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CONVERSION TABLE

The following table may be used to convert measurements in the inch-pound

system to the International System of Units (SI).

Multiply By To obtain
Length
inch (in,) =====-mecmcceemeeee 25.4 ---- millimeter (mm)
foot (ft) -===m---mccccmmmeeeo 0.3048 ---- meter (m)
mile, statute (mji) =-----=-==------ 1.609 ---- kilometer (km)
Area
square foot (ftz) -------------- 0.0929 ---- square meter (mz)
square mile (miz) -------------- 2.590 ---- square kilometer (kmz)
Volume
cubic foot (ft3) --------------- 0.02832 ---- cubic meter (m3)
gallon (gal) =--====-cmccoomonun 3.785  ---- liter (L)
million gallons (106 gal
or Mgal) =--=---e-cmceccceeao 3,785 --== cubic meters (m3)
Volume Per Unit Time (includes Flow)
cubic foot per second (ft3/s) -- 0.02832 ---- cubic meter per second (m3/s)
cubic foot per second-day
R ) N —— 2,447 -=== cubic meter (m’)
gallon per minute (gal/min) ---- 0.06309 ---- liter per second (L/s)
million gallons per day
(106 gal/d or Mgal/d) =-------- 0.04381 ---- cubic meter per second (m3/s)
Miscellaneous
foot per mile (ft/mi) -==----=--- 0.1894 ---- meter per kilometer (m/km)
foot per day (ft/d) =---=-=-=--=---- 0.3048 ---- meter per day (m/d)
foot squared per day (th/d) --- 0.0929 ---- meter squared per day (mz/d)
micromho per centimeter at 1.000 ---- microsiemens per centimeter at
25° celsius (umho/cm at 25°C). 25° Celsius (uS/cm at 25°¢C).

vii



HYDROLOGY OF THE LEEWARC AQUIFERS OF SOUTHEAST OAHU, HAWAII

By Paul Eyre, Charles Ewart, and Patricia Shade

ABSTRACT

The leeward southeast Oahu ground-water area includes the Waialae and
Wailupe-Hawaii Kai aquifers. The Waialae aquifer is separated from the ground
water of Kaimuki to the west by Palolo valley fill and the Kaau rift zone, and
from the Wailupe-Hawaii Kai aquifer to the east by a line of northeast-trending
volcanic dikes. The distinct ground-water head changes across these boundaries
indicate that the aquifers are separate, with little or no leakage between them.

A water budget of leeward southeast Oahu determined the quantity and spatial
distribution of ground-water recharge. These estimates of recharge, 6 million
gallons per day over the Waialae area and 8.1 million gallons per day over the
Wailupe-Hawaii Kai area, were used as input to a finite-element two-dimensional
ground-water flow model. Ground-water heads were simulated in the modeled
aquifer for several pumping scenarios. Projected pumpage from the recently
drilled wells in the area is predicted to draw the water table down about one
foot from its present mean position.

The existing ground-water development of 1.4 million gallons per day is
small compared to the quantity of ground-water that flows through the area and
discharges to the sea. Because the Waialae and Wailupe-Hawaii Kai aquifers are
isolated from adjacent ground-water bodies, they can be fully develcped without

affecting ground-water resources outside the area.



INTRODUCTION

Many areas of the United States are dependent on ground water for a large
part of their total water needs or for a ready reserve supply during droughts.
As part of the national response to the severe drought of 1976-77 in the conti-
nental United States, the 95th Congress intro‘uced a national program for the
analysis of regional aquifer systems. The U.S, Geological Survey is conducting
these studies.

Approximately 30 regional aquifer systems have been identified nationwide
including the island of Oahu, Hawaii. The Regional Aquifer System Analysis
(RASA) study for Oahu has two principal objectives: (1) to provide a firm
understanding of the complex hydrology and hydraulics of 0Oahu's ground-water
system, and (2) to provide a framework for future hydrologic studies and data
gathering.

Oahu's regional aquifer system can be divided into five study areas which
are enclosed by topographic divides (fig. 1). For the determination of recharge
to the underlying ground-water bodies, topographic divides serve well as study
area boundaries even though surface- and ground-water divides may not coincide.
Discrepancies between the location of topographic divides and ground-water
boundaries, and the consequent adjustments in' ground-water recharge, will be
addressed in specific reports for each study area. Geologic boundaries that
affect the flow of ground water within study areas will also be addressed in the

individual reports.
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Purpose and Scjpe
!

To define the hydraulics and hydrology of Oahu's ground-water system, the
study areas need to be analyzed individually and their relationship to each other
defined. |

This report describes the aquifers in the |leeward southeast Oahu study area.
It presents a conceptual model of the aquifer| flow system, and simulations of
steady-state and transient flow conditions obtained from a finite-element

aquifer model.

The report is the first of a series of reports defining Oahu's regional

aquifer system, |
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The flow rate during the Waialae Shaft test was 4,000 gallons per minute.
The locations of the shaft and observation wells are shown in figure 13 and the
data obtained from observation wells and the calculated K values obtained by use

of equation 2 are presented in table 2.

Table 2. Waialae shaft (1747-02) pumping test data for
calculation of aquifer hydraulic conductivity,
June 10-20, 1936

[Constant pumping rate of 4,000 gal/min for 10 days;
data from Wentworth, 1938, p. 193]

Hydraulic
Distance conductivity (K)

Observation from pump Drawdown (ft/d)
well pair (ft) (ft) (equation 2)
Wi w2 ri r2 sl s2

21 23 690 2320 0.93 0.80 960

21 24 690 2610 .93 .79 930

21 22 690 450 .93 .49 340

21 27 690 5750 .93 .54 400

23 24 2320 2610 .80 .79 590

23 22 2320 L4650 .80 .49 85

23 27 2320 5750 .80 .54 121

24 22 2610 4650 .79 .19 68

24 27 2610 5750 .79 .54 102

average K = 400 ft/d

If the aquifer was homogeneous, isotropic, and infinite in areal extent, all
of the calculated K values presented in table 2 would be the same. The
variability of K is an indication of heterogeneity of the aquifer as well as the
effects of the Kaau rift and dike intrusions. In some parts of the Waialae area,
water moves easily through the rocks and in other parts the rocks offer more
resistance to flow. The observed hydraulic gradient of 2.5 ft/mi indicates that
the effective K throughout the aquifer is relatively small compared to typical K
values for dike-free Koolau lavas; therefore, K is assumed to be the average of
the values presented in table 2, which is 400 ft/d.
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The amount of water flowing through the Waialae area can be estimated from
the information just presented. Again,

Q = KAdh/dl

Q = ground-water flow rate

K = 400 ft/d

A = (41)(10)(9,400) by the Ghyben-Herzberg relationship and the measured

width of flow at the ten-foot water-level contour
dh/dl = 2.5/5,280

and the ground-water flow through the Waialae area is:

Q = (400)(410)(9,400)(2.5/5,280) = 7.3 x 10° ft3/d = 5.5 Mgal/d

In the Wailupe-Hawaii Kai area the only water level data available are from
3 widely-spaced wells (elements 119, 152, and1216, fig. 14). These wells
indicate a gradient of about 1.5 ft/mi and a wihth of flow of 22,000 ft at the
3.5-foot water-level contour. Assuming a hydraulic conductivity of 1,000 to
1,500 ft/d, as observed in many wells that tap dike-free Koolau lavas, the

ground-water flux through the Wailupe-Hawaii Kai|area is:
Q = (1,000)(41)(3.5)(22,000)(1.5/5,280) = 897,000 ft3/d or 6.7 Mgal/d.

If K= 1,500 ft/d the resulting flow rate is 10.1 Mgal/d.

Water Budget

The purpose of this water budget is to determine the rate and spatial
distribution of ground-water recharge. This information will aid in the
prediction of long-term head changes resulting from additional pumpage that is
planned for the leeward southeast Oahu area.

Estimates of the recharge rate through the western part of the study area
have been reported by Stearns and Vaksvik (1935, p. 327) and Wentworth (1938, p.
257). Stearns and Vaksvik concluded that where annual rainfall was greater than

30 inches, approximately one third of the rainfall recharged the aquifer, and

where annual rainfall was less than 30 inches, ng recharge occurred. Wentworth
thought that one fifth of rainfall in excess of 30 inches was a more correct

factor for the determination of recharge.
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Rainfall over southeast Oahu averages 57 million gallons per day (Mgal/d),
or 50 inches per year over the 23 square mile area, as calculated from the
isohyetal map produced by Schroeder and Meisner (1980) (fig. 3). Applying the
factors of Stearn's and Vaksvik (1935) and Wentworth (1938), of one third and one
fifth, recharge is 19 Mgal/d or 11 Mgal/d, respectively. A State Water
Commission report (1979) estimated the sustainable yield of leeward southeast
Oahu to be 5 Mgal/d, or about one fourth to one half of recharge. Sustainable
yield is defined as the amount of water that can normally be withdrawn from an
aquifer without producing undesirable effects.

The estimates of recharge obtained by Stearns and Vaksvik and Wentworth used
mean annual data over large areas. Mather (1978) has shown that recharge is more
accurately calculated by using observed daily data rather than monthly or annual
averages. Using long-term mean data generally overestimates evapotranspiration
and underestimates recharge because actual evapotranspiration is of ten much less
than the potential evapotranspiration used in the budget. A computer watershed
model using actual storm data and basin characteristics has accurately simulated
the hydrologic process in Moanalua Valley, Oahu, Hawaii (Shade, 1984). The model
shows that ground-water recharge in this wet valley, where mean annual rainfall
is 100 in./yr (inches per year), is 43 percent of rainfall. The difficulty in
obtaining the required short-term data over a broad area precluded such an
approach for this study.

Giambelluca (1983) produced a water budget computed from observed monthly
data from 1946 to 1975 for 256 water-balance zones that compose the Honolulu and
Pearl Harbor basins, northwest of this study area. His results for the Pearl
Harbor basin indicate that approximately 44 percent of rainfall becomes recharge
to the aquifer, a smaller fraction recharging dry areas and a larger fraction
recharging wet areas. An approach similar to Giambelluca's, which addressed the

spatial and temporal variations in recharge, was used in this study.
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i
Recharge to the aquifers of leeward southeast Oahu was calculated using a
water-budgeting approach introduced by Thornthwaite and Mather (1955). Their

equation states that:

Rainfall - runoff - recharge - evapotranspiration - change in soil (3)

storage = 0.

The equation was solved using mean monthly data for each of the 284 elements of
the southeast Oahu finite element mesh (fig. 14) created for the ground-water
flow model presented in this report. Mean monthly data were used to incorporate

seasonal fluctuations into the calculations. Anpual data were considered to be

too coarse and daily data over the area do not e%ist.

Calculation of Water Budget |Parameters

Rainfall

Mean monthly rainfall for each element was determined by first transferring
mean annual rainfall from the isohyetal map (fig. 3) to the elements of the grid
and then applying regression equations that calEulate monthly values. The 12
monthly regression equations, from Stidd and Leopold (1950), are based on the
linear relationship between mean monthly and mean annual rainfall determined
from many long-term rain gage records on Oahu.

Rainfall decreases from 120 in./yr in the mountainous northwest part to 30
in./yr in the south and east parts of the study area. The mean annual rainfall
over the study area is 57 Mgal/d, of which 24 Mgal/d (62 in./yr) is over the 8.1-
mi2 Waialae area, and 33 Mgal/d (45 in./yr) is over the 15.3-mi2 Wailupe-Hawai i

Kai area.
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Runoff

To calculate mean monthly runoff from each element, first the mean annual
runoff for each drainage basin in the study area was calculated. Using data from
gaged leeward basins in Hawaii with 10 or more years of continuous record,
Matsuoka (U.S. Geological Survey, written commun., 1583) derived a multiple
regression equation that estimates mean annual basin runoff from mean annual
basin rainfall, drainage area, stream slope, and percent forest cover. The

equation is:

log Q = -5.30 + 1.84 (log P) + 0.669 (log D.A.) + 0.814 (log S) (%)
- 0.331 (log F.C.)

= mean annual runoff in cubic feet per second

= mean annual precipitation in inches

Q
P
D.A. = drainage area in square miles
S = stream channel slope in feet per mile
F.C. = percent forest cover
g = logarithm to the base 10
|

An annual rainfall-runoff relationship| for southeastern Oahu was
established by fitting a power curve, of the formy = axb, through a plot of mean
basin runoff versus mean basin rainfall (fig. 15). A least squares fitting

procedure yielded the equation:

Runoff = 0.00173 x Rainfall?-06153 5)
(the coefficient of determination, R2 =0.77).

This equation was applied to the rainfall of each element of the grid,

producing annual runoff in inches for each element.

34




001

°nye@ 1seayinos paemoa| Joj diysuoliejsd jjound-jjejuiey G| =4nbi4

HV3aA H3d S3IHONI NI “TIVANIVH NISVE NVaIW

06 08 0L 09 05 ob om o

1 | T I , _ :
® -

@ @\
®
® e
| - o) |
®
es190-zlIB3UIBH X €21000 = jjouny
1 1 1 , _ _ |

ot

St

(034

S¢

HY3IA H3d S3IHONI NI ‘44ONNY NISVE NVIN

35



To check that the total basin runoff had not been altered by applying the

power curve relationship to each element, the sum of runoff from elements in a

basin was compared to the basin's runoff calculated from equation k.

The

difference in basin runoff calculated by the two methods ranged from +1.5 to -1.6

in./yr for 16 basins in the study area.
which indicates that basin runoff calculated per
different from the runoff calculated for the wh
element was calculated by multiplying annual runof

monthly to annual rainfall. In this way season

into the runoff component of the water budget ca

The mean annual runoff from the study area, ¢alculated by equation 5, is 6.4

The mean difference was

]

.002

element was not significantly

inches
ole basin. Monthly runoff per
f by the ratio of the element's
1 fluctuations were introduced

culations.

Mgal/d; 3.5 Mgal/d (9 in./yr) from the Waialae area and 2.9 Mgal/d (4 in./yr)

from the drier Wailupe-Hawaii Kai area.

Potential Evapotranspira

A

atmosphere.

large fraction of rainfall is evaporate
Estimates of potential evapotranspir

homogeneous, vegetation-covered area that never

(Mather, 1978), can be made by an energy budget o

Under optimum soil-moisture conditions,

negligible, potential evapotranspiration
radiation is defined as the incoming long- and sho
radiation

(Mather, 1978, p. &4).

minus reflected and outgoing

Therefore:

PE

+ actual net long-wave radiation

36

(PE) m

long-wave

tion

\
d and transpired back to the

ation, ''water loss from a large
suffers from a lack of water!
f solar radiation data.

if

ay equal

is

Net

and advected energy

net radiation.
rt-wave radiation from the sun,

radiation from the earth

net radiation = global radiation - (reflectance) (global radiation)

(6)




where:

Global radiation = mean annual incoming long- and short-wave radiation
(fig. 16)
Reflectance = the fraction of global radiation that is reflected by the

earth, approximately 10 percent for Oahu (Ekern, 1965)

Actual net long-wave radiation = (clear-day net long-wave)(global
radiation/clear-day global)

Clear-day net Jlong-wave = approximately =150 cal/cmz/d (calories per
centimeter? per day) (Charnell, 1967)

Clear-day global = 0.8 Angot value for 20° north latitude (Yoshihara and
Ekern, 1978)

Angot value = the amount of incoming solar radiation at the top of the
atmosphere

Using these equations, equation 6 can be rewritten:

PE =[(1 - 0.1)(global radiation) + —120 X global radiation < 30 > (7)

0.8 x Angot value at 20°N 1,485

Global radiation, from figure 16, was converted to units of cal/cmz/d by dividing
watts/m2 (watts per square meter) by 2.06. Because there are about 30 days in a
month, and 1,485 ca]/cm2 are required to evaporate an inch of water, the factor
30/1,485 converts units of cal/cmz/d to inches of water per month.

Ekern (1983) has shown that PE can be calculated from the Priestley=-Taylor
relationship (1972), which for Hawaiian conditions indicates that PE is about 0.9
times net radiation. Owing to the uncertainties in the data required to
calculate both net radiation and the Priestley-Taylor factor, setting PE equal to
net radiation, as in equation 6, is an acceptable approximation.

Annual global radiation per element was obtained by transferring values
from figure 16 to each element. Monthly global radiation was calculated by
multiplying mean annual global radiation by the 12 ratios of mean monthly to mean
annual radiation determined at Makiki Agriculture Station No. 707, 1.5 miles
northwest of the study area (How, 1978). Monthly Angot values were obtained from
Chang (1971).

37
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Equation 7 provided the values of potential evapotranspiration for
equation 3. Estimates of actual evapotranspiration, one of the results from the
use of equation 3, may be less than potential evapotranspiration. This occurs
because the rainfall for a given month may not be sufficient to supply the full
amount of potential evapotranspiration.

Mean annual evapotranspiration in this relatively dry and sunny area of Oahu
was 35.5 Mgal/d; 14.5 Mgal/d (38 in./yr) from the Waialae area and 21 Mgal/d (29
in./yr) from the Wailupe-Hawaii Kai area. Even though solar radiation is
greater, the actual rate of evapotranspiration (in units of in./yr) is less in
the drier Wailupe-Hawaii Kai area than in the Waialae area because low rainfall

limits the amount of water available for evapotranspiration.

Soil Characteristics

To calculate the term ''change in soil storage' in the water budget equation,
the amount of water the soil can store must be known. This amount, called
maximum soil storage in this report, is equal to the available water in the soil
(field capacity minus wilting point) multiplied by the depth of the vegetation
root zone. Water content in excess of field capacity will drain from the soil
and recharge the aquifer. Water content less than wilting point will be held in
the soil unavailable for evapotranspiration.

Because much of southeast Oahu has received only a reconnaissance soil
survey, available water and plant root depth were estimated. These estimates
were based on data from Foote and others (1972), field trips to the area, and
discussions with soil-survey personnel. Values of available water ranged from
0.1 to 0.15 inch per inch of soil. Plant root depth ranged from 4 to 1C inches in
mountainous areas where bedrock is near or at the surface and from 2 to 4 feet in
alluvial areas where vegetation is more dense.

Based on the soil survey, approximately 10 different soil types were
assigned to the 284 elements of the finite-element mesh. Although the values of
soil storage are approximate, the relatively fine discretization of soil types
across the area enabled the effects of variable soil properties to be

incorporated into the calculation of recharge.
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Calculation of Recharge

Having quantified the components of the water budget equation, equation 3
is solved for monthly values of recharge for each element of the mesh in the
following way:

1) Runoff is subtracted from rainfall and| the difference is added to soil

storage.

2) If the resulting soil storage is greater than the maximum soil storage,

the excess is set equal to recharge and soil storage is set equal to
maximum soil storage. If the resullting soil storage is less than
maximum soil storage, no recharge ocecurs.

3) Potential evapotranspiration (PE) is subtracted from soil storage. |If

PE is greater than soil storage, PE is set equal to soil storage, and

soil storage goes to zero. In this way, actual evapotranspiration is

estimated. An annual water budget would not be able to correct for
the difference between potential and actual evapotranspiration.

4) Repeat the process for the next month.

Commonly, steps 2 and 3 of the preceding calculation are reversed,
allocating water to evapotranspiration before recharge occurs. Allowing
recharge to occur first, as was done for this report, seems more correct in this
case, for two reasons. First, recharge occ@rs mainly during storms, when
rainfall intensity is high and evapotranspiration is low. Second, the saturated
infiltration rate through these soils is on the order of feet per day, whereas
the rate of evapotranspiration is on the order of feet per year. Therefore,
during and after storms, much of the soil water infiltrates past the root zone
before it can evaporate back to the atmosphere.

Mean annual recharge was calculated by summing monthly recharge. Monthly
and annual recharge by element are presented at the end of the report. The
foregoing process yielded 15.1 Mgal/d of recharge through the study area
(table 3). This value is 26 percent of the total rainfall of 57 Mgal/d
(51 in./yr). Of the 15.1 Mgal/d, 6 Mgal/d (16 in./yr) recharges the Waialae area
and 9.1 Mgal/d (12 in./yr) recharges the Wailupe-Hawaii Kai area. Present

pumpage from the Waialae and Wailupe-Hawaii Kai areas is 1.2 and 0.2 Mgal/d,
\

respectively.

4o




The calculation of ground-water flow through the Waialae area, using

Darcy's law, yielded a value of 5.5 Mgal/d. Values of 6.7 and 10.1 Mgal/d were

calculated for the Wailupe-Hawaii Kai area depending on whether hydraulic

conductivities of 1,000 or 1,500 ft/d were used.

Table 3. Water balance for leeward southeast Oahu

Evapotrans-
Rainfall Runoff piration Recharge
Area Mgal/d in./yr Mgal/d in./yr Mgal/d in./yr Mgal/d in./yr
Waialae (8.1 mi?) 24 62 3.5 9 1.5 38 6.0 16
Wailupe-Hawaii Kai
(15.3 miz) 33 45 2.9 4 21.0 29 9.1 12
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GROUND-WATER SIMULATION

Conceptual Model

The western part of the study area, the Waialae area, is bounded on the
north, east, and west by dike intrusions and on|the south by coastal sediments
(caprock) that are significantly less permeable than basalts. Ground-water
recharges the aquifer principally in the highlaﬁds where rainfall is greatest.
The low permeability of the dikes provides a barrier to lateral movement of
ground water which causes most of the ground water to discharge through the
caprock as diffuse leakage along the coast. Water-level records confirm that

ground water flows principally from north to south, and show that the caprock

inhibits free discharge of ground water to the sea, creating 8- to 10-foot heads
|

near the caprock-basalt contact.

Though there may be some leakage of ground water from Waialae to Wailupe-
Hawaii Kai, the abrupt head drop between the tw5 areas indicate that the dike
boundary is poorly permeable and leakage is probably small. The total ground-
water flow through the 8.1-mi% Waialae area is about 6 Mgal/d, or about 4 Mgal/d
per mile width of aquifer.

The hydrologic boundaries of the Wailupe-Hawaii Kai area, east of the
Waialae area, are the dikes of the Koolau rift zone to the north, the northeast-
trending dike divide on the west (Takasaki and Mink, 1982) and the caprock
discharge boundary on the south and east. A thin lens of freshwater has formed
as a result of the combined effects of lower rainfall and more permeable coastal

sediments than in the Waialae area. Wells drilled near the coast produce

brackish water. Two wells drilled more than a mile inland tap a freshwater lens
having 3- to 4-foot heads. Heads in this area decline to the east as rainfall
declines, and to the south as the lens discharges to the sea. Ground-water flow
through the 15.3—mi2 Wailupe-Hawaii Kai area is about 9 Mgal/d, or about 1 Mgal/d

per mile width of aquifer.
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The Ghyben-Herzberg relation states that a static freshwater lens (with
density = 1.0 grams/cmB), floating on seawater (with density = 1.025 grams/cm3),
will have a thickness equal to about 41 times the head of freshwater above sea
level. Several deep monitor wells in Hawaii show that the thickness of a lens
may be closely predicted by the relation, or in error up to plus or minus 20
percent. The 10 foot heads in the Waialae area indicate that the thickness of
the freshwater lens is about 400 feet. Three-foot heads in the western part of
the Wailupe-Hawaii Kai area suggest that the thickness is about 120 feet,
becoming thinner so that brackish water predominates in the southern and eastern

parts.

Mathematical Model

Computer programs that simulate the flow of groundwater solve the ground-
water flow equation for the specific conditions of the user's problem. The
ground-water flow equation, Eq. 8, represents the combination of the conser-
vation of mass equation with Darcy's law. The conservation of mass states that
the change of storage that occurs within a certain control volume equals the
amount of water that flows into the volume minus the amount that flows out.
Given a flow rate that satisfies the conservation of mass, then the water table
must have a slope that is consistent with Darcy's law. When the equation of the
conservation of mass and Darcy's law are coupled for a water-table problem in

two-dimensions, the ground-water flow equation is (Voss, 198k4a):

STE = ok O v 5 03D s e+ g (8)
where:

h = h(x, y, t) is the hydraulic head in the freshwater body (L)

S = S(x, y) storage coefficient of the aquifer (dimensionless)

A = is transmissivity T(x, y) for portions of the (LZ/T)

aquifer confined both above and below, or

product of hydraulic conductivity and aquifer thickness,
Kb (x, y, t), for aquifer portions unconfined either

above or below.
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ty of the aquifer (L/T)

K = K(x, y) is the hydraulic conductivi
b =b(x, y, t) is the saturated freshwater thickness of

the aquifer | (L)
Q = Q(x, y) is the strength of a source function, that is:

volume of the freshwater per time added per horizontal (L/T)

area of the aquifer (L3/T)/(L2 aquifer)
Q =q (x, y, t) is the strength of leakage into the

freshwater body that is: volume of |freshwater (L/T)
leakage into the aquifer per time a#d per horizontal
area of aquifer (L3/T)/(L2 aquifer)

X, Y = coordinate directions
t = time (T)
QL is a steazy leakage through a semi-confﬂning bed, and is defined as:

o = -(g5) (h-h) (8a)

where: ! |

K i
(E%) is called the leakance of the confininb bed
K, = the hydraulic conductivity of the confining bed (L/T)
81 = the thickness of the confining bed (L)
ho = the hydraulic head on the side of the semi-confining bed opposite

the aquifer

For flow out of an aquifer, through a semi-konfining bed like the caprock,

QL is negative.

This study used the finite-element pr

ogram, AQUIFEM-SALT (Voss, 198ka),

developed as a modification to the program AQUIFEA (Pinder and Voss, 1979). Voss

modified the aquifer-thickness and storage terms in AQUIFEM to incorporate the

Ghyben-Herzberg ratio into the model so that it could be used for situations

where a freshwater lens floats on seawater.

Essentially, thickness was set equal

to 41 times the head, and changes in storage w#re calculated as 41 times the

change in head times the specific yield. Also, the free-floating lens may be

truncated above or below to a thickness of

confining unit such as the caprock.

Il

less than 41 times the head by a




The relationship of 41 to 1 between the lens thickness and head is true only
when the lens is at equilibrium. In reality, the water table continually
fluctuates in response to changes in rainfall and pumping conditions, but the
motion of the bottom of the lens is more sluggish and responds to the flow fields
of both the freshwater and the underlying saltwater. The location of the lens
bottom is more accurately predicted by the water-table elevation averaged over a
time span of several years rather than by any instantaneous measurement of the
water-table elevation. Such a deficiency does not affect the value of the model
when used to describe the equilibrium freshwater flow system and distribution of
heads. However, head values resulting from short-term transient simulations may

contain some error.

Model Application and Calibration

Using input data of aquifer characteristics and recharge rates, the
computer model calculates ground-water heads at each node of the finite element-
mesh presented in figure 14. Nodes are located at the intersection of element
boundary-lines. Ground-water flow in the Koko Volcanics was not simulated
because those volcanics form a brackish-water aquifer separate from the Koolau
basalt aquifer (Takasaki and Mink, 1982). The western and northern perimeters
are modeled as no-flow boundaries simulating the dikes of the Kaau rift zone and
the Koolau Range. Along the eastern and southern boundaries, the caprock is
treated as a leaky confining layer through which water discharges upward to the
sea at a rate proportional to the head in the underlying basalt aquifer. The
northeast-trending dikes, which act as a barrier between the Waialae and Wai lupe-
Hawaii Kai areas, are simulated by narrow elements with a low hydraulic
conductivity of 0.1 ft/d.

Soroos (1973) analyzed many puhping tests and obtained hydraulic
conductivities of flank flows of Koolau basalts that ranged from 300 to 2,000
ft/d and averaged 1,100 ft/d. After several trial simulations the hydraulic
conductivity (K) of the Waialae area was selected to be 500 ft/d. This value
corresponds well to the value of 400 ft/d obtained from the Waialae shaft pumping
test, is reasonable for flank flows of Hawaiian volcanoes that are sparsely
intruded by dikes, and produced simulations that were in closest agreement with
the observed ground-water gradient. A hydraulic conductivity of 800 ft/d for the

Wailupe-Hawaii Kai area provided the best simulation results for that area.
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Other model input data were chosen as follows: Thornthwaite and Mather's
(1955) water-budget approach was used to calculate recharge for each element of
the mesh. Withdrawal at a pumping node was set
at that node. Mink (1980) sh
Koolau basalt aquifers is between 0.02 and 0.1k,

in this

at the long-term-average-pumping

rate of the well ows that the specific yield for

A value of 0.1 was used in the

long term simulations presented report. Assigned caprock leakance

(hydraulic conductivity of the caprock/thickness of caprock) ranged from a low of

0.0004 per day in the coastal Waialae area to a high of 0.02 per day in the

coastal Hawaii Kai area.
The leakance assigned to the confining elements determined the ease with

which water could escape from the aquifer to th A low value of leakance

A hi

e sea.

caused heads to build up in the aquifer. gh value allowed water to escape

more easily, creating lower heads in the aquifer. The spatial variation in

leakance simulates the decrease in caprock effectiveness between the western and
eastern parts of the study area. The changtng of leakance values was the

principal adjustment used to obtain good agreement between observed and

simulated heads.

The leakance of 0.0004 per day corresponds%

feet thick, with hydraulic conductivity of 0.3 ft

for the area around Diamond Head. The leakance
section of caprock about 50 feet thick, with hy
These are reasonable values for the coastal sed

area.

|
to a section of caprock about 800
/d.

of 0.02 per day corresponds to a

These are reasonable values

draulic conductivity of 1 ft/d.

iments of the Wailupe-Hawaii Kai

The model only accepts 1 value of hydra

confining elements. To achieve the desired lea

ulic conductivity for the leaky

kances, a hydraulic conductivity

of 0.3 ft/d was used and the thickness of each confining element was set as

presented in figure 17.

L6
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Because leakance is the least known variable in the model, it is appropriate
that significant adjustments be made to obtain close agreement between observed
and simulated heads. Hydraulic conductivity is a better known variable and it
was adjusted only within a narrow range. Recharge was not adjusted at all from
the values obtained from the water budget, except for short term simulations that
investigated fluctuations in head that result from wet or dry years.

Data from several wells provide a distrithion of heads across the study
area that can be compared to the simulated iresults (tables 4 and 5, and
figure 18). The close agreement between simulated and observed heads shows that
the model has been adequately calibrated. Most of the historic head data were
obtained after the initiation of pumping from tHe Waialae golf course well (node
76) and Waialae shaft (node 41). The observbd head data reflect area-wide
drawdown, and therefore simulations for head calibration included pumpage f rom

those two sources.

An equally good fit between simulated and%observed heads, as presented in
table 4, was achieved by increasing hydraulic%conductivity of the northeast-
trending dike zone from 0.1 to 1 ft/d, thus gllowing about 2 Mgal/d to leak
eastward across the barrier. The drop in Waialae area heads caused by this loss
of water was compensated for by decreasing the|caprock leakance in the Waialae
area.

This sensitivity analysis shows that despite a good simulation of observed

heads, all uncertainties in the flow system cannot be resolved. Because the

western and eastern barriers of the Waialae area are similar in nature, outflow
across the eastern boundary, if any, will nearly be equalled by inflow from the

west. Therefore, flow across these boundaries was fixed near 0 Mgal/d.

48



Table 4.

Distribution of heads in leeward southeast 0Oahu

Node number

(shown on
figure 18) L1 45 62 76 78 144 163 206 237 277 316 317
Observed head, (ft) 9.6 11.5 10.6 8.5 9.5 2.7 3.7 2.2 3.7 0.8 1.3 2.2
Simulated head, (ft) 9.7 11.2 10.4 8.2 10.2 2.8 3.8 2.4 3.8 0.4 1.4 2.k
Table 5. Cross reference of node numbers
and well identification
Node USGS Name or
number number location
41 1747-02 Waialae shaft
45 1747-03 Waialae nui
62 none Drill hole 23
76 1646-01, 02 Waialae Golf Course
78 1746-01 Aina Koa
144 1746-02 Waialae Iki
163 1745-01 Wailupe
206 1744-01, 02 Niu Valley
237 1843-01 Kuliouou valley
277 1842-01 Kamilonui valley
316 1840-01 Kalama valley
317 1840-04 Kalama valley
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Effects of Pumping on the Pre~-pumping Head Distribution

Initial heads in the study area were simulated by eliminating pumpage in the
calibrated data set and running the simulation until heads stopped rising and
reached a steady state (fig. 18). The history of head changes was then simulated
by running the model and adding pumpage at the proper time. The Waialae golf
course well (node 76) began pumping at a rate of 0.35 Mgal/d in 1881, Waialae
shaft (node 41) at 0.42 Mgal/d in 1937 and the Aina Koa well (node 78) at 0.42
Mgal/d in 1971. Figure 19 shows the simulated head distribution in 1571, A
graph of simulated and maximum annual observed heads from 1935 to 1975 at the
Waialae shaft is presented in figure 20. Minimum annual heads track less than
0.5 feet below maximum annual heads.

It was suspected that the fluctuations in observed water levels shown in
figure 20 were caused by varying recharge rates from years of high and low
rainfall. To test this idea, the difference between simulated annual heads
resulting from constant recharge, and observed heads was analyzed by comparing
their differences with the smoothed differences between observed and mean annual
rainfall in the area. This comparison is shown in figure 21. The best
correlation (R2 = 0.89) between the two sets of differences, obtained by a linear
least-squares method, was achieved with a centered three-year moving average of
the rainfall differences, lagged one year with respect to the water-level
differences. Figure 21 shows that where large seasonal pumping stresses do not
occur, as in the study area, fluctuations in head can be explained by
fluctuations in rainfall. The statistical correlation shows that about one year
is required for the effects of recharge to be transmitted from the ground surface
to the water table. This lag may be in error by several months, because lag times
of about one year cannot be accurately determined using annual data.

Transient simulations of short term ground-water head fluctuations are
desired because the improved understanding of lens behavior will allow pumping
rates to be better managed. Also, to the extent that ground-water head reflects
the position of the freshwater-saltwater interface, a more detailed knowledge of
head fluctuations will allow the chloride distribution through the lens to be

est imated.
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In an attempt to simulate the annual fluctuations of the water table, new
recharge data sets were recalculated annually from fluctuations in rainfall.
However, simulated head values are consistently low by a few tenths of a foot.
The model was calibrated using long term mean recharge, and therefore, during the
dry years, 1935 to 1962, annual simulations produce low heads. During the wet
years, 1963 to 1975, simulated heads rise and become greater than observed heads.

Also, the simulated fluctuations shown in figure 20 do not match the
observed fluctuations particularly well, especially the higher frequency
fluctuations. A possible source of this error is the inherent limitation of a
two-dimensional plan-view model which assumes hydrostatic equilibrium of fresh
and salt water. The problem of simulating high-frequency water-level fluctu-
ations revolves around the relationship between changes in water volume in the
aquifer and associated changes in head. This relationship is dependent on the
storage of the aquifer.

The model uses a storage coefficient that is 41 times greater than the
specific yield of the aquifer because, at equilibrium, a one-foot rise in the
water table will cause the bottom of the lens to move down 40 feet. The volume of
water associated with these changes will be distributed accordingly. Initially,
after the water table rises from a slug of recharge, the bottom of the lens has
not had time to fully readjust. Therefore, the lens is not in equilibrium, the
storage coefficient of 41 times the specific yield is too large, and simulated
head changes are smaller than observed. This may be occuring in the present
simulations.

Better simulations can be obtained by decreasing the storage coefficient by
reducing the specific yield (fig. 22). The amount of adjustment in specific
yield required to obtain a good simulation may, in view of the equilibrium
assumption, reflect the amount of disequilibrium in the lens. The required

ad justment would change depending on the time scale of the fluctuations.
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The variation in response resulting from different specific yield values,
€, is shown in figure 22, As is expected, the lower values of € allow better
simulation of the higher frequency components of head change. The lower values
of specific yield, € = 0.02 and € = 0.05, are, in fact, reasonable values and are
within the present range of uncertainty for Koolau basalts. Thus, another
uncertainty in model calibration arises because it is not possible to determine
from available data how much model error is due to the equilibrium assumption and
how much is due to the particular choice of a specific yield value. Of course
unavoidable error in recharge data also limit the accuracy of short term
simulations.

In one sense the ''equilibrium-specific yield dilemma'" is not a serious
problem. The model is able to predict a new 'steady-state' head distribution
across the aquifer given a new set of pumping or recharge conditions no matter
what specific yield is used because the 'steady-state' heads do not depend on
specific yield. However, both the time it takes to achieve 'steady-state' and
the magnitude of water-table fluctuations are dependent on the specific yield.
With a low specific yield, 'steady-state' will occur sooner and fluctuations will
be greater than with a larger specific yield.

The unfortunate consequence of the ''equilibrium-specific yield dilemma' is
that the location of the freshwater-saltwater interface cannot be predicted with
much accuracy. Inaccuracy in the location of the interface, where chloride
concentration is about 10,000 mg/L (milligrams per liter), makes estimation of
the chloride distribution through the ground-water lens subject to excessive

error.
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Model Predictio

NS

Recently-drilled wells at nodes 45, 163, and 237 will be put into production

within the next two years. The effect on gra

adding pumpage of 0.2 and 0.4 Mgal/d from ea

simulations previously discussed.
at the Waialae golf course well
effects of new pumping.
from their present mean position as a result o
drawdown from

pumpage as well as additional

result from using a specific yield of 0.10. As|

be steeper and level off sooner if a smalle

However, the equilibrium head which occurs when

and Waialae| shaft,

und-water heads was predicted by

ch of these new sources to the

Figure 23 shows the simulated history of heads

including the projected

Water levels in the Waialae area will drop about a foot

continued drawdown from present
rojected pumpage. These curves
stated earlier, the curves would

specific yield had been used.

the curve stops declining, would

be the same as those shown in figure 23. Fiﬁure 24 shows the projected head
distribution over the study area resulting from a pumping rate of 0.2 Mgal/d at
A rate of 0.4 Mgal/d lowers the head an additional 0.2 foot.
Kai will

eastern part and essentially no change will occur in the western part.

the new sources.

Water levels in the Wailupe-Hawaii area drop about 0.5 foot in the

Water Quality

Contamination by saltwater upconing is the major water-quality concern in

southeast O0ahu. The computer simulation done for this study addressed long-term

water-level changes resulting from present and future pumping, from which water-
5 shows the dependence of chloride
and pumpage. Figure 20
From 1955 through 1959 rainfall
pumpage was reduced slightly, and the chloride concentration of water pumped from
rom 130 to 160 mg/L. In 1960, as

rainfall increased, pumpage was increased to 246 Mgal for the year. This large

quality changes can only be inferred. Figure 2%

concentration on rainfall shows corresponding

fluctuations in water levels. declined and

Waialae shaft was relatively constant, ranging

volume of pumpage, combined with the probability that the ground-water lens had

not recovered from the previous period of low rainfall, caused the chloride

concentration to rise to 200 mg/L in late 1960 and early 1961.

|
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HEAD, IN FEET ABOVE MEAN SEA LEVEL

YEAR

1881
-1 1961
- 1981
- 2001
— 2021
- 2041
-1 2061
2081
412101
12121

2141

- 1901
41921
-4 1941

e WAIALAE SHAFT OBSERVATION WELL 1747-1
=== WAIALAE GOLF COURSE WELL 1646-2

1881 Start pumping at Waialae golf course well
- 1937 Start pumping at Waialae shaft ]
1881 1971 Start pumping at Aina Koa well

1986 Start-pumping at new wells
at 0.02 million gallons per day each

® Existing pumpage

Q Projected pumpage 7]

i Qose §

- \ -
\\ oL

8— = = =@ Existing pumpage ]

ho
= O -0 Projected
pumpage

1

| ] ] 1 ] | ] 1 ] | ] |

7
0O 20 40 60 80 100 120 140 160 180 200 220 240 260
ELAPSED TIME, IN YEARS

Figure 23, Simulated head versus time
(Specific yield = 0.10).
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In 1961, the pump at Waialae shaft was shut off for one month, and when

pumping was resumed at a relatively low rate off 10 Mgal/mo (million gallons per
month), the chloride concentration stabilized at about 150 mg/L.

As rainfall increased through the early- Jnd mid-1960's, pumpage increased
slightly with no adverse effect on chloride con&entration. The chloride peak of
190 mg/L in 1969 resulted from one month of high pumpage, 22 Mgal/mo. At more
moderate rates (12 Mgal/mo) the chloride concentration again stabilized around
150 mg/L, showing seawater upconing as a potential problem that could be avoided
with proper management of pumpage. !

The computer simulation predicts that with projected pumping rates average
future heads will decrease about 1 foot from the‘r present mean position. Such a
decrease will make wells in the area somewhat more susceptible to upconing as the
lens thickness will decrease to about 85 percent of its 1985 thickness.
Available data indicate that chloride concent}ation at pumped wells probably

will not rise more than 100 to 200 mg/L as a result of these new conditions.




SUMMARY

The leeward aquifers of southeast Oahu are bounded by dikes near the crest
of the Koolau range to the north, the Kaau rift zone to the west, and the Pacific
Ocean to the south and east. Internally, a set of dikes divide the area into the
western Waialae area and the eastern Wailupe-Hawaii Kai area. The ground-water
flow rate is 6 Mgal/d through the 8.1-mi2 Waialae area and 9 Mgal/d through the
15.3—m'|2 Wailupe-Hawaii Kai area. Coastal sediments impound the ground water of
the Waialae area to an altitude of 10 feet above sea level. This environment is
much more advantageous for ground-water development than the Wailupe-Hawaii Kai
area, where the head is about three feet and saltwater encroachment is of
constant concern. Present pumpage is only 1.2 Mgal/d from the Waialae area and
0.2 Mgal/d from the Wailupe-Hawaii Kai area. Because of the geologic boundaries,
increased water development in the study area will not affect the water resources
of adjacent aquifers.

The ground-water system was simulated using AQUIFEM-SALT, a two-dimensional
finite-element model of ground-water flow for aquifers containing a freshwater-
saltwater interface. The model accurately simulates observed heads averaged
over several years and predicts an area-wide head decline of about 1 foot when
three recently completed wells are put into production.

This drop in head is not enough to cause chloride concentration at pumped
wells to rise significantly. However, as in the past, rises in chloride
concentration will occur during years of low rainfall or when pumping rates are
unusually high.

The magnitude of simulated water table fluctuations, obtained by using
annually adjusted recharge data in the AQUIFEM-SALT data set, are in error by a
few tenths of a foot relative to observed annual water table fluctuations. This
error is caused by inaccuracy in the lens thickness calculated by the Ghyben-
Herzberg principle, inaccuracy in the chosen value of specific yield, and by
unavoidable inaccuracy in the recharge data. Errors in simulated short term
water levels decrease confidence in estimates of the chloride concentration of

pumped water.
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SUTRA, a solute transport and density depe

ndent flow model developed by Voss

(1984b) should be able to produce more detailed simulations of the motion of the

lens as well as the distribution of the chloride concentration. Results from

this model can be used to improve future AQUIF

A deep monitor well would provide direct

EM-SALT simulations.

data regarding the location and

movement of the interface. Such data would eliminate some ambiguities of the

present model, enable changes in pumped wateﬁ quality to be anticipated, and

would also improve the ability of a solute t

chloride distributions in the lens.

ansport model to predict future
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Monthly and Annual Average Recharge, by Elements, for Southeast Oahu

Annual
recharge
as Area

fraction in Annual

of thousands recharge
Element Recharge in inches Annual annual of ) in

no. Jan Feb Mar Apr May June July Aug Sept Cct Nov  Dec recharge rainfall feet Mgal/d
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 9,305 0.000
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 8,360 0.000
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,370 0.000
4 0.8 0.8 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.8 5.7 0.18 900 0.008
5 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.9 5.7 0.18 985 0.010
6 0.9 0.9 0.7 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 1,725 0.018
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,040 0.000
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 750 0.000
9 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.9 5.7 0.18 825 0.008
10 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.8 5.7 0.18 865 0.008
11 0.9 0.9 0.7 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 1,200 0.013
12 0.9 0.9 0.7 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 1,855 0.021
13 1.0 1.0 0.8 0.7 0.3 0.3 0.3 0.3 0.4 0.4 0.8 1.1 7.4 0.18 2,785 0.035
14 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 3,310 0.106
15 1.2 1.1 0.9 0.9 0.5 0.5 0.4 0.5 0.6 0.6 1.0 1.2 9.6 0.19 4,880 0.080
16 5.2 1.9 0.5 0.5 0.0 0.0 0.0 0.0 0.0 0.0 1.0 2.0 11.2 0.19 4,795 0.092
17 6.5 3.6 3.0 3.2 1.5 1.2 1.2 1.6 1.7 1.6 3.6 4.3 32.8 0.42 4,820 0.270
18 8.4 4.7 3.9 43 2.6 2.4 2.3 2.9 2.8 2.5 4.8 5.4 47.0 0.40 4,180 0.335
19 8.4 4.7 3.9 4.3 2.6 2.4 2.3 2.9 2.8 2.5 4.8 5.4 47.0 0.40 4,190 0.336
20 8.1 4.9 3.8 4.0 2.3 2.1 2.0 2.5 2.4 2.2 4.4 5.6 44,3 0.40 3,225 0.244
21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 8,370 0.000
22 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 o0.0 0.0 0.00 9,985 0.000
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,400 0.000
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,065 0.000
25 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.8 5.7 0.18 1,020 0.010
26 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.8 5.7 0.18 865 0.008
27 0.9 0.9 0.7 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 1,020 0.011
28 0. 0.9 0.7 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 1,770 0.020
29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,410 0.000
30 0.8 0.8 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.9 5.7 0.18 1,000 0.010
31 0.8 0.¢e 0.6 0.6 0.2 01 0.1 0.2 0.2 0.3 0.7 0.9 5.7 0.18 985 0.010
32 0.8 0.9 0.7 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 1,840 0.020
33 3.9 1.6 0.7 05 00 0.0 0.0 0.0 0.0 0.0 1.0 1.8 9.6 0.24 2,800 0.046
34 3.9 1.6 0.7 0.5 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.8 9.6 0.24 3,085 0.051
35 4.4 3.4 2.6 2.4 0.8 0.6 0.5 0.9 1.1 1.2 2.9 3.7 24 .6 0.52 4,260 0.179
36 5.2 2.0 1.2 1.2 0.0 0.0 0.0 0.0 0.0 O0.0 1.7 2.4 13.8 0.23 4,460 0.105
37 6.5 3.3 2.3 2.5 0.8 0,5 0.5 0.9 1.0 0.8 2.9 3.7 25.6 0.33 5,145 0.225
38 8.3 4.5 3.5 4.0 2.2 2.0 2.0 2.5 2.4 2.2 4.4 5.3 43.3 0.38 5,130 0.379
39 8.1 4.4 3.6 4.0 2.3 2.1 2.0 2.5 2.4 2.2 4.4 5.1 43.1 0.39 5,055 0.372
40 7.9 4.8 3.6 3.8 2.1 1.9 1.8 2.3 2.3 2.1 4.3 5.4 42.4 0.40 3,320 0.240
41 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 4,800 0.000
42 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 4,350 0.000
43 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,585 0.000
44 o.8 0.9 0.6 06 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.8 5.7 0.18 1,185 0.012
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Monthly and Annual Average Recharge, by Elements, for Southeast Oahu

Annual
recharge
as Area
fraction in Annual
of thousands recharge
Element Recharge in inches Annual annual of 2 in
no. Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec recharge rainfall feet Mgal/d

45 0.8 0.8 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 Q.7 0.9 5.7 0.18 1,085 0.011
48 3.5 2.7 1.8 1.6 0.1 0.0 0.0 0.0 0.3 0.5 2.0 2.8 15.3 0.43 2,540 0.066
47 3.7 1.9 1.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 4.2 2.0 10.5 0.28 1,520 0.027
48 3.9 2.0 1.1 0.9 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.2 11.6 0.29 1,650 0.033
49 3.8 1.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 d.4 1.2 6.7 0.17 2,300 0.026
50 5.2 2.0 1.2 1.2 0.0 0.0 0.0 0.0 0.0 0.0 ﬂ.7 2.4 13.8 0.23 2,520 0.059
51 6.5 3.3 2.3 2.5 0.8 0.5 0.5 0.9 1.0 0.9 4.9 3.7 25.8 0.33 2,625 0.115
52 7.7 4.2 3.3 3.7 1.9 1.7 1.6 2.1 2.1 2.0 .1 4.8 39.3 0.38 2,755 0.185
53 7.6 4.1 3.2 3.5 1.8 1.5 1.5 2.0 1.9 1.8 .8 4.6 37.3 0.38 3,065 0.195
54 7.4 4.4 3.2 3.3 1.6 1.4 1.3 1.8 1.8 1.7 .8 5.0 36.5 0.39 1,015 0.063
55 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.00 4,850 0.000
56 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.00 5,740 0.000
57 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.00 1,745 0.000
58 0.8 0.8 o.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 .7 0.9 5.7 0.18 1,950 0.018
59 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 .7 0.9 5.7 0.18 1,300 0.013
60 3.3 1.5 0.6 0.3 0.0 0.0 0.0 0.0 0.0 0.0 d.B 1.6 8.1 0.26 2,425 0.034
61 3.5 1.7 0.8 0.6 0.0 0.0 0.0 0.0 0.0 0.0 #.0 1.8 9.5 0.27 1,705 0.028
62 3.8 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 1,800 0.058
63 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 é.& 3.2 18.8 0.48 2,400 0.077
B4 5.2 2.1 1.2 1.2 0.0 0.0 0.0 0.0 0.0 0.0 7 2.4 13.9 0.24 2,520 0.060
65 6.5 3.3 2.3 2.5 0.8 0.5 0.5 0.9 1.0 0.9 .9 3.7 25.6 0.33 2,965 0.130
66 7.1 3.7 2.8 3.1 1.4 1.1 1.1 1.5 1.5 1.4 .5 4.2 32.4 0.36 2,395 0.132
67 6.9 3.6 2.6 2.9 1.2 1.0 0.9 1.3 1.4 1.3 .3 4.1 30.5 0.35 2,185 0.114
68 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.00 5,380 0.000
69 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.00 4,950 0.000
70 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.00 930 0.000
71 3.3 2.5 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.3 .8 2.6 13.4 0.43 2,630 0.060
72 0.8 0.9 o.e 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.9 5.7 0.18 2,790 0.027
73 3.5 2.7 1.8 1.6 0.1 0.0 0.0 0.0 0.3 0.5 ‘.0 2.8 15.3 0.43 5,820 0.152
74 3.5 2.7 1.8 1.6 0.1 0.0 0.0 0.0 0.3 0.5 .0 2.8 15.3 0.43 3,800 0.102
75 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 4 3.2 18.8 0.48 4,140 0.133
76 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 '0.8 4 3.2 ‘ 18.8 0.48 5,385 0.173
77 5.0 2.1 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 4 2.2 12.6 0.23 5,355 0.115
78 6.2 3.1 2,0 2.2 0.5 0.3 0.2 0.6 0.7 0.7 .6 3.4 22.7 0.30 6,160 0.239
79 6.5 3.3 2.3 2.5 0.8 0.5 0.5 0.9 1.0 0.9 .8 3.7 25.6 0.33 4,270 0.187
80 6.5 3.3 2.3 2.5 0.8 0.5 0.5 0.9 1.0 0.9 .9 3.7 25.6 0.33 1,505 0.066
81 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.00 410 0.000
82 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.00 585 0.000
83 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.00 135 0.000
84 3.3 2.5 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.3 .8 2.8 13.4 0.43 160 0.004
85 3.3 2.5 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.3 .8 2.6 13.4 0.43 120 0.003
86 3.5 1.7 0.8 0.8 0.0 0.0 0.0 0.0 0.0 0.0 .0 1.8 9.5 0.27 240 0.004
87 3.5 1.7 0.8 0.8 0.0 0.0 0.0 0.0 0.0 0.0 .0 1.8 .5 0.27 150 0.002
88 3.9 2.0 1.1 0.9 0.0 0.0 0.0 0.0 0.0 0.0 4 2.2 11.6 0.29 160 0.003
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Monthly and Annual Average Recharge, by Elements, for Southeast Oahu

Annual
recharge
as Area

fraction in Annual

of thousands recharge
Element Recharge in inches Annual annual of in
no. Jan  Feb Mar Apr May June July Aug Sept Oct Nov  Dec recharge rainfall feet Mgal/d
89 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 200 0.006
90 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 210 0.005
91 6.2 3.1 2.0 2.2 0.5 0.3 0.2 0.6 0.7 0.7 2.6 3.4 22.7 0.30 260 0.010
92 6.2 3.1 2.0 2.2 0.5 0.3 0.2 0.6 0.7 0.7 2.6 3.4 22.7 0.30 200 0.008
93 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 875 0.000
94 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 815 0.000
95 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 220 0.000
96 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0 00 0.0 0.0 3.3 0.10 320 0.002
97 3.3 2.5 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.3 1.8 2.6 13.4 0.43 240 0.005
98 3.5 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .7 0.10 480 0.003
99 3.5 1.7 0.8 0.6 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.8 .5 0.27 300 0.005
100 3.9 2.0 1.1 0.8 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.2 11.86 0.29 280 0.006
101 4.2 3.2 2.3 2.2 0.6 0.4 0.3 0.6 0.8 1.0 2.7 3.4 21.7 0.50 335 0.012
102 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 420 0.009
103 6.1 3.0 1.9 2.0 0.4 0.1 0.0 0.4 0.5 0.6 2.5 3.3 20.8 0.29 455 0.016
104 6.2 3.1 2.0 2.2 0.5 0.3 0.2 0.8 0.7 0.7 2.6 3.4 22.7 0.30 380 0.015
105 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 380 0.000
106 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 460 0.000
107 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 110 0.000
108 0.8 0.9 0.8 0.8 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.8 5.7 0.18 180 0.002
109 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.3 0.10 120 0.001
110 3.5 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.7 0.10 240 0.002
111 3.5 1.7 0.8 0.8 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.8 9.5 0.27 150 0.002
112 3.8 2.5 1.6 1.4 0.0 0.0 0.0 0.0 0.1 0.3 1.8 2.7 14.4 0.37 170 0.004
113 3.9 2.0 1.1 0.9 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.2 11.8 0.29 190 0.004
114 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 210 0.005
115 6.1 3.0 1.8 2.0 0.4 0.1 0.0 0.4 0.5 0.6 2.5 3.3 20.8 0.29 270 0.010
116 6.1 3.0 1.9 2.0 0.4 0.1 0.0 0.4 0.5 0.6 2.5 3.3 20.8 0.29 180 0.006
117 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.00 15,405 0.000
118 0.0 0.0 0.0 0.0 0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0 .0 0.00 3,370 0.000
118 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.9 .7 0.18 2,380 0.023
120 3.3 2.5 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.3 1.8 2.6 13.4 0.43 1,585 0.0386
121 3.5 1.5 0.6 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.8 1.6 8.5 0.24 3,910 0.057
122 3.5 2.7 1.8 1.6 0.1 0.0 0.0 0.0 0.3 0.5 2.0 2.8 15.3 0.43 2,310 0.060
123 3.9 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 .3 0.13 2,555 0.023
124 3.9 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 .3 0.13 2,475 0.022
125 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 2,280 0.049
126 6.1 3.0 1.9 2.0 0.4 0.1 0.0 0.4 0.5 0.6 2.5 3.3 20.8 0.29 2,450 0.087
127 6.1 3.0 1.9 2.0 0.4 0.1 0.0 0.4 0.5 0.6 2.5 3.3 20.8 0.29 1,195 0.042
128 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.00 14,495 0.000
129 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ©0.0 ©0.0 .0 0.00 6,070 0.000
130 3.3 2.5 1.8 1.3 0.0 0.0 0.0 0.0 0.0 0.3 1.8 2.8 13.4 0.43 5,350 0.122
131 3.3 2.5 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.3 1.8 2.8 13.4 0.43 5,360 0.123
132 0.8 0.9 0.8 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.8 5.7 0.18 3,780 0.037
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Monthly and Annual Average Recharge, by Elements, for Southeast Oahu
Annual
recharge
as Area
fraction in Annual
of thousands recharge
Element Recharge in inches Annual annual of in
no. Jan Feb Mar Apr May June July Aug Sept Oct | Nov Dec recharge rainfall feet.2 Mgal/d
133 0.¢ o0.¢ 0.7 0.6 03 0.2 0.2 0.2 0.3 0.4 0.8 1.0 .5 0.18 3,050 0.034
134 3.¢ 0.8 0.0 0.0 0.0 00 00 0.0 00 0.0 | 0.0 0.4 .3 0.13 3,260 0.029
135 4.2 2.2 1.3 1.2 0.0 0.0 00 0.0 0.0 0.0 1.7 2.4 13.0 0.30 3,070 0.068
136 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 | 1.4 2.3 12.8 0.23 2,810 0.0861
137 5,5 2.6 1.5 1.5 0.0 0.0 0.0 0.0 0.1 0.1 /1.9 2.8 15.9 0.25 2,475 0.067
138 5.8 2.8 1.7 1.8 0.1 0.0 0.0 0.2 0.3 0.3 |2.2 3.0 18.2 0.27 825 0,026
139 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 |0.0 0.0 0.0 0.00 5,545 0.000
140 0.0 0.0 0.0 0.0 00 00 ©00 ©0.0 0.0 0.0 | 0.0 O0.0 0.0 0.00 4,100 0.000
141 0.8 0.9 0.6 06 0.2 0.1 0.1 0.2 0.2 0.3 |0.7 0.9 5.7 0.18 1,325 0.013
142 0.8 0.¢ 0.6 08 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.8 5.7 0.18 2,865 0.026
143 0.9 0.¢ 0.7 0.6 03 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 3,240 0.036
144 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 4,790 0.000
145 0.0 0.0 0.0 0.0 0.0 00 00 0.0 0.0 0.0 |00 0.0 0.0 0.00 3,930 0.000
146 o.8 o0.9 0.6 0.6 02 0.1 0.1 0.2 0.2 03 |0.7 0.8 5.7 0.18 1,605 0.016
147 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 |0.7 0.9 5.7 0.18 1,730 0.017
148 0.0 00 0.0 0.0 0.0 0.0 00 00 0.0 0.0 | 0.0 0.0 0.0 0.00 1,850 0.000
149 0.0 0.0 00 0.0 0.0 00 00 00 0.0 0.0 |0.0 0.0 0.0 0.00 975 0.000
150 3.3 2.5 1.6 1.3 0.0 0.0 0.0 ©00 0,0 0.3 1.8 2.8 13.4 0.43 1,215 0.028
151 3.3 2.5 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.3 1.8 2.6 13.4 0.43 2,260 0.052
152 0.8 0.¢ 0.7 0.8 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 4,720 0.052
153 3.5 2.7 1. 1.6 0.1 0.0 0.0 ©0.0 0.3 0.5 2.0 2.8 15.3 0.43 2,400 0.063
154 3.¢ 3.4 2.5 2.3 0.8 0.5 0.4 0.7 1.0 1.2 | 2.8 3.6 23.2 0.59 2,640 0.105
155 4.2 1.4 0.3 0,2 0.0 00 00 0.0 00 0.0 | 0.7 1.4 8.2 0.19 2,240 0.031
158 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 2,285 0.049
157 5.5 2.6 1.5 1.5 0.0 0.0 0.0 0.0 0.1 0.1 1.9 2.8 15.9 0.25 1,875 0.051
158 5.5 2.6 1.5 1.5 0.0 0.0 O00 0.0 0.1 0.1 1.9 2.8 15.9 0.25 435 0.012
159 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,310 0.000
160 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 |0.0 0.0 0.0 0.00 850 0.000
181 3.3 2,5 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.3 1.8 2.6 13.4 0.43 1,380 0.032
162 3.3 2.5 1.8 1.3 0.0 00 0.0 0.0 0.0 0.3 |1.8 2.8 13.4 0.43 2,270 0.052
163 3.5 1.7 0.8 0.6 0.0 0.0 00 0.0 0.0 0.0 1.0 1.8 9.5 0.27 5,580 0.091
164 3.5 2.4 1.5 1.3 0.0 0.0 0.0 ©0.0 0.0 0.2 |1.7 2.5 13.2 0.37 3,800 0.086
165 3.¢ 3.0 2,1 1.9 0.4 0.1 0.0 0.3 0.8 0.8 |2.4 3.2 18.8 0.48 3,645 0.117
166 4.4 2.4 1.6 1.4 0.0 0.0 0.0 0.0 0.1 0.2 |1.9 2.7 14.7 0.31 2,595 0.065
187 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 2,270 0,050
168 5.5 2.6 1.5 1.5 0.0 0.0 0.0 0.0 0.1 0.1 |1.9 2.8 15.9 0.25 1,585 0.043
169 5.5 2.8 1.5 1.5 0.0 0.0 0.0 0.0 0.1 0.1 1.9 2.8 15.9 0.25 180 0.005
170 0.0 00 0.0 0.0 00 ©0.0 O0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,945 0.000
171 0.0 0.0 0.0 0.0 0.0 00 00 0.0 0.0 0.0 | 0.0 0.0 0.0 0.00 2,205 0.000
172 0.8 0.¢ 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 |0.7 0.9 5.7 0.18 990 0.010
173 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,440 0.000
174 0.0 0.0 0.0 0.0 00 00 0.0 0.0 0.0 0.0 |00 0.0 0.0 0.00 1,900 0.000
175, 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 |07 09 57 0.18 1,210 0.012
176 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 |0.7 0.9 5.7 0.18 1,300 0.013
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Monthly and Annual Average Recharge, by Elements, for Southeast Oahu

Annual
recharge
as Area
fraction in Annual
of thousands recharge
Element Recharge in inches Annual annual of » in
no. Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec recharge rainfall feet Mgal/d
177 3.5 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.9 0.11 3,705 0.025
178 3.5 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.9 .4 0.15 4,040 0.037
179 3.9 1.6 0.7 0.5 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.8 .6 0.24 3,465 0.057
180 4.7 2.1 1.3 1.2 0.0 0.0 0.0 0.0 0.0 0.0 1.7 2.4 13.4 0.26 2,355 0.054
181 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 2,490 0.054
182 5.2 2.4 1.2 1.2 0.0 0.0 0.0 0.0 0.0 0.0 1.7 2.5 14.3 0.24 1,545 0.038
183 0.0 0.0 0.0 6.0 .0 ¢.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,235 0.000
184 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,225 0.000
185 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.9 5.7 0.18 760 0.007
186 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,420 0.000
187 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,180 0.000
188 0.8 6. 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.9 5.7 0.18 1,050 0.010
189 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.9 5.7 0.18 875 0.009
190 3.5 2.7 1.8 1.6 0.1 0.0 0.0 0.0 0.3 0.5 2.0 2.8 15.3 0.43 4,300 0.112
191 3.9 1.8 0.7 0.5 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.8 9.6 0.24 4,275 0.070
192 4.2 3.2 2.3 2.2 0.6 0.4 0.3 0.6 0.8 1.0 2.7 3.4 21.7 0.50 3,815 0.145
193 4.7 2.0 0.8 0.7 0.0 0.0 0.0 0.0 0.0 0.0 1.2 2.0 11.4 0.22 2,665 0.052
194 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 2,650 0.058
195 5.2 2.4 1.2 1.2 0.0 0.0 0.0 0.0 0.0 0.0 1.7 2.5 14.3 0.24 750 0.018
196 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 5,280 0.000
197 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,730 0.000
198 3.3 2.5 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.3 1.8 2.8 13.4 0.43 3,595 0.082
199 3.3 2.0 1.1 0.8 0.0 0.0 0.0 0.0 0.0 0.0 1.3 2.1 10.6 0.34 2,810 0.051
200 3.5 1.3 0.4 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.6 1.4 7.5 0.21 5,520 0.071
201 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 2,775 0.089
202 4.4 3.4 2.8 2.4 0.9 0.6 0.5 0.9 1.1 1.2 2.9 3.7 24.6 0.52 2,365 0.098
203 4.7 2.0 0.8 0.7 0.0 0.0 0.0 0.0 0.0 0.0 1.2 2.0 11.4 0.22 2,140 0.042
204 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 2,330 0.051
205 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 3,825 0.000
2086 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,560 0.000
207 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.9 5.7 0.18 1,175 0.011
208 0.5 0.6 0.4 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.6 2.7 0.17 1,125 0.005
209 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 4,180 0.000
210 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,565 0.000
211 0.8 0.9 0.6 0.6 0.2 0.1 0.1 0.2 0.2 0.3 0.7 0.9 5.7 0.18 880 0.008
212 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 3,705 0.000
213 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,660 0.000
214 3.5 2.0 1.1 0.9 0.0 0.0 0.0 0.0 0.0 0.0 1.3 2.1 11.0 0.31 2,480 0.047
215 3.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.2 0.12 4,425 0.032
218 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 6,400 0.205
217 4.2 3.2 2.3 2.2 0.6 0.4 0.3 0.6 0.8 1.0 2.7 3.4 21.7 0.50 5,380 0.199
218 4.7 2.6 1.8 1.7 0.1 0.0 0.0 0.1 0.3 0.5 2.2 2.9 18.89 0.33 4,130 0.119
219 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 5,070 0.111
220 5.0 2.2 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.3 12.8 0.23 1,215 0.027
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Monthly and Annual Average Recharge, by Elements, for Southeast Oahu

Annual
recharge
as Area
fraction in Annual
of thousands recharge
Element Recharge in inches Annual annual of in
no. Jan Feb Mar Apr May June July Aug Sept Oct | Nov Dec recharge rainfall feet Mgal/d

221 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 5,320 0.000
222 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,160 0.000
223 0.9 0.9 0.7 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 875 0.010
224 3.5 2.7 1.8 1.6 0.1 0.0 0.0 0.0 0.3 0.5 | 2.0 2.8 15.3 0.43 1,480 0.039
225 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 2,360 0.076
226 4.7 2.6 1.8 1.7 0.1 0.0 0.0 0.1 0.3 0.5 | 2.2 2.9 16.9 0.33 3,330 0.096
227 4.7 2.0 0.8 0.7 0.0 0.0 0.0 0.0 0.0 0.0 ‘ 1.2 2.0 11.4 0.22 1,100 0.021
228 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 4,700 0.000
229 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ‘ 0.0 0.0 0.0 0.00 1,775 0.000
230 3.5 1.6 0.7 0.5 0.0 0.0 0.0 0.0 0.0 0.0 } 0.9 1.7 9.0 0.25 2,710 0.042
231 3.5 2.7 1.8 1.6 0.1 0.0 0.0 0.0 0.3 0.5! 2.0 2.8 15.3 0.43 2,650 0.069
232 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 1 2.4 3.2 18.8 0.48 3,180 0.102
233 4.7 2.6 1.8 1.7 0.1 0.0 0.0 0.1 0.3 0.5 1 2.2 2.9 16.9 0.33 2,615 0.075
234 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 4,350 0.000
235 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,965 0.000
236 0.9 0.9 0.7 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 2,050 0.023
237 1.0 1.0 0.8 0.7 0.3 0.3 0.3 0.3 0.4 0.4 0.8 1.1 7.4 0.19 1,270 0.016
238 3.9 1.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 1.2 6.7 0.17 1,335 0.015
239 4.2 3.8 2.9 2.8 1.2 1.0 0.9 1.2 1.4 1.6 3.3 4.0 28.3 0.65 3,525 0.170
240 4.4 4.0 3.2 3.0 1.5 1.2 1.1 1.5 1.7 1.8 3.5 4.3 31.2 0.66 3,330 0.177
241 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 4,055 0.000
242 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,275 0.000
243 0.9 0.9 0.7 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 6.5 0.18 1,895 0.021
244 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,300 0.000
245 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,625 0.000
246 3.5 2.7 1.8 1.6 0.1 0.0 0.0 0.0 0.3 0.5 2.0 2.8 15.3 0.43 6,105 0.159
247 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 ; 2.4 3.2 18.8 0.48 3,340 0.107
248 4.2 3.2 2.3 2.2 0.6 0.4 0.3 0.6 0.8 1.0 j 2.7 3.4 21.7 0.50 3,645 0.135
249 4.4 3.4 2.6 2.4 0.9 0.6 0.5 0.9 1.1 1.2 ‘ 2.9 3.7 24.6 0.52 3,995 0.168
250 4.4 4.0 3.2 3.0 1.5 1.2 1.1 1.5 1.7 1.8 3.5 4.3 31.2 0.66 1,600 0.085
251 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0,| 0.0 0.0 0.0 0.00 2,525 0.000
252 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 3,450 0.000
253 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 8,000 0.257
254 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 4,140 0.133
255 4.2 3.8 2.9 2.8 1.2 1.0 0.9 1.2 1.4 1.6 j 3.3 4.0 28.3 0.65 3,960 0.191
256 4.4 4.0 3.2 3.0 1.5 1.2 1.1 1.5 1.7 1.8 3.5 4.3 31.2 0.66 1,395 0.074
257 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,625 0.000
258 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ‘ 0.0 0.0 .0 0.00 3,590 0.000
259 1.0 1.0 0.8 0.7 0.3 0.3 0.3 0.3 0.4 0.4 0.8 1.1 L4 0.19 4,645 0.059
260 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 3,045 0.098
261 4,2 3.2 2.3 2.2 0.6 0.4 0.3 0.6 0.8 1.0 2.7 3.4 21.7 0.50 4,260 0.158
262 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.00 1,190 0.000
263 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.00 1,935 0.000
264 3.9 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 6,730 0.216
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Monthly and Annual Average Recharge, by Elements, for Southeast Oahu

Annual
recharge
as Area
fraction in Annual
of thousands recharge
Element Recharge in inches Annual annual of in

no. Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec recharge rainfall feet Mgal/d
265 3.9 3.0 2.1 1.9 0.4 0.1 00 0.3 0.6 0.8 2.4 3.2 18.8 0.48 9,220 0.296
266 4.2 3.8 2.9 2.8 1.2 1.0 0.9 1.2 1.4 1.6 3.3 4.0 28.3 0.65 3,285 0.158
267 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ©00 0.0 0.0 0.0 0.0 0.0 0.00 1,180 0.000
268 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,800 0.000
269 1.0 1.0 0.8 0.7 0.3 0.3 0.3 0.3 0.4 0.4 0.8 1.1 7.4 0.18 5,235 0.066
270 3.9 3.0 2.1 1.8 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 7,460 0.239
271 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 5,705 0.000
272 3.¢ 3.0 2.1 1.9 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 11,225 0.360
273 3.9 3.0 2.1 1.8 0.4 0.1 0.0 0.3 0.6 0.8 2.4 3.2 18.8 0.48 10,635 0.341
274 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.00 3,070 0.000
275 0.9 0.9 0.7 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.8 1.0 .5 0.18 2,725 0.030
276 3. 1.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 1.3 7.1 0.18 3,985 0.048
277 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 2,175 0.000
278 3.3 2.5 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.3 1.8 2.6 13.4 0.43 9,270 0.212
278 3.5 2.7 i.8 1.6 0.1 0.0 0.0 0.0 0.3 0.5 2.0 2.8 15.3 0.43 9,800 0.258
280 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 3,115 0.000
281 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 3,045 0.000
282 2.9 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 3.6 0.13 7,140 0.044
283 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 1,135 0.000
284 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 3,060 0.000
TOTALS 804,080 15.063
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