
REACH 83
REACH 84
REACH 8§
REACH 88
REACH 87
REACH 88
REACH 29
REACH 80
REACH 91
REACH €2
REACH $3
REACH 94
REAGH 95
REACH 98
REACH 97
REACH 98
REACH 99
REACH 100
REACH 101
REACH 102
REACH 103
REACH 104
REACH 108
REACH 108
REACH 107
REACH 108
REACH 109
REACH 110
REACH 111
REACH 112
REACH 113
REACH 114
REACH 115
REACH 116
REACH 117
REACH 118
REACH 119
REACH 120
REACH 12t
REACH 122
REACH 123
REACH 124
REACH 125
REACH 128
REACH 127
REACH 128
REACH 129
REACH 130
REACH 131
REACH 132
REACH 133
REACH 134
REACH 135
REACH 128

LAYER 1
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER
LAYER t
LAYER 1
LAYER 1
LAYER ¢
LAYER ¢
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
LAYER 1
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ROW 3§
ROW 38
ROW 37
ROW 38
ROW 238
ROW 40
ROW 41
ROW 42
ROW 42
ROW 43
ROW 44
ROW 45
ROW 45
ROW 48
ROW 48
ROW 47
ROW 47
ROW 47
ROW 48
ROW 48
ROW 48
ROW 48
ROW 48
ROW 48
ROW 4%
ROW 4%
ROW 48
ROW 49
ROW 48
ROW 48
ROW 48
ROW 48
ROW 47
ROW 47
ROW 47
ROW 47
ROW 47
ROW 46
ROW 48
ROW 46
ROW 48
ROW 48
ROW 44
ROW 45

ROW 43
AOW 43
ROW 42
ROW 42
ROW 42
ROW 41
ROW 41
ROW 40
ROW 40
ROW 39
ROW 29
ROW 38
ROW 38

sReRly

ROW 3
ROW 22
ROW X3
ROW 4
ROW 20
ROW 28
ROW 28
ROW 26
ROW 27
ROW 28
ROW 26
ROW 26
ROW 28
ROW 25
ROW 24
ROW 24
ROW 23

CUOBDBDNNOACMIEIRILADOWOWWLWONGOGNNATNGRELOINOEONGNOO

RATE -50268.85
RATE -81220.87
RATE -90626.80
RATE .88857.13
RATE -85458.96
RATE -81297.95
RATE -76412.17
RATE -72014.78
RATE -74668.69
RATE £7074.10
RATE .58312.18
RATE -51680.58
RATE -50084.20
RATE -40480.56
RATE -34918.14
RATE -31521.41
RATE -31428.78
RATE -31272.26
RATE -12462.28
RATE -22005.18
RATE -26727.04
RATE -20008.04
RATE -28245.12
RATE -28418.68
RATE -50.81551
RATE -11631.84
RATE -37540.80
RATE 4282592
RATE 42128.72
RATE -124465.5
RATE -145.7339
RATE -35285.20
RATE -58.79745
RATE -27860.5¢
RATE -23073.21
RATE -31431.04
RATE -108740.0
RATE -132.0827
RATE -68081.30
RATE -49658.57
RATE -77183.77
RATE -31051.32
RATE -284812.8
RATE -868295.58
RATE -360.0088
RATE -76118.72
RATE -83.81532
RATE -7867.219
RATE -57.87478
RATE -11482.12
RATE -46490.40
RATE -132.0778
RATE -160.8518
RATE -85843.08
RATE -172.4791
RATE -95369.48
RATE -122.5735
RATE -77453.72
RATE -57.72408
RATE 45364.21
RATE -32.92231
RATE -12474.78
RATE -20513.37
RATE 0.10t4419
RATE -15.20828
RATE -8460.845
RATE -10433.90
RATE -0626,81%
RATE -20.40839
RATE -128.9424
RATE -64573.14
RATE -88.07444
RATE 44088.94
RATE -84627.08
RATE -44161.64
RATE -1375485
RATE -261.8047
RATE -124770.8
RATE -251.7229
RATE -127448.4
RATE -235.3700



C C.

.

1 § 1t 0.0000 0.4000E+00 -10,00 181
1 3 12 0.0000 0.4000E+09 -10.00 182
1 4 12 0.0000 0.4000E+09 -10.00 163
1 3 13 0.0000 0.4000E+09 -10.00 164
OAVERAGE SEED = 0.00078879 :
MINIMUM SEED = 0.00000019

0
5 ITERATION PARAMETERS CALCULATED FROM AVERAGE SEED:

0.0000000E+00 0.8324120E+00 0.8719146E+00 0.9952033E+00 0.5992112E+00
0
1 [TERATIONS FOR TIME STEP 1 IN STRESS PERIOD 1
OMAXIMUM HEAD CHANGE FOR EACH [TERATION:
0 HEAD CHANGE LAYERROW.COL HEAD CHANGE LAYERROW.COL HEAD CHANGE LAYER,ROW,COL HEAD CHANGE LAYERROW.COL HEAD CHANGE
LAYER,ROW,COL

0.8505E03 ( 1, 36, 20)
0 .
OHEAD/DRAWDOWN PRINTOUT FLAG =1 TOTAL BUDGET PRINTOUT RLAG =0  CELL-BY-CELL FLOW TERM FLAG = 1
OOUTPUT FLAGS FOR ALL LAYERS ARE THE SAME:
HEAD DRAWDOWN HEAD DRAWDOWN
PRINTOUT PRINTOUT SAVE SAVE

1 Q 1 1
DRAINS PERIOD 1 STEP 1 DRAIN 1 LAYER 1 ROW 22 COL 25 RATE 34925.88
DRAINS PERIOD 1 STEP 1 DRAN 3 (AYER 1 ROW 33 COL 24 RATE -8811.83%

RIVER LEAKAGE PERIOD 1 STEP 1 REACH 1 LAYER 1 ROW 2 COL 13 RATE 9272423
RIVER LEAXAGE PERIOD 1 STEP 1 REACH 2 LAYER 1 ROW COL 14 RATE -2004322
RIVER LEAKAGE PERIOD 1 STEP 1 REACH 3 LAYER 1 ROW COL 15 RATE 41180.27
RIVER LEAKAGE PERIOD 1 STEP 1 REACH 4 LAYER 1 ROW COL 18 RATE -38500.82
RIVER LEAKAGE PERIOD t STEP t REACH 5 LAYER 1 ROW COL 17 RATE -207.9317
RIVER LEAXAGE PERIOD 1 STEP 1 REACH 8 LAYER Y ROW COL 17 RATE -260017.8
RIVER LEAKAGE PERIOD 1 STEP 1 REACH 7 LAYER 1 ROW COL 18 RATE -10177.85
RIVER LEAKAGE PERIOD % STEP 1 REACH 8 LAYER 1 ROW COL 19 RATE -15240.96
RIVER LEAKAGE PERIOD 1 STEP 1 REACH 8 FAYER 1 ROW COL 20 RATE -$7428.84

RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERKO
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERKD
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERIKOD
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERKO
RIVER LEAKAGE PERIOD
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD t STEP

1

1

1

1

1

1

1

1

1

1 STEP
1
1
1
1
]
1
1
1
1
1
1
1
1
1
1
1
1

RIVER LEAKAGE PERIOD 1 STEP

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
]
1
1
1

STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP
STEP

2

2

2

2

3

3

3

3
REACH 10 LAYER 1 ROW 4 COL 20 RATE -21348.47
REACH 11 LAYER 1 ROW 4 COL 21 RATE -23503.55
REACH 12 LAYER 1 ROW 4 COL 22 RATE -24182.16
REACH 13 LAYER 1 ROW 5§ COL 22 RATE 2718464
REACH 14 LAYER 1 ROW $ COL 23 RATE -27640.09
REACH 15 LAYER 1 ROW 6 COL 23 RATE -30858.13
REACH 18 LAYER 1 ROW & COL 24 RATE -30820.57
REACH 17 LAYER 1 ROW 7 COL 24 RATE 3408805
REACH 18 LAYER 1 ROW 7 COL 25 RATE -33741.84
REACH 19 LAYER 8 COL 25 RATE 3670084
REACH 20 LAYER 1 ROW 8 COL 26 RATE -35060.05
REACH 21 LAYER 1 ROW ©§ COL 26 RATE -38758.43
REACH 22 LAYER 1 ROW 9 COL 27 RATE 771882
REACH 23 LAYER 1 ROW 10 COL 27 RATE -40347.24
REACH 24 LAYER 1 ROW 11 COL 27 RATE ~43758.41
REACH 25 LAYER 1 ROW 11 COL 28 RATE -42331.44
REACH 28 LAYER 1 ROW 12 COL 28 RATE -45103.38
REACH 27 LAYER 1 ROW 12 COL 28 RATE -43207.85
REACH 28 LAYER 1 ROW 13 COL 20 RATE 46000.22
REACH 29 LAYER 1 ROW 13 COL 30 RATE -44089.35
REACH 30 LAYER 1 ROW 14 COL 30 RATE -46537.34
REACH 31 LAYER 1 ROW 14 COL 31 RATE 4430505
REACH 32 LAYER 1 ROW 15 COL 31 RATE -46068.24
REAGH 33 LAYER 1 ROW 15 COL 32 RATE -44451.42
REACH 34 LAYER t ROW 16 COL 32 RATE -46638.80
REACH 35 LAYER t ROW 17 COL 32 RATE <8671.62
REACH 38 LAYER 1 ROW 17 COL 23 RATE -+46020.78
REACH 37 LAYER 1 ROW 18 COL 33 RATE -47648.00
REACH 38 LAYER 1 ROW 16 COL 3 RATE 44340.08
REACH 30 LAYER 1 ROW 19 COL 34 RATE ~48470.18
REACH 40 LAYER § ROW 20 COL 34 RATE -47883.44
REACH 41 LAYER 1 ROW 20 COL 35 RATE ~44430.71
REACH 42 LAYER 1 ROW 21 COL 35 RATE -45541.85
REACH 43 LAYER 1 ROW 22 COL 35 RATE -46208.84
REACH 44 LAYER 1 ROW 23 COL 35 RATE 4572828
REACH 45 LAYER 1 ROW 24 COL 35 RATE 43360.37
REACH 46 LAYER 1 ROW 25 COL 35 RATE -379S5.51
REACH 47 IAYER 1 ROW 28 COL 35 RATE -26269,85
REACH 48 LAYER 1 ROW 27 COL 35 RATE 087777.8
REACH 48 LAYER 1 ROW 28 COL 35 RATE -3374277
REACH S0 LAYER 1 ROW 20 COL 35 RATE -52490.19
REACH S1 LAYER 1 ROW 30 COL 35 RATE 6433021
REACH 52 LAYER 1 ROW 31 COL 35 RATE 7278305
RIVER LEAKAGE PERIOD 1 STEP t REACH 53 LAYER 1 ROW 32 COL 35 RATE -75207.48
RIVER LEAKAGE PERIOD 1 STEP 1 REACH 54 LAYER 1 ROW 33 COL 35 RATE -84240.19
RIVER LEAKAGE PERIOD 1 STEP 1 REACH 55 LAYER 1 ROW 34 COL 35 RATE -37911.41

ROW

RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD t STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERXOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 3 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERKOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOD 1 STEP
RIVER LEAKAGE PERIOO 1 STEP
RIVER LEAKAGE PERIOD $ STEP
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LAYER ROW COL STAGE CONDUCTANCE BOTTOM ELEVATION RIVER REACH

2 13 0.0000 0.4000E+0% -10.00 1
2 14 0.0000 0.4000E+09 -10.00 2
2 15 0.0000 0.4000E+09 -10.00 3
2 16 0.0000 0.4000E+00 ~10.00 4
2 17 00000 0.4000E+08 -10.00 5
3 17 0.0000 0.4000E+09 +10.00 §
3 18 0.0000 0.4000E+05 -10.00 7
3 19 0.0000 0.4000E+05 -10.00 9
3 20 0.0000 0,4000E+05 -10.00 9
4 20 0.0000 0.4000E+05 -10.00 10
4 21 0.0000 0.4000E+05 -10.00 11
4 22 0.0000 0.4000E+05 -10.00 12
5 22 0.0000 0.4000E+05 +10.00 13
5§ 23 00000 0.4000E+05 +10.00 14
6 23 0.0000 0.4000E+05 -10.00 1§
8 24 0.0000 0.4000E+05 ~10.00 18
7 24 0.0000 0.4000E+08 ~10.00 7
7 25 0.0000 0.4000E+05 ~10.00 18
8 25 0.0000 0.4000E+05 ~10.00 19
8 28 0.0000 0.4000E+05 -10.00 20
9 28 0.0000 0.4000E+05 ~10.00 21
9 27 00000 0.4000E+05 «10.00 2
10 27 0.0000 0.4000E+05 -10.00 23
11 27 0.0000 0.4000E+0S -10.00 24
11 23 0.0000 0.4000E+05 ~10.00 25
12 28 0.0000 0.4000E+0S ~10.00 2
12 29 0.0000 0.4000E+05 -10.00 27
13 29 0.0000 0.4000E+05 -10.00 28

i3 30 0.0000 C.4000E+05 -10.00
14 30 0.0000 0.4000E+05 ~10.00
14 31 0.0000 0.4000E+05 -10.00
15 31 0.0000 0.4000E+05 ~10.00
0.4000E+05 -10.00
16 32 0.0000 0.4000E+05 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+06 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+0S ~10.00
0.0000 0.4000E405 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+05 +10.00
0.0000 0.4000E+400 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+05 -10.00
0.0000 0.40006+05 -10.00
0.0000 0.4000E+05 -10.00 .
0.0000 0.4000E+05 +10.00
0.0000 0.4000E+05 +10.00
0.0000 0.4000E+05 -10.00
0.4000E+05 -10.00
0.0000 0.4000E+05 ~10.00
0.0000 0.4000E+05 <10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+06 -10.00
0.0000 0.4000E+06 -10.00
0.0000 0.4000E+05 ~10.00
0.0000 0.4000E+08 -10.00
0.0000 0.4000E+05 ~10.00
0.0000 0.4000E+05 -10.00
0.0000 0.4000E+08 -10.00
0.0000 0.4000E+05 +10.00
0.000C 0.4000E+05 ~10.00
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0,0000 0.4000E+05 -10.00 70
0.0000 0.4000E+05 -10.00 7"
0.0000 0.4000E+05 -10.00 72
0.0000 0.4000E+05 -10.00 2
©.0000 0.4000E+05 -10.00 74
0.0000 0.4000E+05 -10.00 75
0.0000 0.4000E+05 -10.00 76
0.0000 0.4000E+05 «10.00 T
0.0000 0.4000E+05 -10.00 78
0.0000 0.4000E+05 -10.00 7%



C C

00000  {.3401E-03 3.3514E.03 7.5134E-03 7.6389E-03 8.0773E-03 3.8811E-03 2.7853E03 24862E-03 2.4839E-03
2.2191E-03 2.4976E-03 2.0889E-03 2.0286E-03 9.7712E-04 8.6754E-0S

032 00000 00000 00000 0.0000 1.893E-O3 1.6734EN3 9.3146E04 8.7577E-D4 8.1047E-04 1.1027E-03
8.5813E-04 1.1255E-03 1.0707E-03 3.0B44E-03 1.3949E-03 1.4383E-03 1.3515E-03 3.6348E-03 1.7054E-03 4.2692E.04
5.7075E-04 1.7670E-03 5.2532E-03 83900E-03 8.7074E-03 7.6275E-03 6.9038E-03 5.7372E-L3 J.4450E-03 2.9108E-03
24885E-03 27259E03 2.1186E-03 1.7990E-0Q 1.1141E-03 $.3803E-05

033 00000 00000 0.0000 21004E-04 2.2967E-03 1.8875E-03 9.8114E-04 6.0500E-04 7.4882E-04 1.0091E03
§.8033E-04 1.0388E-03 8.2783E-04 1.0228E03 9.3375E-04 6.1641E-04 8.0818E-04 1,7077E-03 1.9611E-03 1.8072E-03
2.8930E-04 7.7850E-04 5.3148E-03 8.3535E-03 8.7439E-03 9.3398E-03 9.1297E-03 7.8284E-03 4.0724E-03 4.0135E-03
3.2533E-03 2.3835E-03 2.1437E-03 2.2188E-03 1.6854E03 1.3470E-04

034 00006 00000 00000 1.9264E-G5 1.9542E-03 2.0250E-03 1.6757E-03 7.191SE-04 2.2145E-04 9.7028E-04
7.3741E-04 1.1164E-03 B.3330E-04 7.7622E-04 6.3690E-04 0.8297E-04 9.0407E-04 1.6899€-03 1.5565E-03 3.5IB4E-O4
6.9175E-04 2.3971E-04 4.B080E-03 7.718B3E03 8.3716E-03 8.9631E-03 8.7599E-03 6.2440E-03 4.0176E03 3.7484E-03
3.1277E-03 2.2287E-03 2.2647E-03 1.9520E-03 1.4317E-03 8.6754E-06

035 00000 00000 00000 28081ED4 2.0273E-03 2.1780E-03 2.1072E-03 1.5684E-03 I.A4245E-04 5.3194E-04
7.6252E.04 1.1232E03 8.5384E-04 9.5588E-04 9.4516E-04 1.0958E-03 1.6734E-03 1.7602E-03 1.9040E-03 2.1188E-03
8.2416E-04 2.8072E-03 2.0981E-03 7.8147E-03 8.3444E-03 0.4791E-03 7.9471E-03 7.6914E-03 5.7623E-03 4.3514E-C3
3. 2373E-03 1.4657E-03 1.9383E-03 1.5502E-03 1.6188E-03 4.7943E-05

036 00000 00000 00000 9.3375E-04 2.0319E-03 2.0815E-03 2.0501E-03 1.6085E03 1.2123E-03 8.1275E-04
5.707SE-04 1.0159E03 1.1187E-03 3.0133E.04 7.4426E-04 1.2900€.03 1.8597E-03 1.7653E-03 3.8081E-03 2.0835E-03
20638E-03 1.8104E-03 2.6232E-03 7.6503E03 0.2576E-03 8.2622E-03 7.1623E03 7.6002EL3 6.4120€-03 4.2943E-03
J.0341E-03 22122603 2.2647E-03 2.0205E03 1.8213E03 8.3924E-05

037 00000 00000 00000 §5.6162EH04 1.5250E-03 1.9580E-03 2.0387E-03 2.1382E-03 1.9520E-03 1.7899€-03
1.6840E-03 B.2005E-04 9.24862E-04 G.86684E-04 9.1777E-04 1.2283E-03 1.5273E-03 1,7168E03 1.7328E-03 1.7544E-03
1.9542E03 13104503 2.8460E-03 8.1983E-03 3.2738E03 7.7622E-03 7.2005E-03 6.9814E-03 5.1830E-03 2.8378E-03
3.8080E-03 3.5812E-03 2.5621E-03 1.8378E-03 1.3378E-03 1.36896E04

038 00000 00000 00000 00000 1.0502E-04 1.1712E03 1.8383E-03 2.0227E-03 2.0000E-03 1.8447E-03
1.72B2E-03 1.4885E-03 7.1001E-04 52500E-04 8.6207E04 S5.6818E-04 8.6526E-04 1.0456E-03 9.9985E-04 1.7716E-03
1.5681E-03 9.154BE-O04 S5.4335E-03 7.5656E.03 7.8581E-03 7.7668£.03 8.3307E-03 6.9791E.03 4.4153E-03 3.2621E-03
2.43B0E-03 1.1S7SEQ3 1.57S3E-03 1.7100E-03 1.1596E-03 6.8490E-05

039 00000 00000 00000 00000 0.0000 00000 7.8307E04 1.9132E-03 2.0068E-03 2.0159E-03
1.8743E-03 1.8538E-03 1.83RE-03 D4745E-04 6.0056E-04 5.1139€-04 6.5066E-04 8.0800€-04 1.0936E03 1.2214E-03
8.5613E-04 4.7030E-04 5.6070E-03 G.9081E-03 8.9426E-03 3.9357E-03 7.0685E-03 5.7920E-03 3.1277€03 2.4337E-03
1.8538E-03 2.5206E-03 2.5844E-03 2.321BE-03 8.59T9E-04 6.3024E-06

040 00000 00000 00000 00000 0.0000 00000 00000 7.6837E-04 1.9154E-03 2.0090E-LQ
2.0684E.03 2.0681E-03 1.9269€-03 1.7374E.03 1.0182E-03 1.3515E-03 7.7622E-04 4.6117ED4 3.9496E-04 73“-04
7.4198E.04 1.0433E03 4.20076-03 S.81185-03 85058603 0.1252£03 7.4200€-03 4.5820E03 1.9908E-03 1.4008E-03
1.8173E03 2.1529E-03 1.6500E-03 1.7463E-03 1.2054E03 1.1418E-05

041 00000 00000 ©0000 00000 00000 00000 00000 00000 62008E-04 1.8036E-03

2.0503E-03 2.0387E-03 1,997CE-03 1.9980E-03 2.0458E-03 1.9702E-03 2.0433E-03 1.0707E-03 J.1505E-04 2.2145E-04

1.2739E03 1.3104E-03 2.8538E-03 4.5500E-03 5.0705E-03 8.2418E-03 6.0477E03 1.5182E-03 2.2847E-03 1.0707E-03
5,2052E-04 1.0470E-03 1.7488E-03 1.8675E-03 8.3924E-04 0.0000

042 00000 00C00 00000 00000 00000 ©0000 00000 00000 00000 7.5339E-05
1.6232E-03 1.5100E03 1.9618E-03 2.0815E-03 2.1026E03 24542E.03 3.4336E-03 2.6414E-03 8.9037E-04 1.8118E-3
1.4862E.03 9.4973E-04 5.3902€-03 7.8581E-03 6.8695E-03 5.8787E-03 3.7966E-03 1.8173E-03 2.3013E-03 2.1300E-03
1,.2718E-03 1.7853E-03 1.8538E-03 1.7511E-03 2,907E-04 0.0000

043- 00000 GO0000 00000 00000 00000 00000 0.0000 0.000¢ 00000 0.0000
2.5222E-04 1.4223E-03 1.8284E-03 2.0205E.03 2.1803E-03 2.3284E-03 2.2720E-03 2.2214E-03 1.8786E-03 1.2995£-03
1.6186E-03 2.0273E-03 2.8172E-03 2.8628E-03 2.9337E-03 3.0861E-03 2.6520E03 2.5045E-03 2.2077E-03 2.4154E-03
2.0410E03 1.9177E-03 1.8083E-03 1.0652E03 2.9679E-04 0.0000

D44 00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000
0.0000 00000 7.3513E-04 1.7282E03 2.0798E-03 2.1843E-03 1.9337E-03 1.7579E-03 1.8789E-03 1.B1S0E-03
2.1163E-03 1.9223E-03 2.02505-03 24703E-03 2.0205E-03 2.2782E6-03 20001E-03 1.0639E-03 2.4748E-03 1.8581E-03
2,0159E03 1.8652E-03 1.7859€-03 1.0818E-03 6.8207E05 0.0000 ’

Q4SS 00000 0.0000 ©C.0000 00000 00000 00000 00000 00000 00000 0.0000
00000 00000 S5.9130E-04 3.1503E-04 7.5587€04 2.0543E03 1.9531E-03 2.1072E-03 2.1965E-03 2.09356-03
2.9208E-03 1.0428E-03 2.1183E-03 2.2081E-03 1.9G00E-03 2.0884E-03 2.3300E-03 1.7579E<03 2.3903E-03 1.8903E-03
1.5935E03 1.7419€-03 1.3219E-03 2.6788E-04 0.0000  0.0000

048 00000 00000 0.0000 O©O000C ©0.0000 00000 0.0000 00000 00000 0.0000
0.0000 0.0000 00000 0.0000 1.8264E-05 3.9039E-04 8.4381E-04 8.492BE-04 1.7716E-03 2.0752E-03
27442603 2.1348EO3 1.9006E-03 2.0084E-03 1.6940E-03 1.8584E-03 2.0570E-03 1.9246E-03 1.7944E-03 1.8928E03
1.8086E-03 0.1503E-04 3.4245E-05 0.0000 0.0000 0.0000

047 00000 00000 00000 00000 00000 0000C 0.0000 00000 00000 0.0000
00000 00000 00000 00000 00000 00000 00000 00000 2.5113E05 I.9039E-04
1.2237E-03 1.9800E-03 1.0708E-03 1.9908E-03 2.0250E-03 1.9132E-03 1.2676E-03 3.1505E-04 3.5843E-04 1.7123E-04
1.5065€-04 0.0000 00000 00000 0.0000 0.0000

048 00000 00000 00006 00000 (0.0000 00000 00000 00000 0.0000 0.0000
0.0000 00000 00000 0.0000 00000 0.0000 00000 Q0000 00000 0.0000
S.4792E-05 $.6343E-04 1.4779E03 1.0081E.03 9.0635E-04 1.89406-04 00000 0.0000 0.0000 0.0000
0.0000 0.0000 00000 00000 0.0000 0.0000 :

049 00000 00000 00000 O0000 00000 00000 00000 00000 0.0000 0.0000
0.0000 00000 00000 00000 00000 00000 00006 00000 0.0000 0.0000
00000 00000 ©.0000 00000 00000 00000 00000 00000 00000 0.0000
0.0000 00000 0.0000 00000 0.0000 0.0000

050 00000 00000 (0000 00000 0.0000 00000 00000 00000 0.0000 0€.0000
0.0000 0.0000 00000 00000 00000 00000 00000 0000 00000 ©.0000
0.0000 00000 00000 C.0000 00000 00000 00000 00000 0.0000 0.0000
0.0000 0.0000 00000 00000 00000 0.0000

164 RIVER REACHES



