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paving and buildings was 57% of the total surface area; for town houses
it was 64%.

Based on the experimental data for single-family residential areas,
the combined effect of reduced soil infiltration and accrued impermeable
surface area is estimated to reduce infiltration opportunity 10 to 1 after
urbanization. Or, there may be as much as 93% reduction in infiltration
after urbanization, depending on whether rainfall frequency, intensity,
and duration exceed infiltrative capacity.

The impact of urbanization was evaluated with a digital computer
using the St. Louis Heights Watershed Model (modified ILLUDAS) with field
measured rainfall-runoff relations as the basis for verification. When
pervious lawn surface is substituted for impervious areas as inputs, the
peak runoffs are much less than those simulated with existing impervious
lands. The reduction in peak runoff from one selected storm is estimated
at 79% of the observed peak.
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ABSTRACT

The effeot of urbanization on infiltration on rainfall-runoff rela

tions was investigated at Mililani Town, O'ahu, Hawai'i, a residential oom

munity. The double-ring method determined the mean oonstant infiltration

rate to be 0.298 om/min (7.03 in./hrJ under preurban, long-abandoned, and

overgrown pineapple field oonditions. Following the transitional grubbing

and lot-shaping operations, the rate slowed respeotively to 0.126 om/min

(2.98 in./hr) and 0.022 om/min (0.51 in./hr). The rate rose slightly to

0.050 om/min (1.18 in./hrJ under lawn, the new permanent oover. There was

no signifioant differenoe between reoreational and nonreoreational lawns.

Inoorporated in these results are unmeasurabe quantities of lateral flow

through the porous soil under original and grubbed oonditions. Based on

the data, however, the oonstant infiltration rate is reduoed 83% after

urbanization.

For single-family residential areas the impermeable area overlaid by

paving and buildings was 27% of the total surfaoe area; for town houses

it was 64%.

Based on the experimental data for single-family residential areas,

the oombined effeot of reduoed soil infiltration and aoorued impermeable

surfaoe area is estimated to reduce infiltration oppor-tunity 10 to 1 after

urbanization. Or, there may be as muoh as 93% reduction in infiltration

after urbanization, depending on whether rainfall frequency, intensity,

and duration exoeed infiltrative capaoity.

The impact of urbanization was evaluated with a digital oomputer

using the St. Louis Heights Watershed Model (modified ILLUDASJ with field

measured rainfall-runoff relations as the basis for verifioation. When

pervious lawn surface is substi-tuted for impervious areas as inputs, the

peak runoffs are muoh less than those simulated with existing impervious

lands. The reduction in peak runoff from one se lected storm is estimated

at 79% of the observed peak.
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INTRODUCTION
Need for Study

This study investigated the effect of urbanization on infiltration and

runoff characteristics as an abandoned pineapple field site undergoes res

idential development. As compared to open fields, forests. and agricultural

lands, the urbanization process reduces infiltrative soil surface by paving

it with impermeable surfaces, such as streets, sidewalks, and buildings.

The long-term effects of urbanization on the hydrologic characteristics of

an area are the reduction of infiltration capacity and, conversely, the

increasing of runoff peak and volume. In addition to the reduction of

total permeable surfaces by construction, the infiltrative capacity of the

remaining soil surface may also be diminished by urbanization related ac

tivities, such as soil compaction for higher bearing capacities and a

lifestyle that replaces natural cover and cropping with manicured lawn

cover. The short-term effects of urbanization are the compaction and

erosion at the site during construction.

These impacts upon the hydrologic characteristics of the urban land

scape are of significant concern because roughly 80% of the nation's popu

lation resides in urban places. Also, in terms of space, the vast areas

nationwide which are already urbanized continue to expand while the area

of nonurban lands decreases correspondingly.

Paradoxically, despite tremendous recent advances made in hydrology

through sophisticated computer modeling, a key basic issue still remains:

determining how much of the precipitation enters the soil as compared to

how much runs off. In Hawai'i, most of the water supply comes from ground

water sources; thus, it is imperative that the recharge capacity of the

land be unimpaired by urbanization or other means.

It is noteworthy that in comparing hydrologic characteristics of

rural lands versus urbanized areas there is a basic difference in approach

for handling rainfall and water. In agricultural lands for example, it

is desirable to retain rain where it falls in order to meet the moisture

requirements of the crop and control erosion. Furrows have many minor

depressions for retaining water. Plowing, subsoiling, and other cultural

practices leave soil as loose and porous as possible to enhance water

absorption as well as root growth.

In contrast, urban landscapes are designed for rapid water removal to
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avoid ponding or flooding. Virtually every outdoor man-made structure has

a slope to facilitate water removal. Typically, rain falling on a roof is

collected in a gutter, transmitted down a spout to ground level, and dis

charged onto a driveway leading to a street gutter and into a storm drain

which conducts the water out of the area. This portion of rain does not

come into contact with any permeable surface in the area where it falls.

Objectives

The overall objective of this study is to determine the effect of

urbanization on infiltration and runoff. Specific objectives are:

1. To determine changes in infiltration of the soil surface as it

undergoes urban development

2. To develop methodology for delineating and measuring impermeable

and permeable areas of selected commercial, industrial, residen

tial, and recreational sites using large-scale aerial photographs

3. To estimate possible storm runoff from the selected urban (land

use) sites for storm drain design.

For clarity, each objective will be discussed in a separate section.

Review of Literature

There have been a number of studies concerning the effect of urban

ization on hydrology, particularly as it pertains to runoff and flooding.

Leopold (1958) presented a planning guidebook on the hydrologic effects

of urban land use. Martens (1968) who studied flood inundation and ef

fects of urbanization in Charlotte, North Carolina, reported significant

increases in flood potential accompanying urban development. He attributed

the increased runoff largely to impervious structures and pavings. He did

not study the infiltration changes in the permeable surface itself.

Hare (1970), reporting on the effects of urban development on storm

runoff in the Houston, (Texas) area, states that "the most significant

effect of urban development is the sharp increase in peak storm runoff rate,

resulting from reduced concentration times." This reduction in time he

attributes to impermeable surfaces of the urban area and to hydraulically

more efficient storm runoff channels. He also presents a brief history of

urban hydrology going back to 1889.
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Clark (1970) described the urban flood hydrology of Kuli'ou'ou Valley,

O'ahu, in a paper on urban hydrology considerations for Hawai'i. Infil

tration and runoff rates for ground (permeable) surfaces were assumed.

Similarly, it was assumed that 50% of the valley area would become all

impervious during the economic life of the project.

Wood (1971, 1977) studied the hydrologic characteristics of several

Hawaiian soils under different rural land uses: forest, pasture, pineapple,

and sugarcane growing. He concluded that forest soils had higher infil

tration and hydraulic conductivity rates than the same soils under the

other uses.

INFILTRATION RATE CHANGES
Description of Project Site

LOCATION. The study is located at Mililani Town, 21°27'30" north

latitude by 158°01' 30" west longitude on O'ahu Island, Hawai'i. The

elevation is 183 m (600 ft) above msl.

Mililani Town was selected as the experimental site for several

reasons.

1. Because the town is within the recharge area of the basal aquifer

feeding the wells near Pearl Harbor, information from this study

would give some indication of what might happen to recharge if

the entire agricultural area were urbanized. Irrigation water

brought from the windward side by the Waiahole tunnel is also

considered to recharge the basal aquifer; therefore, if the cen

tral O'ahu agricultural areas are urbanized, that recharging will

also be diminished.

2. As a planned residential development with a minimal commercial

support area Mililani Town is representative of the fact that most

urban land use is for residential purposes. There is no indus

trial activity within the town except for subdivision development,

which is continually expanding the community's urban borders.

3. The soils are quite uniform, making it possible to compare infil

tration effects of various construction and vegetative covers such

as abandoned pineapple field, grubbing, and cut-and-shaped lots.

4. The town is still expanding; hence, there is a range of land
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conditions from undeveloped natural vegetation of abandoned pine

apple fields to fully developed residential areas.

5. Because no fill soil is brought in, the soil type is unchanged.

CLIMATE. The climate is semitropiGal with mean temperatures ranging

from 27°C (80 0 p) during the summer to 24°C (75°p) in winter. Summer high

temperatures almost never exceed 35°C (95°P), and winter lows seldom fall

below 16°C (60 0 p). There is never any frost to limit infiltration. In

precipitation, the median annual rainfall is 1.02 m (40 in.) (Taliaferro

1959), with May through October being the generally drier period. The pre

dominant winds, particularly during the summer, are northeasterly trades

associated with high pressure systems, and with orographically induced rain

which falls primarily over the Ko'olau Range upwind from the study area.

Heavy, flood-producing rains which occur primarily during the winter months,

are associated with either cyclonic, southerly low pressure systems or

localized thunderstorms.

SOIL. The soil is the Wahiawa series of the Oxisol order (Poote et al.

1972). A clayey, kaolinitic, isohyperthermic family of the Tropeptic

eutrustox subgroup (McCall 1975, Table 5), its description from the 1972

Soil Survey (Foote et al. 1972) is given in Appendix A. The soil has formed

from highly weathered basaltic materials. Occasionally boulders are en

countered below the surface, but the soil is essentially nonstony and con

sists of uniformly silty clay to depths exceeding 6.1 m (20 ft). The soils

map of the study area is shown in Figure 1. The area shown as fill land

(PL) is the former site of a World War II airfield which had been reclaimed

for agricultural use. The soil is probably Wahiawa, similar to the soil

surrounding it.

The Wahiawa soil is red, being relatively high in iron content, and

uniformly well-drained with no pockets of poorly drained soils. Although

the original land surface was smooth and relatively flat, there has been

considerable earth-moving during the urbanization process to achieve desired

street and lot configurations. Because of this earth-moving, it was highly

desirable to have as uniform a soil as possible for this study to ensure

that changes in infiltration rate of the soil itself were being recorded

rather than changes due to fill soils.
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SOURCE: Foote, Hill, Nakamura, and Stephens (1972).

FIGURE 1. SOILS MAP OF MILILANI TOWN, OIAHU, JULY 1975
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Four Stages of Urbanization

Land development for a residential subdivision undergoes a step-by

step construction process from the initial predevelopment condition to its

completion. The infiltration rate of four soil surface conditions related

to this urbanization process was measured to ascertain at what stage changes

in infiltration take place. In their order of progression, these surfaces

are the original preurbanization surface, the land after grubbing to remove

vegetative debris, lots cut and shaped to final configuration prior to

building, and lawn areas established subsequent to house construction and

occupancy. Each stage is a major change in land surface alteration, readily

delineated and identifiable. The grubbed lots and the bare cut-and-shaped

lots are transitory conditions, whereas the preurban and the final lawn

surfaces represent the more or less permanent before and after conditions.

FIRST STAGE. In this study, the preurban surface consisted of long

abandoned (about 9 yr) pineapple fields which were overgrown in varying

densities, with butterfly bush (BuddLeia asiatica), a bush growing to 1.8

or 2.1 m (6 or 7 ft) high. In more open areas, heavily matted natal redtop

(RhyncheZytrum repens) and wild bitter melon vine (Momordica charantia) pre

dominated. Remnant pineapple plants in evidence were very sparse and in

poor condition. Tattered remnants of black polyethylene sheets, used ori

ginally as a single-layer mulch for fumigation, weed, and evaporation con

trol between the rows of pineapple plants, were scattered on the surface

and partially mixed in the surface soil. The plastic, tattered into small

pieces, was highly weathered and degraded so that it can be safely regarded

as having no effect on infiltration.

SECOND STAGE. During the second stage, grubbing, the vegetative cover

is removed by initially bulldozing it into windrows and then loading it on

trucks for hauling and disposal. This leaves essentially bare ground.

There is no burning on site. Aside from the vegetation removed, less than

0.01 m (1/4 in.) of soil is skimmed in the grubbing operation. Therefore,

the soil surface is only slightly disturbed aside from the track marks of

the crawler tractors. These molded track marks are about 0.04 m (1-1/2 in.)

thick and constitute about 8% of the grubbed area. Since the track marks

disintegrate readily on wetting and since the compressed soil does not

adhere to the soil below, they do not act as a seal but allow water to seep

readily beneath them.
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THIRD STAGE. Following grubbing, earth moving equipment progressively

shapes the land toward its final urban configuration. In its final stages,

streets, sidewalks, and lots are readily discernible, although no paving or

building has taken place. In this report, this is called the "cut-and

shaped lot" phase.

Infiltration tests were performed on the lots as opposed to the streets

because the latter are paved and become impermeable.

As will be discussed later, this phase, although transitory, is the

most impermeable stage when considering only the permeable surfaces.

FOURTH STAGE. The final phase in urbanization is the paving of streets

and sidewalks and the building and occupancy of homes. Lawns and plantings

in the areas unoccupied by structures represent the new permanent cover of

the permeable surface. Lawns, by far the predominant vegetative cover, were

the infiltrative surface measured. For analysis, they were separated into

recreational and nonrecreational categories to determine whether recreation

al traffic made any differences in infiltration. Recreational use included

athletic fields, playgrounds, and golf courses while nonrecreational use

included horne and school yards, condominium cornmon areas, sidewalk areas,

and street medial strips.

Methods

Infiltration was measured at each stage of urbanization by using the

double ring infiltrometer method to measure the vertical flow rate described

by Burgy and Luthin (1956). This method consists of a nest of two concen

tric cylinders or rings partially inserted in the ground. The inner and

outer compartments formed by the rings are fed by two separate water

sources. Water entering the inner ring is measured and used to calculate

the infiltration rate whereas water applied to the outer compartment serves

as a buffer to inhibit or reduce lateral flow from the inner ring. The

water level in both compartments is kept at the same level to preclude any

differential head advantage. In actual practice, the inner ring water is

maintained at a given constant head, and the outer ring water level is

adjusted to match it.

The inner and outer rings were made of sheet steel, 0.61 m (24 in.) and

1.22 m (48 in.) in diameter, respectively, giving a 0.3 m (1 ft) wide buffer

completely surrounding the central core. Both rings were 0.15 m (6 in.)
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high.

The two rings were driven into the ground to seal the edge at the soil

surface. Since the tests are done with minimal soil disturbance, surface

preparation was nil except in the abandoned pineapple fields. There, the

surface vegetation was carefully cut without disturbing the roots or soil.

All dead ground litter was left undisturbed except directly beneath the

rings, which could not readily cut through the trash.

The inner ring was inserted by pounding with a sledge hammer on a

0.102 x 0.102 m (4 in. x 4 in.) wooden block placed on a 0.006 m (1/4 in.)

steel plate over the ring. Insertions in the range of 0.013 to 0.019 m

(1/2-3/4 in.) gave good seals whereas, attempts to attain the recommended

0.05 m (2 in.) depths resulted in excessive shattering and disturbance of

the surface soil.

The outer ring was sealed by tapping with the sledge hammer, and soil

banked on its exterior wall. Unlike the inner ring seal, some leakage is

permissible here because the water is not measured.

Water for the infiltrometer was carried in 0.21-m 3 (55-gal) drums stood

on end on a pickup truck. It was possible to carry up to 0.95 m3 (250 gal)

of water on the truck. All the drums were fitted with faucets near the

bottom allowing water hose connections, which fed into the rings. One drum

was used to feed, and thereby measure, only the inner ring. A clear plastic

tube connected at the bottom of this drum, and attached vertically on the

outside, served as a piezometer by which the water level inside could be

monitored. A paper strip affixed alongside the tube was used for recording

simultaneously the water level and elapsed time. Water levels in the rings

were continuously monitored by eye during the entire run and maintained

constantly at the initial level. All water used was of domestic quality.

At the start of an infiltration run, buckets of water were quickly

dumped simultaneously into both rings to flood them. Subsequently the

established water level was maintained by hoses attached to the water

barrels. In the case of the inner ring, water level and elapsed time were

recorded on the piezometer-fitted drum as discussed previously. The time

count was immediately started on flooding and water levels were recorded at

1, 2, 3, 5, 7, 10, 12, 15, 20, 20, 25, 30 min elapsed time and every 15 min

thereafter. Readings every 15 min allowed quick checks of constant flow

and provided multiple points for plotting the cumulative intake curves.
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Infiltration runs on the day following initial saturation were not

used in this study because of possible vandalism or loss of the infiltra

tion rings if left in place overnight.

Soil samples for both antecedent moisture content, bulk density deter

minations were taken at points within 1.52 m (5 ft) surrounding the ring so

as to reflect within-ring conditions without disturbing the soil in the

ring. Moisture determinations used standard oven drying procedures and

techniques. Bulk density was determined by standard cylinder and paraffin

methods, depending on the size and stability of soil aggregates. The cylin

der, measuring 0.05 m diameter x 0.03 m height was primarily used for loose

soils which required containment, while the paraffin method was used on

larger and more stable soil aggregates.

Field capacity was estimated by taking about a 2 £ (2.1 qt) soil sam

ple to the laboratory after each run, saturating it, and pouring it out on

an outside soil surface to drain freely overnight. Moisture samples were

taken the next morning, approximatley 16 hr later. Waiting 24 hr resulted

in excessive drying since the samples were small and therefore subject to

rapid evaporation, particularly under warm day temperatures.

Results and Discussion

The constant infiltration rate, or steady-state infiltration rate, KT,

is used as the parameter for infiltrative capacity and is obtained from the

infiltration data. After initiating a run, infiltration generally decreases

gradually until a stage is reached when the rate becomes constant. Plotting

the cumulative water infiltrated vs. cumulative time during this constant

stage, results in a straight line. From the slope of this straight line

the value of KT is determined. Figure 2 illustrates the determination of

KT·
The study consisted of 70 infiltration runs of which 60 yielded usable

data. This included 11 each on abandoned pineapple land, grubbed areas, and

cut-and-shaped lots. Nonrecreational and recreational lawns had 18 and 9

runs, respectively. Tables 1 to 5 list and describe each run grouped by

treatment units. Student's t-test of significant differences between treat

ment units were made and will be discussed later.
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FIGURE 2. DETERMINATION OF CONSTANT INFILTRATION RATE, KT,
FROM MEASURED INFILTRATION DATA

COMPARISON OF INFILTRATION TREATMENTS. The highest infiltration occurs

under the original, abandoned pineapple field condition; after grubbing it

decreases 58%. The rate is reduced 93%, to its lowest level, when lots are

cut and shaped. After lawns are established, infiltration recovers slight

ly to 85% and 80% of the pineapple rate for nonreereational and recreational

lawns, respectively. This 5% difference between them is insignificant.

Specifically, the mean constant infiltration rate KT , for the four

stages given in Tables 1 to 5 is: abandoned pineapple field 0.298 em/min

(7.03 in./hr), after grubbing 0.126 cm/min (2.98 in./hr), cut-and-shaped

lots 0.022 em/min (0.51 in./hr), nonrecreational lawns 0.045 em/min

(1.062 in./hr), and recreational lawns 0.060 em/min (1.42 in./hr). The mean

for all lawns is 0.05 em/min (1.18 in./hr).



TABLE 1. ABANDONED PINEAPPLE FIELD, MEASURED CONSTANT INFILTRATION RATE, KT,
AND OTHER SOIL PROPERTIES, MILILANI TOWN, OIAHU, HAWAI'I

ELAPSED BULK DENSITY FIELD IN ITiAL CONSTANT INFIL- S.D. FROM
TEST DATE LAND TIME Ring Paraffin CAPACITY SOIL TRATION RATE KT MEAN h*

NO. Cover/Use MOISTURE KT KT (KT±s)
(mi n) --- (g/em 3

) --- ----(% by wt.)---- (i n./hr) (em/min) (cm/mi n) (cm)

9, lOt 1/15/75 Scrub 102 -- -- -- 32.04 12.0 0.508 0.96
brush &
grass

11 1/16/75 II 50 -- -- -- 28.14 10.0 0.423 0.58

12 1/16/75 II 50 -- -- -- 28.86 13.2 0.559 1.20

22,23 6/18/75 II 139 1. 01 1. 56 36.06 21.85 4.14 o. 175 0.20 24.9

24 6/20/75 II 180 1. 16 1. 52 29.02 21.48 2.52 0.107 0.56 122

25, 26 6/24/75 II 185 -- I. 56 31.09 21.67 4.86 0.206 0.42 6.4

38 7/31/75 II 61 1. 19 1. 39 33.36 20.88 16.56 0.701 1.85 150

59,60 8/10/76 II 48 -- I. 34 31. 4] 21.55 6.24 0.264 O. 16

62 8/12/76 II 175 -- I. 39 32.11 25.05 0.13 0.006 1. 34

64,65t 8/17/76 II 270 -- I. 34 30.23 24.37 4.87 0.206 0.42 17.8

66,67t 8/18/76 II 266 -- I. 43 30.13 23.86 2.88 0.122 0.67 1.3

MEAN 1. 12 1. 44 31.68 7.03 0.298

STANDARD DEVIATION 5. 16 0.218

*Tota1 hydraulic potential head.
tRuns combined, see text.
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TABLE 2. GRUBBED LAND, MEASURED CONSTANT INFILTRATION RATE, KT,
AND OTHER SOIL PROPERTIES, MILILANI TOWN, O'AHU, HAWAI' I

ELAPSED BULK DENS ITV FIELD INITIAL CONSTANT INFIL- S.D. FROM
TEST LAND SOIL TRATION RATE KT MEAN h"k

DATE TIME Ring Paraffin CAPACITYNO. Cover/Use MOISTURE KT KT (KT±s)
(min) --- (g/cm 3

) --- ----(% by wt.)---- (in./hr) (em/mi n) (em/min) (em)

1, 2t 12/30/74 Ba re 209 -- -- -- -- 4.20 0.178 0.41

3 01/02/75 Bare 90 -- -- -- 23.46 0.40 0.017 0.79

4 01/02/75 Bare 120 -- -- -- 19.05 1. 86 0.079 0.33

21 05/30/75 Bare 120 -- -- -- 14.38 0.25 0.011 0.85

30 07/07/75 Bare 135 1. 18 1. 50 28.06 19.06 11.40 0.483 2.71 0.19

31, 32t 07/08/75 Bare 284 1. 19 1. 57 32.41 16.32 4.80 0.203 0.35 0.086

37 07/31/75 Ba re 90 1. 11 1. 49 33.36 18.83 0.86 0.036 0.65 0.079

61 08/11/76 Bare 300 -- I. 35 32.55 24.89 2.65 O. 112 0.08 0.584

63 08/16/76 Bare 255 -- I. 39 32.39 23.89 2.15 0.091 0.24 0.457

68 08/27/76 Bare 285 -- I. 44 31.18 22.17 2.86 O. 121 0.01 0.457

69 08/30/76 Bare 300 -- I. 43 33.88 20.84 1. 30 0.055 0.51 0.559

MEAN 1. 16 1. 45 2.98 0.126

STANDARD DEVIATION 3.15 0.133

*Total hydraulic potential head.
tRuns combined, see text.
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TABLE 3. CUT-AND-SHAPED LOTS, MEASURED CONSTANT INFILTRATION RATE, K'l"
AND OTHER SOIL PROPERTIES, MILILANI TOWN, O'AHU, HAWAII'

ELAPSED BULK DENSITY FI ELD INITIAL CONSTANT INFIL- S.D. FROM
TEST DATE LAND TIME Ring Paraffin CAPACITY SOIL TRATION RATE KT MEAN h*

NO. Cover/Use MOISTURE KT KT (KT±s)
(min) --- (g/em 3

) --- -----(% by wt}----- (in./hr) (cm/mi n) (em/min) (em)

5 01/06/75 Bare 75 -- -- -- 24.73 0.0 0.0 1.23

6 01/06175 Bare 110 -- -- -- 24.05 0.37 0.016 0.35

7 0f/09175 Bare 120 -- -- -- 29.71 0.14 0.006 0.88

8 01/09175 Bare 90 -- -- -- 31.12 0.0 0.0 1. 23

27 07/01175 Bare 210 1. 16 1.47 31.99 20.48 0.30 0.013 0.47 0.251

28 07/02175 Bare 300 1. 25 1. 47 36.67 24.82 0.93 0.039 1.06 O. 114

41 12/29175 Bare 255 -- I. 51 34.20 24.10 0.52 0.022 0.06 0.229

42 01/05176 Bare 255 -- I. 40 32.06 22.53 0.72 0.030 0.53 0.432

70 08/31176 Bare 300 -- I. 59 28.37 19.73 l. 18 0.05 1.71 0.924

71 09/02/76 Bare 285 -- I. 41 32.98 18.35 1.02 0.043 1.29 0.434

72 09/03/76 Bare 300 -- I. 47 35.70 19.87 0.41 0.017 0.35 0.104

MEAN 1. 21 1.47 33.27 0.51 0.022

STANDARD DEVIATION 0.41 0.017

*Total hydraulic potential head.

.....
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TABLE 4. NONRECREATIONAL LAWNS MEASURED CONST~NT INFILTRATION RATE, KT'
......
~

AND OTHER SOIL PROPERTIES, MI LI LAN I TOWN, O'AHU, HAWAII I
-

ELAPSED F: ELD
INITIAL CONSTANT INFIL- S. D. FROM

TEST LAND BULK DENSITY
KT MEAN h*DflTE TIME Ring Paraffin CAPACITY MO~~~~RE TRATION RATE

NO. Cover/Use KT XT (KT±S)
(min) ---(g/cm J

)--- ---(% by wt.)--- (i n ./h r) (em/min) (cm/mi n) (cm)

13 05/01175 Residence 60 1..08 -- -- 24.02 0.40 0.017 0.43
14 05/01175 Residence 60 1. 08 -- -- 24.88 0.60 0.025 0.31
15 05114/75 Townhouse 120 -- -- -- 33.91 2.27 0.096 0.78
16 05/'2.0175 Townhouse 90 1. 0I -- -- 32.91 0.07 0.003 0.65
17 OS/28175 Sidewalk

Area 120 1. II -- -- 32.58 0.37 0.016 0.45
18 OS/29175 School

Yard 135 1. 13 -- -- 28.15 0.48 0.020 0.38
19 OS/29175 School

Yard 105 1. 23 -- -- 17.62 0.92 0.039 0.09
20 05130175 Sidewalk

Area 120 1.06 -- -- 34.98 0.45 0.019 0.40
33 & 34t 07/09175 School

Yard 240 1. 17 -- -- 23.06 6.0 0.254 3.21 0.17
35 07/10175 Res i derxe 300 1. 08 -- -- 22.38 0.48 0.020 0.38
44 01/29176 Lawn 225 1. 12 -- 35.03 33.92 0.07 0.003 0.65 1. 83
47 06/08176 Medial

Strip 300 1. 32 -- 31.96 27.02 0.73 0.031 0.22 0.058
49 06/10/76 Sidewalk

Area 285 1.23 -- 35.93 32.04 0.13 0.006 0.62 0.064
53 07/12/76 Schoolt

Yard 285 1. 23 -- 26.49 22.99 2.77 0.117 1. 11
54 04/13176 Schoolt

Yard 315 1. 30 -- 29.80 24.30 3.0 0.127 1. 26 0.178
55 07115176 Townhouse 285 1. 29 -- 35.08 34.00 0.0 0.0 0.0
56 07116176 Sidewalk

Area 300 1. 23 -- 33.81 25.74 0.08 0.003 0.65 2.16
58 07/23176 Sidewalk

Area 240 1. 10 -- 37.72 36.77 0.29 0.012 0.51 5.33

MEAN 1.16 33.23 1.06 0.045
STANDARD DEVIATION 1. 54 0.065

*Total hydraulic potential head.
tRuns combined, see text.
tSingle-fami Iy houses being used for school.



TABLE 5. RECREATIONAL LAWNS, MEASURED CONSTANT INFILTRATION RATE, KT,
AND OTHER SOIL PROPERTIES, MILILANI TOWN, O'AHU, HAWAI'I

ELAPSED BULK DENSITY FIELD INIT IAL CONSTANT INFll- S.D. FROM
TEST DATE LAND TIME Ring Paraffin CAPACITY SOil TRATI ON RATE MEAN h*

NO. Cover/Use MOISTURE KT KT (KT±S)
(mi n) --- (g/em 3

)--- ----(% by wt.)---- ( in./hr) (em/min) (cm/m in) (cm)

36 07/16/75 Golf
Course 225 1. 18 -- 30.50 21.20 0.76 0.032 0.37

39 08/01/75 Golf
Course 255 1. 16 1. 55 33.96 20.73 4.10 0.174 1. 51

43 01/27/76 Swimming
pool 270 1. 35 -- 31 .47 26.79 0.19 0.008 0.69

45 02/03/76 Recreation 240 1.24 -- 39.21 33.02 0.17 0.007 0.71

46 02/24/76 Athletic
field 240 1. 31 -- -- 25.39 4.90 0.207 1 .96

48 06/09/76 Baseba 11
field 300 1 .23 -- 29.86 24.23 0.69 0.029 0.41

50 06/2 /76 Baseba 11
field 285 1 .24 -- 33.77 24.92 0.82 0.035 0.33

51 06/22/76 Baseba 11
field 300 1 .31 -- 35.41 22.40 0.80 0.034 0.35

52 06/23/76 Basebal I
diamond 300 1 .24 -- 32.39 22.66 0.38 0.016 0.59

MEAN 1 .25 33.32 1. 42 0.060

STANDARD DEVIATION 1.77 0.075

*Total hydraulic potential head.

I-'
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Correlation of reduced infiltration rate to higher bulk density aris

ing from compaction has not been attempted. While it is simple to attrib

ute decreased infiltration rate to compaction, its determination is much

more difficult. This is because a compacted layer at any depth within the

wetting zone can reduce infiltration rate. That is to say, the permeability

within a soil is only as fast as the most impermeable segment. This per

meability, when reflected at the soil surface, could manifest itself as the

rate of infiltration. Therefore, when measuring compaction, there is no

certainty that the sampled depth is the most limiting one unless inordinate

ly large numbers of samples are taken at varying depths. Usually only the

surface is sampled, which mayor may not be the most highly compacted and

consequently the most impermeable. Another difficulty arises in explaining

why there is a significant reduction upon initial grubbing when not much

compaction has taken place and only the surface has been slightly scraped.

It should be noted that tests on abandoned pineapple and grubbed

stages represent infiltration characteristics of the "original" profile,

which is largely obliterated in the subsequent earth moving. So much cut

ting and filling takes place during urbanization that the landscape is

almost entirely transformed bearing no resemblance to its original slopes

and contours.

Each treatment is discussed below.

Abandoned Pineapple Lands. The abandoned pineapple field had the high

est infiltration rate, a mean of 0.298 cm/min (7.03 in./hr) and a standard

deviation of 0.218 cm/min (5.16 in./hr). There was considerable variability

with a high of 0.701 cm/min (16.56 in./hr) and a low of 0.006 em/min (0.132 in./

hr). The soil surface appeared open and porous in the field. It seems

likely that during the 9-yr. abandonment, natural elements such as weather

ing, root penetration, and alternate wetting and drying induced considerable

changes in the surface soil structure which favored water conducting charac

teristics. However, the high infiltration rates recorded may have been

caused by lateral flow. As will be discussed in a later section, Run 38 was

immediately excavated after its completion. This showed extensive lateral

flow. It is uncertain whether or not the outer ring flow was able to con

tain the inner ring flow.

Under these high infiltration circumstances, it was difficult to have

long runs because the rapid infiltration quickly expended the 0.95 m3
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(250 gal) water supply. On one run, No. 59, initial infiltration was so

rapid that the water level could not be maintained at the level set in the

initial flooding. No data were gathered, but the ring site was reused for

Run 60.

In these instances of very rapid water depletion, the rings were left

in place, and a second run was made following immediate replenishment of

the water supply. Constant infiltration rate was usually attained during

the second phase. For analysis purposes the two runs were combined to make

one although the original data were $eparately maintained.

It is undesirable to eliminate runs purely on the basis of short

elapsed time because then the faster infiltration rates which may skew the

data are being discarded.

All sampling sites were in formerly planted areas; that is, not in

field roads which can amount to 10% of a pineapple field.

Grubbed Areas. The grubbed area had a mean constant infiltration rate

of 0.126 em/min (2.98 in./hr) and standard deviation of 0.133 em/min

(3.15 in./hr). Run 30 with KT of 0.483 em/min (11.4 in./hr), was consid

erably larger than the other values and accounts for a considerable portion

of the variation.

Because soil conditions were similar to the abandoned pineapple fields,

some of the infiltration was so fast that reruns were done on the same set

ting immediately after replenishing the water supply. Here the slower rates

are not necessarily those with the longest elapsed run time.

CUT-AND-SHAPED lOTS. Cut-and-shaped lots had the lowest infiltration

rate. In fact, in Runs 5 and 8, no water was added after the initial flood

ing. The tests were ended after 75 and 90 min, respectively, because there

was very little likelihood that any significant amounts of water would

enter if left for a longer period. The mean infiltration rate is 0.022 cm/

min (0.51 in./hr), on almost six-fold reduction from the grubbed stage.

Standard deviation is 0.017 em/min (0.41 in./hr).

Both cut-and-shaped lots and lawns had consistently longer elapsed

time of run because their slow infiltration did not deplete the available

water supply. Also, appreciable lateral flow is almost entirely ruled out

by the small amount of water consumed.

Although the bulk densities do not show it, this stage is probably the

most highly compacted because it must have the bearing capacity for support-
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ing houses. Later, with lawns established, the surface soil will be looser

although it is doubtful that the subsoil will be altered. This is because

the soil was compacted as it was put in place.

Lawn Areas. Tables 4 and 5 show data for nonrecreational and recrea

tional lawns. The infiltration means are 0.045 em/min (1.06 in./hr) for

nonrecreational lawns and 0.060 em/min (1.42 in./hr). There are no signifi

cant statistical differences between them; therefore, they will be discussed

together. In both cases, however, the standard deviation is larger than the

mean.

None of the previous land conditions were irrigated. Lawns, however,

are irrigated, a factor contributing to greater possible variation in ini

tial moisture content. There are a number of runs in which initial mois

ture was near field capacity and one where initial moisture exceeded field

capacity. The latter was Run 36 at the Mililani Golf Course which had been

irrigated during the night preceding the experiment.

Since lawns have a higher infiltration rate than lots, it may seem

plausible that, with time, the rate will continue to rise. This seems un

likely because the deep subgrade is compacted, making it extremely diffi

cult for roots to penetrate and open up the soil.

Obtaining soil samples for the various tests was difficult because the

sampling procedure is destructive to the lawn. This was particularly true

in well-manicured lawns.

TEST OF SIGNIFICANCE. To test the significance of differences between

treatments, t-tests were used. Table 6 shows the probability of error, the

means, and the t-coefficient. The test was performed on normally distrib

uted populations. Other investigators (Mason, Lutz, and Peterson 1957;

Nielson, Beggar, and Erh 1973) have found that hydraulic conductivity is

log normall distributed. In this instance, however, the steady state in

filtration data were found to be normally distributed. As an example, Fig

ure 3 compares the normal and log normal plots of the grubbed treatment

data. Normal distribution shows the best linearity. In the remaining

treatments, in every case normal distribution showed better linearity than

log normal, although not all as definitive as this example.

The infiltration rate of abandoned pineapple fields is significantly

reduced «5% probability of error) from 0.298 em/min (7/03 in./hr) initially

to 0.126 em/min (2.98 in./hr) after grubbing. This indicates that grubbing
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TABLE 6. t-TEST COMPARING TREATMENTS WITH PERCENT PROBABILITY OF ERROR

TREATMENTS

Abandoned After Cut-and- Nonrecre- Recre-

Pineapple Grubbing Shaped ational ational
Lots Lawns Lawns

Abandoned
Pineapple or = 7.03 <5% <0.1% <0. 1% <1%

After
Grubbing t = 2.23 x = 2.98 <2.5% <5% <20%

Cut-and-
Shaped Lots t = 4.18 t = 2.58 x = 0.51 <40% <20%

Nonrecreational
Lawns t = 4.63 t = 2.20 t = 1. 16 x = 1.06 <50%
Recreational
Lawns t = 3.10 t = 1. 32 t = 1.67 t = 0.54 x = 1.42

NOTE: t = t-test coefficient
% = Percent probability of error
x = Treatment mean in in./hr.
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reduced the infiltration rate about 42% while also removing the protective

vegetative cover. The difference between pineapple and the remaining treat

ments are highly significant «1% probability). Specifically, these differ

ences are <0.1% for cut-and-shaped lots, <0.1% for nonrecreational lawns,

and <1% for recreational lawns.

Similarly, grubbed land was significantly different from both cut-and

shaped lots «2.5% probability) and nonrecreational lawns «5%). There was,

however, no significant difference between grubbed and recreational lawns

«20% probability).

Cut-and-shaped lots are significantly or highly significantly different

from other treatments except for nonrecreational lawns «40% probability)

and recreational lawns «30% probability). Lots are, therefore, not signi

ficantly different from lawns.

Also, there is no difference between lawns, there being a <50% proba

bility of error.

VERIFICATION OF MEASURED INFILTRATION DATA WITH GREEN-AMPT INFILTRA

TION EQUATION. This section verifies the measured experimental data with

the Green-Arnpt formula. Listed in the last column of Tables 1 to 4 are the

computed values of the total potential head, h, as expressed in the Green

funpt infiltration equation (1911):

(1)

In equation (1),

d = cumulative infiltration depth

As apparent specific gravity of soil = bulk density

w = % net increase of soil moisture = field capacity minus initial
soil moisture

KT = constant infiltration rate (final hydraulic conductivity of the
soil column)

t = infiltration flow time

h total hydraulic potential head of the soil column

ho + he = hydrostatic head on the soil column plus capillary
potential head in wetting front.

According to equation (1), the infiltration flow is assumed to be one

dimensional, and the soil column is homogeneous. As shown in Figure 2,
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d, t, As, ~ are measured and KT is evaluated from the plotted infiltration

curve with KT = ~/~t. Therefore, values of h in equation (1) can be com

puted because h is the only unknown in the equation. Table 7 shows an exam

ple of h values computed from measured infiltration data by using the Green

Ampt infiltration equation. Examination of the h values in Table 7 shows

TABLE 7. TOTAL HYDRAULIC POTENTIAL HEAD, h, FROM MEASURED
INFILTRATION DATA, TEST 38 USING THE GREEN-AMPT
INFILTRATION EQUATION

d

em)

t

(mi n)

As Field Initial
Capacity Soil H20
------- (%) -------

KT
(em/min)

h

(m)

0.239

0.386

0.493

0.579

0.658

0.732

10

20

30

40

50

61

1. 39

1. 39

1. 39

1. 39

1. 39

1. 39

33.36 20.88

33.36 20.88

33.36 20.88

33.36 20.88

33.36 20.88

33.36 20.88

0.701

0.701

0.701

0.701

0.701

0.701

1.47

1.66

1.59

1.44

1.27

.!..:..!l.
h = 1. 43

NOTE: d = cumulative infiltration depth
t = infiltration flow time

As = bulk density
KT = constant infiltration rate

h = total hydraulic potential head of soil column.

that all the h values remain fairly constant except the last one which is

significantly lower than the mean by 21%. Since equation (1) is developed

for one-dimensional infiltration into homogeneous soils, any soil profile

deviating from homogeneous soil is not expected to have a constant KT and h.
The computed h values will definitely show variations.

As reported earlier by Ekern (Lau et al. 1972) and Ahuja, E1-Swaify,

and Rahman (1976), conventional tillage operation on the Wahiawa soil can

form a compacted layer. This may cause lateral water movement. During

this infiltration study, the authors dug out the soil profile immediately

after completion of infiltration Test Run 38. The wetted soil profile pat

tern which was observed is shown in Figure 4. It is evident that the first

0.31 m (12 in.) of the soil profile represents the cultivated layer; the

lateral infiltration flow started just beneath this layer. This observed
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INNER OUTER
RING RING

SOIL SURFACE (Natural Vegetation, Abandoned Pineapple Field)

Dug down 0.467 m (2.5 It)
and found soil was still wet

,• • I 10.305 m 1
I
, 0.305m I (12;n.) DRY SOIL 046m

( 2 · ) L lI8 in.)
I

I ,n. -___ !---------: -------------,
I WET SOIL I
I • 1372 m I
I (54 in.) I

FIGURE 4. WAHIAWA SERIES SOIL PROFILE WETTED PATTERN IMMEDIATELY AFTER
INFILTRATION, RUN 38, 31 JULY 1975, MILILANI TOWN, O'AHU, HAWAIII

infiltration phenomenon appears to be characteristic of the cultivated

Wahiawa soils; the physical theory for one-dimensional infiltration into

layered soils, presented by Fok (1970), may provide some insight into

infiltration into cultivated, layered soils. However, the theory of two

dimensional infiltration into layered soils, showing the observed infiltra

tion characteristics of the cultivated Wahiawa soils, remains to be devel

oped. Since the Green-Ampt infiltration equation Ceq. [1]) is valid for

most measured infiltration data, no modifications were made to data shown

in Tables 1 to S. In fact, no matter what values of KT are obtained, if a

consistent method is employed to get all the KT values, it would provide

the couTarison to show the impact of different stages of urbanization.

This lateral flow problem associated with ring infiltrometers is well

known. However, the authors are unaware of any alternative methods which

have the ease, simplicity, and low cost of double-ring infiltrometers.

Rainulators, which most closely simulate natural rainfall, are prohibitively

cOmplex and expensive for most purposes.

In Tables I to 5 no attempt is made to obtain the averaged value of

the total hydraulic potential head, h, because all the values of h were

computed from other data obtained either from field measurements or eval

uated from field data and based upon the validity of equation (1). In other

words, the experimental errors and the assumed uniformity of the soil pro

files would contribute gre~ter variations to h values and thus render mean

ingles? an averaged h.

SO I L WATER STORAGE AND PERCOLAT I ON OPPORTUN ITY T I ME. While this report

cannot fully verify its validity, an alternative possibility has evolved to
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explain the apparent change in infiltration rate as an area becomes urban

ized. That is, the water storage capacity of the surface soil may be

altered as the land undergoes urbanization rather than a change occurring

in infiltrative capacity per se.

An illustration using the sequence of urbanization will help clarify

the idea. The loose and porous surface soil of the preurban, abandoned

]lineapple field has a high infiltration/permeability rate and a high water

storage capacity while the mQre compact subsoil probably governs the rate

of deep percolation. The cut-and-shaped lot stage is analogous to this

subsoil, only with the loose surface soil removed. This means that the

overall water transmissibility of the soil has not changed appreciably.

Total water percolated is reduced, however, because runoff occurs sooner

due to the lack of temporary storage capacity of the loose overburden. Sub

sequent establishment of lawns restores some of this storage capacity as

manifested in the higher infiltration rate as compared to cut-and-shaped

lots.

The important concept about storage capacity is that water is held

from running off, thereby extending the time available for deep percolation.

The temporary storage in essence extends the infiltration/percolation oppor

tunity time.

The experimental data are presently inconclusive. Comparison of Tables

1 to 4 shows a positive relationship between cylinder bulk density and in

filtration rate, indicating that, as urbanization progresses, surface den

sities and infiltration rate follow the predicted sequence. However, recre

ational lawns (Table S) are contradictory because then bulk density (1.25

g/cm 3
) is comparable to cut-and-shaped lots (1.21 g/cm 3

), but the infiltra

tion rate is higher (3.6 cm/hr lawns vs. 1.26 cm/hr lots).

The 0.022 cm/min (0.51 in./hr) constant infiltration rate for cut-and

shaped lots is slightly less than Rotert's (1977) double tube saturated

hydraulic conductivities for Wahiawa subsoil in the Poamoho area (range

1.60-1.75 cm/hr) and substantially less than that of a Waipi'o area sample

(range 2.70-8.20 cm/hr) on the same soil. Evidently there is a consider

able range in values.

It is impossible to predict with certainty whether or not the soils

under lawn cover will attain the storage capacity of preurban soil. Trouse

and Humpert (1961) found in their study of machinery-induced compaction of
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sugarcane fields that highly compacted soil cores buried in growing sugar

cane fields were reclaimed intact after two years on Lahaina soils, a close

relative of Wahiawa soils.

CONCLUSION. Based on experimental observations, it appears that

urbanization of abandoned pineapple land in Mililani Town may reduce the

constant infiltration rate of the soil surface by as much as 83%. This

reduction is from 0.298 em/min (7.03 in./hr) under pineapple to 0.050 em/min

(1.18 in./hr) for combined nonrecreational and recreational lawns. The 83%

should be used cautiously, however, because lateral flow may account for

some of the high infiltration of abandoned pineapple lands.

DIFFERENTIATION OF PERMEABLE AND IMPERMEABLE URBAN SURFACES
Purpose

Basic to the determination of urbanization's effect on infiltration

is the differentiation and measurement of permeable and impermeable sur

faces of the urban landscape. This differentiation, expressed as percen

tages, varies by use such as resident ial, apartment, commercial, industrial,

and also by lot size with smaller lots generally having a higher percentage

of impermeable surfaces. In this report, primary emphasis was placed on

residential use, particularly in Mililani Town. Also included were areas

consisting of older single-family residences (Kaimuki), and single-family

residences in transition to low and medium density apartments (McCully),

as well as areas of light industrial (Kaka'ako) and commercial use

(Ke' eaumoku) .

Impermeable surfaces are man-made structures, primarily buildings and

pavement, which essentially seal the soil surface and severely restrict

water infiltration.

Methods

The primary tool for differentiating permeable and impermeable sur

faces is aerial photography. AdvantageOUSly, aerial photography provides

an accurate map (especially on flat ground) of ground features, their size

and location. Furthermore, hidden areas, such as backyards, can be observed
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without disturbing the residents. ~1e of its disadvantages is that large

trees can hide the soil surface. However, in a relatively new subdivision,

such as Mililani Town, trees have not grown very large.

In this study, representative sampling areas were selected; then dif

ferentiation between permeable/impermeable surfaces was made in minute de

tail. This is in contrast to other methodologies in which general propor

tions are estimated for a large area, usually by some form of statistical

apparatus.

MILILANI TOWN. The basic procedure for differentiating pervious and

impervious surfaces in Mililani Town was as follows:

1. Large scale (large image) aerial photographs were purchased from

commercial sources. Over these, stable translucent plastic draft

ing film was laid and taped securely in place. Three types of

surfaces were then drawn on the plastic film, and labeled as

buildings, pavement, or pervious surfaces, the latter encompassing

lawns and planted areas. Subsequently, the photographs and film

overlays were taken in the field for on-site checking, particularly

of questionable surface imagery. With the completion of field

checking and corrections, the drafting phase was completed.

2. During the area measurement phase the plastic sheets were separated

from the photographs and the drawings Xeroxed at 1:1 scale. The

Xeroxed sheets became the working copy, leaving the plastic sheet

as an unadulterated record available for further copying. The

Xerox sheets were collated to form a mosaic map, and the three

surface covers were differentiated by color, somewhat analogous to

coloring a picture by number. This coloring process separated

each type of cover in the subsequent process of cutting, then

pasting together similarly colored surfaces on graph paper to ob

tain square inches of each. Without coloring, it is extremely

difficult to identify each piece because many are very small.

Coloring also serves to identify any areas lacking a surface code,

so that all areas are classified.

Pasting was done on graph paper 10 x 10 to the inch to facili

tate subsequent area measurements and computations. Pieces of

designated surfaces were fitted together as precisely as possible

without gaps or overlaps.
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Conversion of square inches to acres was accomplished in the following

manner:

1. Determination of the scale of the photograph. Scale is defined as

the number of units on the map (photo) divided by the number of

units on the ground, where both numerator and denominator are in

similar units whether inches, feet, centimeter, meters. This is

accomplished by measuring the distance between two points on the

photo, say 1.55 in. for the numerator, and measuring the distance

between the same two points on the ground for the denominator.

Alternatively, the denominator can be derived by measuring the

distance between two points similar to that used on the numerator,

only now on a controlled map such as a U.S. Geological Survey

quadrangle or engineering drawings. Intersections of roads are

frequently used for this purpose. This measured distance, say

2.35 inches, times the denominator of the controlled map scale,

e.g., 1/24,000, yields ground distance: 2.35 in. x 24,000 = 56,400

in. ground distance.

Returning to the original equation for determining the unknown

cale of the photograph:

no. of units on the map (photo)
no. of uni ts on tile ground

Substituting

Scale = 1.55 in. on the photo
56,400 in. on the ground

which is conventionally expressed with "1" as the numerator, and

derived as follows:

1. 55
56,400

1
= X

1.55 X = 56,400

X = 36,387 rounded to 36,400

The photo scale is S = 36 ~oo expressed as a representative,

fraction (r.f.).

2. Calculation of the factor for converting square inches of map to

acres.

. 2 (scale) 2
Acres/ln. = 43 560 • 144,
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Substituting

Acres/in. 2 =

No. of acres/in. 2 =

(36,400)2
43,560 • 144

211.229 x no. of in.2

Engineering drawings generally use scales of feet on the ground per

inch on the map, for example 50 ft/in. which is 1:600.

The desirable photo scale for differentiating and measuring pervious

and impervious urban surfaces, is about 1 in. = 100 ft (1:1200). This is

on SX enlargements; therefore, the contact print scale is 1/240. The selec

tion of a proper scale is influenced by two factors: the clarity of imagery

sufficient to identify and differentiate pavement, buildings, and pervious

surfaces, and having large enough space on the photo for breaking out a

segment of ground surface. Generally, differentiating the three surfaces

presents very few problems, particularly if stereoscopic coverage is avail

able.

HONOLULU. In addition to the Mililani photographs, which were black

and white, recent (11 June 1974) color photographs (prints) were available

for parts of Honolulu, Hawai'i. The flight followed a proposed route for

an urban mass transit system and showed a variety of urban land uses, both

old and new. While the scale (ca. 1/31,000) was smaller than desired, the

color permitted identification of surface features which could only be

guessed at JI1 black and white. This desirability of color photograph

clarity greatly compensated for the reduced scale.

The methodology for this aspect of the study differed slightly from

the Mililani portion because in Mililani land use was very clear-cut as

either single-family residential or town houses, with very little commercial

area and virtually nothing else. In Honolulu, however, there is a mixture

of land uses in any given area, and each land use has a different permeable/

impermeable characteristic (according to its need). For example, commercial

areas pave all the possible space to provide maximum parking, whereas resi

dences do not have as great a need and therefore retain permeable yards.

The procedure was as follows:

1. Color aerial photographs of the study area were obtained.

2. On a clear plastic overlay taped over the photograph, permeable and

impermeable surfaces were delineated. Buildings and pavement were

not separated because of the drafting difficulty at this scale.
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3. The overlay and photo were Xeroxed together. On this copy the

various land uses as determined from land use maps were identified,

delineated, and color coded: empty lots, single-family lots, two

house lots, apartments, commercial, industrial, public facility

(such as fire stations), quasi-public (such as private schools),

parking, and parks.

4. The permeable/impermeable area of each land use was determined by

cutting and pasting the same color-coded pieces onto grid paper.

(The totals for each area were obtained by adding the number of

squares covered.)

The compilation of this material is shown in Tables 8 and 9.

Results and Discussion

The presentation below is categorized by location, i.e., Mililani Town

and Honolulu. Mililani Town is emphasized because it is the area of primary

concern. The Honolulu data involved a wider range of urban land uses in

addition to using color aerial photographs at a smaller scale.

MILILANI TOWN. The Mililani Town measurements were made on black and

white 1/1200 (1 in. = 100 ft) scale enlargements. Table 8 shows the data

for two each of single-family residence and town house areas that were sam

pled. Both residences and town houses show considerable uniformity within

their particular use. For example, residences show 41% and 43% in lawn/

planting, 29% and 30% in buildings, and both residence samples have 28% in

pavement. Town houses show similar consistency.

In Table 8 the two residences and two town houses were combined to give

overall percentages. Comparing lawns (which include all permeable sur

faces), residences have 42% and town houses have 36%, a difference of 6%.

Impermeable surfaces are conversely higher for town houses at 64% than for

residences with 57%. Town houses have less area in buildings than resi

dences, 23% to 29%, respectively, but this is more than compensated by

pavement which amounts to 41% as compared to 28% in residences. This dif

ference is attributable to interior roads and parking spaces within the

town house complexes. It is somewhat surprising that town houses have more

impermeable surfaces than single-family residences, because the former are

purported to provide more open space. This it does because building area

is less than in residences; but, some of that extra open space is paved for
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TABLE 8. MILILANI TOWN PERMEABLE/IMPERMEABLE SURFACES

Use

Single-Fami ly
Residence "A'I

Single-Fami ly
Residence "B'I

Town House "A"

Town House "B"

Combined
Single-Fami Iy
Res i dence "A"

Combined
Town Houses
"A" and "B"

Surface

Lawn

Building

Pavement

Total

Lawn

Building

Pavement

Total

Lawn'-'

Building

Pavement

Total

Lawn'-'

Building

Pavement

Total

Lawn'-'

Building

Pavement

Total

Lawn'~

Building

Pavement

Total

Area
(acre)

7.97
5.89
5.52

19.38

12.92

8.57
8.52

30.01

3.52

2.47

3.91

9.90

4.03

2.38

4.62

11.03

20.89

14.46

14.04

49.39

7.55

4.85

8.53

20.93

%of
Total

41

~
99t

43

~:}
100

36

25t

~
100

36

22}
42

100

42

29}
28

99t

36

~~}
100

Total %
Impermeable

58

57

64

64

57

64

NOTE: Acre x 4 047 = m2 .

*Includes all permeable surfaces.
tDoes not total 100% due to rounding.

parking and roads.

In this study, the detailed differentiation of surface types for

Single-Family Residence "A" provided essential data for the modeling of the

subwatershed described in Changes in Rainfall-Runoff Relationship.
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TABLE 9. SAMPLE URBAN LAND USE AND COVER
IN DISTRICTS, HONOLULU, HAWAII!

URBAN LAND USE LAND USE AS % PERCENTAGE ·WITHIN EACH LAND USE
OF TOTAL LAND* Impervious Pervious

01 der Residential District (KaimukT, Honolulu)

Empty Lot <I 0

Single Fami Iy 82 56
Apartment I 100
Commercial 5 98
Industrial <I 51
Pub 1 i c 9 76
Quasi-Publ ic 1 14

Light Industrial and Commercial (Kaka'ako, Honolulu)

Empty Lot 2 0
Single Fami Iy I 93
Commercial 32 98
Industrial 65 97

Transition from Single-Family Residence to Apartment
(McCully-Kapilolani, Honolulu)

Empty Lot 6 80

Sing Ie Fam i Iy 14 80

Two-House Lot 6 85

Apartment 42 90

Commercial 3 97

Publ ic Facil ity I 73
Quasi-Publ ic 9 43
Parking 4 92

Park 17 I

100

44
o

<I

49
24
86

100

7
2

3

20

20

IS

10

3
27
57

8

99
Transition from Older Urban-Harbor Faci 1ity to Low Cost Housing
and Modern Harbor (Palama, Honolulu)

Empty Lot

Single Family

Two-House Lot

Apartment

Commercial

Industrial

Publ ic Faci I ity

Pa rk

5
<I

<1

37
19

19
8

13

74
100

100

69

97
98

90

47

26
o
o

31

3
2

10

53

*Totals may not equal 100% because of rounding.
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HONOLULU. The results of the color photograph method described earlier

are presented in Table 9. In Kaimuki, an older residential district of

Honolulu, the sampling area had 82% in single-family residences. As such,

it is analogous to Mililani Town. They are also similar in the permeable/

impermeable relationship. KaimukI and Mililani have 44% and 42% permeable

area, respectively, and correspondingly 56% and 57% in impermeable area.

This is a striking similarity which cannot be verified for other single

family residential areas in the city. The McCully area sampling, which is

in transition from single-family dwellings to apartments, indicates that

residences there have 20% in permeable and 80% in impermeable. This is in

an area where apartments dominate and single-family houses constitute only

14% of the total sample area. None of the other areas have any appreciable

amounts of single-family residences for comparative use. Aside from park

and public use, virtually all the other uses have impermeable areas exceed

ing 80%; many have over 95%.

In the Kaka'ako area sampling, commercial and industrial use consti

tuted, respectively, 32% and 65% of the total land area; collectively this

is 97% of the total area. The commercial sites are 98% impermeable and

industrial, 97%. This means that nearly all of the rainfall in that sam

pling area is potential runoff.

The high percentage of impermeable surface in areas of commercial and

industrial use is confirmed in the Palama sampling. Commercial and indus

trial are respectively 97% and 98% impermeable. The Palama sampl ing area

is in transition from older urban and harbor facility to low cost housing

and modern harbor. Apartment areas are 69% impermeable and constitute 37%

of the total. This is matched by the 38% gotten by combining commercial

(19%) and industrial (19%). Together, these three land uses which consti

tute 75% of the area are roughly 85% impermeable.

Application

The use of large-scale aerial photographs for detailed differentiation

of permeable/impermeable urban surfaces is clearly possible. While it is

impractical and undesirable to do an entire urban watershed in this manner,

the application of this technique to either random or selective sampling

may provide an alternative to present procedures.

An Environmental Protection Agency report (1976) suggests a simple
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procedure for estimating the percent of impervious area for an entire

drainage area (Table 9). The procedure is to determine the percent imper

meable area of each land use, then multiply this by the percent of the

watershed occupied by that land use. Totaling the percent of impervious

area for all land uses gives overall percent impermeable area.

CHANGES IN RAINFALL-RUNOFF RELATIONSHIP
Data Collection in Mililani Town

To obtain the required rainfall and runoff data for the evaluation of

urbanization-induced changes in the rainfall-runoff relationship in

Mililani Town, an experimental subwatershed was established (Fig. 5); the

total drainage area of this subwatershed is 80 859 m2 (19.98 acres). On

10 December 1974 an automatic recording rain gage was installed in the back

yard of a residence on Ulukoa Street within the subwatershed. Subsequently,

two Leopold-Steven type F streamflow stage recorders were installed in the

main storm drain, one to record the inflow stages and another to record the

outflow stages.

A pendulum mechanism which rises as water height (flow) increases

through the storm drain was used to measure water depth. This was linked

to the recorders by a nylon cord and pulley combination. This configura

tion is not ideal because frictional forces in the system reduce the sensi

tivity of the recorder, but it was the most practical accommodation. The

recorder was calibrated to show flow stages by lifting the pendulum float

from its datum to given heights and marking the reading on the recording

chart in a gradually progressing manner.

The stage-discharge relationship was computed by means of Manning's

formula. Since the storm drains are made of new concrete pipe, 0.013 was

selected for Manning's roughness coefficient, n (Chow 1959). A detailed

storm drainage map of the experimental subwatershed is presented in Figure

6. The storm drainage map contains all the hydraulic characteristics for

hydrauljc computation; also the reaches and branches of the drains can be

identifJed with a numerical system as described by Terstriep and Stall

(1974) and Fok, Murabayashi, and Phamwon (1977).

RaInfall and storm runoff data recorded in the subwatershed were pro

cessed and stored on IBM cards, using 15 min as the unit time interval; a
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FIGURE 5. EXPERIMENTAL URBAN SUBWATERSHED, MILILANI TOWN, O'AHU, HAWAI'I
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day was subdivided into 8 time periods with 12 time intervals in each

period. With these subdivisions, data could be effectively processed and

stored. For example, data from the time interval, 8:15 A.M., was identi

fied and stored as the ninth time interval of the third time period.

St. Louis Heights Watershed Model

To evaluate the rainfall-runoff relationship and other hydrologic im

pacts of urbanization upon Mililani Town, a rainfall-runoff simulation model

was needed to analyze changes in rainfall-runoff relationship and other im

pacts. The St. Louis Heights watershed model, developed by Phamwon and

Fok (1977) was selected as the rainfall-runoff simulation model for this

study for the following reasons:

1. Applicability. This model, which is a modification of the Illinois

Urban Drainage Area Simulator (ILLUDAS), has been tested Ivith data

from the St. Louis Heights watershed model with great success.

The ILLUDAS model was developed by Terstriep and Stall (1974) and

tested for its applicability in many areas.

2. Simplicity. All the hydraulic and hydrologic characteristics of

an urban area are covered by this model, and yet the computer

programs are very compact and simple for adaptation by design

engineers and planners.

3. Reliability. According to the results ohtained from rainfall

runoff simulation, this model can produce acceptable results under

variOUS conditions.

for detailed descriptions of the St. Louis Heights Watershed Model, the

readers are referred to an earlier publication by Fok, Murabayashi, and

Phamwon (1977).

Simulation for Mililani Town Experimental Watershed

Most of the usable rainfall-runoff data was obtained in April and May

1977. Only six rainstorms were usable for simulating the rainfall-runoff

relationships; therefore, the only result that can be stated is that urban

ization does increase peak runoff. No attempt is made to draw general con

clusions in other aspects of rainfall-runoff characteristics. The results

of using the St. Louis Heights watershed model for hydrologic simulation
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are plotted in Figures 7 to 12. The simulation agrees very well with the

measured data when storm runoff is relatively high (Figs. 7-9), but simula

tion results match only fairly with the measured hydrographs in magnitude

and time when the storm runoffs are relatively low. The source of error in

magnitude may be because the two stream stage recorders use in-stream floats

with nylon cord and pulleys configuration, which would greatly reduce the

sensitivity of the recorders especially in low flow stages (Figs. 10, 11).

Another possible source of error in time may be attributed to the time de

vices involved, because three spring-driven time devices were used (two for

the stream-stage recorder and one for the rain gage). It is quite possible

that they were not well adjusted to the standard time and thus introduced

errors In time. As shown in Fig. 12, the simulated hydrograph has a time

lag to the observed hydrograph.

Impact of Impermeability on an Urban Watershed

It IS generally accepted that urbanization will increase the impervious

areas within a watershed. This study reports that the residential area in

Mililani Town would have an impervious area of 57%. Since no rainfall

runoff hydrographs were recorded before the urbanization of the experimental

subwatershed, the assessment of the impervious area's impact on this water

shed can only be made through simulation.

In this simulation, all impervious areas in the experimental subwater

shed have been replaced by lawn areas. In other words, the entire subwater

shed is available for infiltration. The recorded six rainfall-runoff hydro

graphs and all other input data were used to obtain simulations of the

rainfall-runoff relationship (with the entire experimental watershed avail

able for infiltration). Figures 7 to 12 show that the hydrographs simu

lated from an all pervious (no impervious areas) watershed would produce

much less runoff. The reduction of peak runoff varies with the rainfall

intensity and duration as revealed in Figures 7 to 12. To illustrate, the

19 April 1977 storm, heaviest of the six storms (Fig. 7), would produce only

0.44 m3 js (15.5 cfs) of peak runoff when the subwatershed is restored to

lawn condition. The observed peak runoff is 2.1 m3 js (74 cfs), and the sim

ulated peak runoff is 1.87 m3 js (66 cfs). This amounts to about a 75% re

duction of the observed peak runoff.
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Applications

As presented in this report, the urbanization-induced impacts on the

land are an 83% reduction in the constant infiltration of the permeable

surface and a 57% covering of the surface with impermeable structures and

pavement. The gross assessment of urbanization impacts on the infiltration

opportunity in Mililani Town is thus estimated to be reduced by as much as

93%. This is the maximum and does not mean that all infiltration will be

reduced 93%. If rainfall intensities and durations are minimal, no runoff

may take place and infiltration would be 100%.

The urbanization-induced impacts on the rainfall-runoff hydrographs

have been simulated and verified with observed rainfall-runoff data through

a digital computer model, the St. Louis Heights Watershed Model. Planners

and engineers responsible for storm drainage design and maintenance can use

the computer programs and methods developed in this study to design drainage

systems and to estimate the increased flood peak and flood hydro graph due

to urbanization. For example, the 19 April 1977 storm had a recorded flood

peak of 2.1 m3/s (74 cfs); under simulated all-lawn conditions, i.e., with

no impervious surfaces, it would have peaked at only 0.44 m3/s (15.5 cfs)

(Fig. 7). As a result, the impact of ur

banization in this particular case would

increase the flood peak 3. 7 7 times.

Another example of application is the

design and/or evaluation of a storm drain-

TI ME INTERVALS (min)

NaTE cts x 0 02832 ' m3js

200

w
<.:>
0::
<t
I
U
(f) 100o

Simulated Areas

Urban -
Unpoved---

age system. The required capacity of the

storm drainage system to carry a hypothet

ical storm water of rainfall intensity of

0.254 em/min (6 in./hr) with duration

of one hour in the experimental subwater

shed has been simulated (Table In, Fig. 13).

In the fully urbanized condition (Table 10,

next to last column) there are IS reaches

that may have been underdesigned for this

FIGURE 13. SIX IN./HR DESIGN STORM FOR
EXPERIMENTAL SUBWATERSHED,
MI LI LAN I TOWN, O'AHU, HAWAI I r
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TABLE 10. CAPACITY AND EVALUATION OF STORM DRAINAGE
SYSTEM IN EXPERIMENTAL SUBWATERSHED,
MI LI LAN I TOWN, OIAHU, HAWAII I

DESIGN STORM: 6 in./hr; duration, 1 hr Manning's roughness, n=0.013

REACH PIPE A* MAXIMUM SIMULATED PEAK DISCHARGE
DIAM. SLOPE CAPACITY Fully Urban All Lawn CoverNO. (ft) (ft 2 ) -----------------{cfs)-----------------

1-0 4.5 15.904 0.004 124.4 27.3 4.8
2-0 1.5 1.767 0.010 10.5 6.7 3.3
1-1 5.0 19.635 0.040 520.9 34.0 8.1
3-0 1.5 1.767 0.005 7.4 7.5t 3. I
3-1 1.5 1.767 0.014 12.4 15.3t 6.5
1-2 5.0 19.635 0.005 184.1 49.4 14.5
4-0 1.5 1.767 0.004 6.6 27.3t 4.8
1-3 5.0 19.635 0.010 260.4 76.6 19.3
5-0 1.5 1.767 0.005 7.4 10.Ot 5.5
1-4 5.0 19.635 0.006 184.2 86.7 24.7
6-0 1.5 1.767 0.008 9.4 14.9t 2.6
1-5 5.0 19.635 0.040 520.9 101.6 27.3
7-0 1.5 1.767 0.006 8.1 II. I t 5.3
1-6 5.0 19.635 0.005 184.1 101.6 27.3
8-0 1.5 1.767 0.041 21.3 9.9 5.6
9-0 1.5 1.767 0.006 8. I 6.9 4.5
8-1 2.0 3.142 0.004 14.3 20.9t 12.4
1-7 5.5 23.758 0.006 260. I 122.4 39.6

10-0 1.5 1.767 0.005 7.4 9.9t 3.8
1-8 5.5 23.758 0.040 671.6 132.3 43.4

11.0 1.5 1.767 0.009 28.7 2. I 2.0
1-9 5.5 23.758 0.002 150.2 134.3 45.3

12.0 1.5 1.767 0.047 22.8 9.7 4.8
13·0 1.5 1.767 0.005 7.4 7.7t 4.2
12. I 1.5 1.767 0.004 6.6 35.3 t 16.0
1-10 5.5 23.758 0.005 237.5 169.6 61.3

14-0 1.5 1.76] 0.009 10.0 9.4 4.7
I-II 5.5 23.758 0.005 237.5 179.0 65.9

15.0 1.5 1.767 0.034 19.4 8.6 4.3
1-12 5.5 23.758 0.005 237.5 187.5 70.2

16-0 1.5 1. 767 0.004 6.6 8.0t 4.1
16-1 1.5 I. 767 0.037 20.2 16.4 7.6
16-2 1.5 1. 767 0.040 21.0 23.0t 10.4
17-0 1.5 1. 767 0.006 8. I 8.6 t 4.3
16-3 2.0 3.142 0.010 22.6 31.6t 14.7
1-13 5.5 23.758 0.040 671.6 219. I 84.9

18-0 I.S 1.767 0.005 7.4 10.3 t 4.8
1-14 5.5 23.758 0.040 671.6 229.4 89.7

NOTE: ft x 0.304 8 ~ m; ft 2 x 0.092 2 = m2 ; cfs x 0.028 32 = m3/s.
*Cross-sectional area of pipe.
tlndicates possible undercapacity.
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sample design storm. In other words, the existing pipe diameter of these

reaches should be larger to carry this design storm. The last column shows

that when the urban land is restored to a completely grass covered condi

tion, the expected runoff from this illustrative storm would be much smaller

at all reaches.

CONCLUSIONS

Based on the results and data analysis of this study in Mililani Town,

O'ahu, Hawai'i, the following conclusions can be made:

1. Urbanization is estimated to reduce the constant infiltration rate

of the permeable surface by 83%. This figure should be used cau

tiously because lateral flow was observed in one abandoned pine

apple field site and probably also occurred under grubbed condi

tion.

2. The highest constant infiltration occurs in the original abandoned

pineapple field condition. This is reduced significantly after

grubbing. The lowest infiltration rate is attained after lots

have been cut and shaped to their final configuration. The rate

rises slightly, but insignificantly, after lawns have been estab

lished. There is no significant difference between recreational

and nonrecreational lawns.

3. Buildings and pavement are estimated to cover 57% of the surface

after urbanization has been completed.

4. The gross impact on opportunity for infiltration is estimated to

be reduced as much as 93% after urbanization. This depends on

whether rainfall frequency, intensity, and duration exceed infil

trative capacity.

5. The hydrologic impact of urbanization was simulated using the St.

Louis Heights watershed model (modified ILLUDAS). Based on the

largest storm recorded during the experiment, the rainfall-runoff

hydrograph flood peak is estimated to increase 3.77 times after

urbanization.

6. Sample urban land-use studies were done for selected areas in

Honolulu. Single-family residences in Kaimuki had the same per

centage of permeable/impermeable percentages as Mililani Town.
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Apartment, commercial, industrial, quasi-public, public, and

park uses were also differentiated in the studies. By and large,

apartments, commercial, and industrial areas had impermeable sur

faces exceeding 80% and, in many instances, 95% or more.
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APPENDIX A. SOILS DESCRIPTION, WAHIAWA SERIES
(Foote et al. 1972, pp. 124-25)

This series consists of well-drained soils on uplands on the island of

Oahu. These soils developed in residuum and old alluvium derived from ba

sic igneous rock. They are nearly level to moderately steep. Elevations

range from 500 to 1200 feet. Rainfall amounts to 40 to 60 inches annually;

most of it occurs between November and April. The mean annual soil temper

ature is 71°F. Wahiawa soils are geographically associated with Kunia, La

haina, Leilehua, and Manana soils.

These soils are used for sugarcane, pineapple, pasture, and homesites.

The natural vegetation consists of bermudagrass, guava, honohono, koa haole

and lantana.

Wahiawa silty clay, 0 to 3 percent slopes (WaA) .-This soil occurs on

smooth, broad interfluves. Included in mapping were small areas of Kunia,

Lahaina, and Leilehua soils.

In a representative profile the surface layer is very dusky red and

dusky red silty clay about 12 inches thick. The subsoil, about 48 inches

thick, is dark reddish-brown silty clay that has subangular blocky struc

ture. The underlying material is weathered basic igneous rock. The soil

is medium acid in the surface layer and medium acid to neutral in the sub

soil.

Permeability is moderately rapid. Runoff is slow, and the erosion

hazard is no more than slight. The available water capacity is about 1.3

inches per foot in the surface layer and about 1.4 inches per foot in the

subsoil. In places roots penetrate to a depth of 5 feet or more.

Representative profile: Island of Oahu, lat. 21°26'16" N. and long.

158°00'16" W.

Apl-D to 6 inches, very dusky red (2.5Y 2/2) silty clay, dusky red (2.5YR
3/2) when dry; moderate, medium, fine and very fine, granular struc
ture; very hard, friable, sticky and plastic; abundant roots; many
medium, fine and very fine, interstitial pores; many black concre
tions 1/8 inch to 1/4 inch in diameter; violent effervescence with
hydrogen peroxide; medium acid; abrupt, smooth boundary. 2 to 6 in
ches thick.

Ap2-6 to 12 inches, dusky-red (2.5YR 3/2), moist and dry, silty clay; com
monly, dark reddish-brown (2.5YR 3/4) material from the B horizon of
cultivated soil; moderate, coarse, subangular blocky structure; hard,
firm, sticky and plastic; abundant roots; few, fine and very fine,
tubular pores; compact in place; many black concretions, violent ef
fervescence with hydrogen peroxide; medium acid; abrupt, wavy bound-
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ary. 5 to 8 inches thick.
B21-12 to 16 inches, dark reddish-brown (2.5YR 2/4) silty clay, dark red

dish brown (2.5YR 3/4) when dry; moderate, fine and very fine, sub
angular blocky structure; hard, firm, sticky and plastic; plentiful
roots; common, fine and very fine, tubular pores and few, coarse, tubu
lar pores and few, coarse, tubular pores; many black concretions;
strong effervescence with hydrogen peroxide; medium acid; gradual,
wavy boundary. 4 to 8 inches thick.

B22-16 to 33 inches, dark reddish-brown (2.SYR 2/4) silty clay, dark red
dish brown (2.5YR 3/4) when dry; moderate and strong, fine and very
fine, subangular blocky structure; hard, friable, sticky and plastic;
few roots; common, fine and very fine, tubular pores; nearly continu
ous pressure cutans; many, fine, distinct, black stains; few black con
cretions; strong effervescence with hydrogen peroxide; slightly acid;
diffuse, wavy boundary. 14 to 20 inches thick.

B2~-33 to 45 inches, dark reddish-brown (2.SYR 2/4) silty clay, dark red
dish brown (2.5YR 3/4) when dry; moderate and strong, very fine, sub
angular blocky structure; hard, friable, sticky and plastic; common,
fine and very fine, tubular pores; nearly continuous pressure cutans;
many, fine, distinct, black stains; few black concretions; moderate
effervescence with hydrogen peroxide; neutral; diffuse, wavy boundary.
10 to 14 inches thick.

B24--45 to 60 inches, dark reddish-brown (2.5YR 2/4) silty clay, dark red
dish brown (2.5YR 3/4) when dry; moderate and strong, very fine, sub
angular blocky structure; hard, friable, sticky and plastic; common,
fine and very fine, tubular pores; few, fine, black stain<- thIn,
patchy clay films; continuous pressure cutans; many distin~t ~licken

slIde, a~ much as 2 inches long; very few black concretions; slight
effer. ~cence with hydrogen peroxide, neutral.

Bla-.:k (oncretions, 2 to 5 millimeters in SIze, occur on the surface
and to a depth of 5 feet or more. The depth to highly weathered basalt
ranges from 5 feet to more than 10 feet. A few boulder cores occur in the
lower part of the solum in places. The A horizon ranges from 2 to 3 in
value and from 2 to 4 in chroma when dry or moist. The B horizon ranges
from 2.SYR to 10YR in hue; from 2 to 3 in value when dry or moist; and from
3 to 6 in chroma when dry and from 3 to 5 in chroma when moist.

This soil is used for sugarcane, pineapple, pasture, and homesites.

(Capability classification I if irrigated, IIc if nonirrigated; sugarcane

group 1; pineapple group 4; pasture group 5; woodland group 5)




