INTRODUCTION

This atlas consists of isohyetal maps depicting the patterns of normal
monthly and annual rainfall for the six major islands of Hawai'i. Also in-
cluded is a tabulation of adjusted and unadjusted normals from which these
maps were developed. The text contains brief descriptions of the rainfall
characteristics of Hawai'i, data compilation and mapping, instrumentation,
sources of data uncertainty, selection of normal statistic, uncertainty of the
estimated normals, adjustment of the normals to a common base period, and the
rainfall maps.

The maps and data are the culmination of decades of diligent work by
numerous individuals and organizations, including those responsible for
siting, installing, and reading the gages, compiling and distributing the
data, computerizing the data base, developing statistical techniques to
test and adjust the data to a common base period, and analyzing the spatial
patterns of rainfall. Prior to this atlas, the most recent effort to
summarize existing data in the form of monthly and annual maps for the state
was that of Taliaferro (1959), more than 27 years ago. Work leading to this
atlas was begun in 1976 by the Department of Meteorology, University of Hawaii
at Manoa. To complete their work and thereby update the landmark publication
of Taliaferro, this project was undertaken to develop median and mean monthly
and annual maps of Hawai'i by using the most recent data base (through 1983).

RAINFALL IN HAWAI'I

Of the climatic elements, rainfall is probably the most easily measured
and, for this reason, there are more and longer records of rainfall than of
temperature, wind, humidity, solar radiation, or any other climatic feature.
It may also be argued that rainfall is the most important climatic element,
having the greatest effect on man and his physical and biological environment.
This is certainly true in the tropics where spatial and temporal variability
of temperature is small and distinctions among various climates result primar-
ily from differences in the amount, frequency, intensity, seasonality, and
variability of rainfall.

In Hawai'i a great diversity of climate is found in a small area——a
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diversity due in part to elevation-related temperature differences and the
spatial variability of sunlight resulting from cloudiness and shadowing
effects. However, Hawai'i's climatic diversity is most strikingly seen in the
spectacular spatial variability of rainfall. The gradients in average rain-
fall in some places in Hawai'i are among the steepest in the world. On the
island of Kaua'i annual rainfall increases from about 500 mm (19.7 in.) near
Kekaha to over 11 000 mm (433.1 in.) at Mt. Wai'ale'ale, an average gradient
of 0.42 m/m (26.6 in./mile). Thus, one small island experiences a range of
moisture regimes exceeding that found across the breadth of a continent.

Meisner and Schroeder identified a total of 1,985 rain gage sites oper-
ated at one time or another in Hawai'i, for various lengths of time prior
to 1976, an average gage density of 0.125 gage/km? (Schroeder 1981). Sev-—
eral factors have contributed to the large network. Plantation agriculture
(sugarcane and pineapple) dominated the economy of Hawai'i for much of this
century. The growers developed and practiced advanced methods of maximizing
crop yields that required detailed environmental data, especially water avail-
ability. The joint Pineapple Research Institute-Hawaiian Sugar Planters'
Association Meteorology Department established a dense network of gages, and
collected, collated, and published data. In addition, water purveyors, such
as the Honolulu Board of Water Supply, and other agencies, including the
National Weather Service and the U.S. Geological Survey, and many private
citizens maintained rain gages throughout the state. Thus, as a result of the
need for data and because of the extraordinary spatial variability of its
rainfall, Hawai'i has one of the densest networks of rain gages in the world.

Rainfall in Hawai'i has been extensively studied for a variety of meteor-
ological, hydrological, and agricultural purposes. One of the first extended
monographs published by the American Meteorological Society (1951) was devoted
to Hawai'i rainfall. Project Shower®! (1957) and Warm Rain Project? (1967),
comprehensive studies of orographic cloud dynamics and rainfall on the island
of Hawai'i, are important landmarks in the understanding of the mechanics of
warm rainfall. The many other published reports, too numerous for a complete
listing here, range from analysis of rainfall-runoff relationships (Mink 1962)
to empirical orthogonal function analysis (Lyons 1982). Hawai'i's rainfall
has fascinated scientists and laymen for years.

'Collective set of 15 papers published in 1957 in Tellus: 9(4):471-590.
?Collective set of 11 papers published in 1967 in Tellus: 19(3):347-461.
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TABLE 1. PREVIOUS RAINFALL MAPS OF HAWAI'I

Year Author Description

1929 J.F. Voorhees Mean annual rainfall of O'ahu

1933 W.T. Nakamura Mean annual rainfall of O'ahu

1939 W.R. Feldwisch Mean annual rainfall of major islands*

1942 H.T. Stearns, G.A. Macdonald Mean annual rainfall of Maui

1948 M.H. Halstead, L.B. Leopold Median monthly rainfall of O'ahu

1949 L.B. Leopold (1949a) Mean annual rainfall of East Maui

1951 C.K. Stidd, L.B. Leopold Mean annual rainfall of major islands

1955 W.A. Mordy, S. Price Monthly and annual mean rainfall of
major islands

1959 W.J. Taliaferro Monthly and annual median rainfall of
major islands

1967 D.I. Blumenstock, S. Price Mean annual rainfall of major islands

1973 Division of Water and Land Median annual rainfall of major islands

Development
1979 Division of Water and Land Median annual rainfall of major islands

Development (1982)
(B.N. Meisner, T.A. Schroeder,
C.S. Ramage)

*Hawai'i, Maui, Moloka'i, Lana'i, 0'ahu, Kaua'i.
RAINFALL MAPPING IN HAWAI'I

Rainfall observations in Hawai'i date from the 1840s. Over the years
numerous maps of rainfall in Hawai'i have been prepared, the most noteworthy
of which are listed in Table 1. The most comprehensive effort was that of
Taliaferro (1959), who prepared monthly and annual median rainfall maps
for all major islands, based on a common 25 yr base period, 1933 to 1957.
These maps have been the standard for nearly three decades. More recently
Meisner (1978, 1979) undertook the task of updating and revising Taliaferro's
maps. He sought out and compiled all existing rainfall data and developed a
methodology for adjusting normals to a common base period (60 years for most
islands). That work led to a revised set of median annual maps for the state
by Meisner, Schroeder, and Ramage (Division of Water and Land Development
1982).

RAINFALL MEASUREMENT

Measurement of rainfall requires only a receptacle with a horizontally
oriented orifice of known area. Rainfall is measured today in much the same
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manner as was done six centuries ago in Korea (Gibbs 1962). Despite the
apparent ease of data collection, rainfall measurement—-particularly the use
of a point value to represent a large area——is fraught with uncertainty. Even
in Hawai'i, with its high average gage density (0.125 gage/km?), the entire
rain-gage network comprises a very small sample of the area which it repre-
sents (less than 1 in 254 million). However, rainfall is generally perceived
to have same degree of spatial continuity and, therefore, a well situated gage
is expected to give a good indication of the rainfall received in the sur-
rounding area. However, the fact that adjacent gages often give significantly
different results, raises questions concerning the accuracy and precision of
any rainfall measurement.

Modern rain gages may be categorized as either recording or nonrecord-
ing gages. Recording gages, which constitute a minority in Hawai'i, make a
continuous record of precipitation as a function of time that allows deter—
mination of short-duration intensities. Studies of rainfall frequency
(Giambelluca et al. 1984) and real-time flood detection rely on recording gage
data. Recording gages operate on one of three principles: tipping buckets
(event recorders), weighing devices, and float chambers.

The tipping bucket gage funnels water into a triangular receptacle that
pivots on a sharp edge. The right and left portions of the "bucket" each hold
a volume of water equivalent to a rainfall depth of 0.03 mm (0.0l in.). When
one portion is filled, the bucket pivots due to the weight of the water,
emptying the contents of that portion and bringing the other portion into
position beneath the funnel. The time of each event (each pivot) is recorded
or transmitted (usually via telephone line) to a remote receiving station.

Weighing gages record the downward motion of a pail as it fills with
rainwater. Two types are common in Hawai'i: (1) the universal gage, a
0.305 m (12 in.) capacity device which records the accumulating weight of the
rainfall on a dual traverse clock—-driven chart; and (2) the Fisher-Porter
gage, which uses a paper tape with 2.5 mm (0.10 in.) rainfall depth incre-
ments.

Rarely used in Hawai'i are float type gages, which record the rise of a
float in a chamber with a pen and clock-driven chart. Same gages use a siphon
to empty the chamber when full.

For nonrecording gages, the basic element is a receptacle which is
manually read and emptied at regular or irreqular intervals as circumstances
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permit. The U.S. Standard gage has a 0.203-m (8-in.) orifice located 0.787 m
(31 in.) above the ground. Readings are made daily with a calibrated dip-
stick. The National Weather Service maintains a network of standard gages
within Hawai'i. In remote high-rainfall areas, such as Wai'ale'ale, Kaua'i,
reqular readings are impractical. In such areas, large capacity storage gages
are used. In addition, numerous nonstandard devices are commercially avail-
able, such as plastic cylinders or wedges designed for easy mounting and
reading. Private citizens who have installed such rain gages and maintain
records provide valuable information in areas devoid of standard gage sites.

In addition to errors arising fram the small sample size inherent in
rainfall measurement, several sources of error are associated with the gage
itself. Specifically, gages tend to catch less rain than would fall on a
horizontal ground surface. Rain-catch efficiency is most notably affected
by wind. Because the gage itself interferes with the air stream moving past
it, flow over the orifice tends to accelerate and become turbulent above the
gage. Both acceleration and turbulence reduce the rain catch; thus, wind is
a major source of error in nearly all rainfall measurements. The problem is
even greater for snowfall. A gage exposed to a 4.4-m/s (10-mph) wind catches
90% as much rain as a gage in calm conditions and 45 to 60% as much snow
(Larson and Peck 1974). Higher wind is associated with further reductions in
rain-catch efficiency.

Because of this problem, rain gages are best sited in an environment
which is sheltered fram the wind. A forest clearing is often a good site. By
comparing gages at standard height with buried gages, Helvey and Patric (1983)
found that gages situated in forest clearings had deficiencies of only 2.3 to
3.4%. Favorable siting is not always possible, however. An alternative is to
position the gage close to the ground. A gage 0.762 m (30 in.) above the
ground (approximately the U.S. Standard) catches 97.7% as much rain as a gage
at 0.305-m (12-in.) height (Kurtyka 1953). Another alternative is to use a
wind shielding device to alter the flow of air past the gage orifice. How-
ever, for liquid precipitation, Larson and Peck (1974) have found shielding to
be ineffective. In any case, the authors are unaware of any shielded gages in
Hawai'i.

It is likely that rainfall in high wind regions as well as snowfall in
high elevations in Hawai'i is significantly underestimated. Because wind
effects are highly site-specific, no attempt has been made in this study to
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correct or adjust the data for this type of error. Users of the data should
be aware of this limitation, and may wish to add a correction. Particular
attention should be given to gages located atop ridges or in other areas
exposed to high wind. In addition, steep slopes facing the wind will receive
more rainfall and slopes facing downwind less rainfall than a horizontal
surface. This effect should be recognized in making hydrological assessments.

The characteristics of certain gages produce other errors. An important
source of error for tipping bucket recording gages results from water lost
during intense rainfall as the bucket pivots. On the other hand, the force of
the flow may cause the bucket to pivot before completely filling during high
intensity rainfall. The universal weighing gage, some float type gages, and
most nonrecording gages have limited capacities. 1In heavy rainfalls, gages
overflow and critical information is lost. For instance, during the flood of
19 April 1974, two key gages near the storm's center overflowed, preventing
complete analysis of the event (Schroeder 1977). Likewise, the record rain-
fall at Kilauea, Kaua'i of 24~25 January 1956 is only approximate since the
gage overflowed prior to the first reading (Blumenstock and Price 1967).

Several other sources of error, generally considered to be of lesser
importance, can be significant for specific gages. These include splash into
or out of the gage, evaporation losses, wetting of the gage surface, and im
proper leveling of the gage.

During measurement, compilation, processing, and analysis of rainfall
data, the introduction of human error is practically inevitable. In compiling
and computerizing the Hawai'i rainfall data base, Meisner (1978) found numer—
ous transcription errors in rain gage data. Despite every effort for accu—
racy, errors are difficult to avoid when large amounts of data are tran-
scribed. Other data problems arise when changes occur in gage reading sched-
ules. Most plantations gages, read daily prior to the late 1950s, are now
read only on weekdays, thus reducing the utility of these records.

RAINFALL NORMALS

Probably the most frequently used statistics of any data set are those
that describe the central tendency of the distribution or the normal, the most
familiar of which are the median and the mean. The selection of the appropri-
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ate statistic for rainfall often depends on the application. For most pur-
poses, the median—the value for which higher or lower occurrences are equally
frequent——is preferred as an indicator of normal rainfall (Meisner 1978). On
the other hand, the mean is required as a parameter of some probability den-
sity functions used by hydrologists, and is appropriate for applications that
require the total amount of rainfall during the period of record. Thus,
median and mean maps are included in this atlas.

Estimation of rainfall medians and means is prone to some uncertainty.
The basic assumption is that the data from any gage site are stationary; that
is, the central tendency remains the same over time. This assumption is
violated if the gages are moved or in any way affected by changes in the
environment. Problems of this nature are common. Given that rainfall at a
particular location is stationary, a long period of observation is necessary
to accurately determine the normal. The minimum period of record necessary to
establish the long-term normal is difficult to define. An advantage of the
use of the median for rainfall is its tendency to stabilize more quickly than
the mean. In any case, a longer record length is always desirable for the
estimation of normals.

ADJUSTMENT OF RAINFALL NORMALS TO A COMMON BASE PERIOD

Like most meteorological networks, Hawai'i's rain-gage network consists
of stations established on different dates and operated for varying lengths of
time. In developing maps of normals, secular variability in rainfall can
result in spurious spatial patterns. To overcome this problem, a common base
period is usually selected and only data from that period fram stations with
complete base period records are used to estimate normals. This technique,
however, severely limits the amount of data, reducing the confidence in the
final map analysis. To make better use of available data, short-record
stations may be extrapolated to a longer base period by taking advantage of
high spatial correlation among station records. This may be done using
unbiased least—squares multiple regression of the form,

Y=Xb
where Y is the vector of observations at the station whose record is to be
extrapolated, X is the matrix of concurrent records of surrounding predictor
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stations, and b is the vector of regression coefficients which are estimated
as
b= (X'X)"* X'y,
However, because predictor stations are themselves often highly correlated,
the X'X matrix may approach singularity, resulting in unstable coefficients
and unreliable estimates. Use of ridge regression techniques (Hoerl and
Kennard 1970) lessens the effects of multicollinearity and thus optimizes ex—
plained variance through the use of biased coefficient estimation of the form,
b= (X'X+ kI)™* X'y

where k is a nomnegative scalar called the bias coefficient and I is the
identity matrix.

Meisner (1979) developed a technique which made use of ridge regression
to adjust rainfall normals of short-record stations to a common base period.
He applied this technique to produce base-period adjusted median annual rain-
fall maps of Hawai'i (Division of Water and Land Development 1982). In this
study, Meisner's technique was modified slightly and applied to adjust monthly
and annual medians and means to a common base period.

Each major island (Hawai'i, Maui, Moloka'i, Lana'i, 0'ahu, Kaua'i) was
treated separately. The computerized monthly rainfall data base, updated
through 1983, served as the basic data. All long-record stations on a partic-
ular island were first identified. A base period was then determined as the
maximum period during which continuous or nearly continuous records existed
for a sufficient number of stations in representative areas of the island.

The stations with complete or nearly complete records during the selected
base period were then designated as candidates for the base station network
for the island. Each candidate's data were then tested with double mass
analysis for evidence of nomstationarity. Stations with inconsistent records
were eliminated fram candidacy. A base station network was then selected
fram among the remaining stations on the basis of representativeness and non-
redundancy. Spatial autocorrelation among base station candidates was per-
formed as a check against redundancy. Long-record stations which were not
selected as base stations were used in subsequent model calibration and
verification. Table 2 lists base periods and base and nonbase long-record
stations by State Key Number for each island (refer to Division of Water and
Land Development [1973] Report R42 and other DOWALD documents and maps for
station locations and descriptions).
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TABLE 2. BASE PERIODS, BASE AND NON-BASE LONG-RECORD RATNFALL
STATIONS, STATE OF HAWAI'T
Base Base Stations i L(?ng—Record
talang Period (State Key No.) Stakiche
€y Ho. (State Key No.)
Hawai'i 1916-1983 2.00 92.10 21.00 168.00
4.10 94.10 73.00 197.00
14.00 100.00 118.00 199.00
17.00 103.00 120.00 214.00
27.00 117.00 133.00 217.00
36.00 135.00 142.00 221.00
54.00 137.00 144.10
65.00 147.00
68.00 175.00
70.00 181.00
73.20 182.00
75.00 194.00
80.00 206.00
90.00 216.00
91.00 222.00
92.00
Maui 1916-1983 250.00 374.00 336.00 449.00
256.00 390.00 346.00 466.00
258.00 396.00 361.00 482.00
267.00 406.00 376.00 483.00
296.00 432.00 386.00 485.00
333.00 442.00 446.00
350.00 480.00
354.00 484.00
364.00 494.00
Moloka' i 1931-1983 511.00 556.00 526.00 533.00
529.00 562.00 528.00 534.00
540.00
Lana'i 1916-1983 650.00 676.00 662.00 690.00
652.00 693.00 684.00
0'ahu 1916-1983 707.00 837.00 700.00 783.00
741.00 847.00 713.00 833.00
770.00 863.00 727.00 871.00
775.00 870.00 732.00 885.00
782.00 883.00 733.00 890.00
798.00 912.00 736.00 892.00
836.00 750.00
Kaua'i 1916-1983 936.00 1026.00 927.00 1064.00
943.00 1055.00 935.00 1102.00
965.00 1086.00 944.00 1112.00
985.00 1010.00 947.00 1134.00
994.00 1115.00 1051.00
1020.00 1117.00
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