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Figure 4-10.  Locations of Streamflow gaging stations on Hawaii (Water Year 2005). 
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Crest-Stage Gaging Stations:  Crest-stage gages provide only the peak surface 
water elevation that occurred between servicing visits to the gages.  Peak elevation 
data is often used to compute discharges for selected flood peaks, and only the 
maximum flood peak for each water year is typically published. 
 
Data from crest-stage gaging stations can be incorporated into a regional flood 
frequency analysis, by determining the magnitude and frequency of peak flow data 
for a period of at least ten years.  This is especially important in areas where 
continuous-record gaging stations do not exist, as crest-stage gages are an efficient 
and cost-effective means of collecting flood stage data. 
 
Low-Flow Partial Record Stations:  For streams that lack an extensive or 
comprehensive long-term gaging station record, alternative methods that are both 
timely and cost-effective may be required.  Low-flow partial records stations have 
been demonstrated to be a viable alternative in Hawaii for use in estimating base 
flow at sites without long-term gaging stations.5 
 
Low-flow, partial records stations require a minimum of ten discharge 
measurements during periods of base flow.  Measurements should be made over a 
variety of baseflow conditions and during independent recessions, following periods 
of direct runoff.  The discharge measurements are then correlated with the 
concurrent daily discharges recorded at an index station (a nearby gaging station 
with long-term data available) to accurately estimate streamflow statistics.6 
 
Seepage Runs:  With the complex nature of ground and surface water interactions, 
it is often necessary to conduct seepage runs to identify gaining stream reaches 
(where base flow increases due to ground water discharge) and losing stream 
reaches (where base flow decreases due to outflow through the streambed into the 
underlying ground water body).  Seepage runs are particularly important when 
conducting hydrologic investigations on streams that have been altered by 
diversions and return-flow practices.  Seepage runs can accurately identify stream 
flow losses and gains throughout the system. 
 
A seepage run is an intensive data collection effort, in which discharge 
measurements are made at several locations along a stream reach.  Measurements 
are made during periods of base flow when flow rates at any given location in the 
stream are relatively constant.  The time between the first and last measurement in 
the seepage runs are minimized to reduce the effects of temporal variability. 
 
Data Analysis 
 
Similar to the data collection efforts identified above, CWRM depends on the data 
analysis efforts of the USGS.  These analyses are based on the data compiled from 
USGS’ extensive network and historical records of surface water gaging stations.  

                                                 
5 Fontaine, R.A., Wong, M.F., and Matsuoka, Iwao, 1992, Estimation of median streamflows at 
perennial stream sites in Hawaii: U.S. Geological Survey Water-Resources Investigations Report 92-
4099, 37 p. 
6 Fontaine, R.A., 2003, Availability and distribution of base flow in lower Honokohau Stream, Island 
of Maui, Hawaii: U.S. Geological Survey Water-Resources Investigations Report 03-4060, 37 p. 
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Data analysis is important in characterizing past and present streamflow conditions, 
identifying short-term and long-term trends, and understanding the interaction of 
ground and surface water.  In turn, this information is applied to a wide range 
issues, such as stream biology, water quality, flooding, agriculture, and ultimately 
water resource management and planning.  The basic analyses identified below are 
essential to understanding the general nature and occurrence of surface water.  
More detailed analyses are conducted by USGS on a project-specific basis. 

 
Streamflow Hydrograph:  A streamflow hydrograph is a graphical representation 
illustrating changes in flow or water-level elevation over time.  This is the simplest 
analysis of data obtained from continuous-record gaging stations. At a glance, the 
hydrograph is useful in identifying periods of high- and low-flows and making 
general observations of streamflow characteristics. 
 
Summary Statistics:  Under the cooperative agreement between the USGS, 
CWRM, and various other agencies, the USGS produces an annual hydrologic data 
report for Hawaii, documenting the information gathered from its surface and ground 
water data collection network.  The data is analyzed and published in summary 
tables that are useful in understanding basic streamflow characteristics.  Such data 
is also valuable for infrastructure design and water resources planning and 
management.  A description of the summary statistics and the most recent data (by 
water year) is available for download from the USGS website 
(http://hi.water.usgs.gov). 
 
Flow Duration Curves:  Flow duration curves provide a simple and useful way of 
representing streamflow data by illustrating the flow characteristics of a stream 
throughout the range of discharge.7  By definition, a flow duration curve is a 
cumulative frequency curve that shows the percentage of time that specified 
discharges are equaled or exceeded.  For example, one of the most frequently used 
points on a flow duration curve is the 50th percentile, or median discharge.  This is 
the discharge that is equaled or exceeded 50 percent of the time. 
 
Generally, a smooth flow duration curve indicates that there are no flow 
manipulations of significance affecting the discharge recorded.  A curve with a steep 
slope denotes a highly variable stream that receives flow volumes largely from direct 
runoff, whereas a curve with a flat slope that levels out at the higher percentiles is 
indicative of a significant, sustained source of base flow. 
 
Hydrograph Separation:  Identifying a stream’s base flow component is important 
for water resource planning and management, as base flow indicates the long-term 
flow volume that can be sustained by the stream.  Streamflow data recorded from a 
gaging station is frequently divided into two basic components, base flow and direct 
runoff.  Base flow is that part of stream flow, derived from ground water, while direct 
runoff is the remainder of stream flow, derived from surface and subsurface flow 
occurring in response to excess rainfall.8   
 

                                                 
7 Searcy, J.K., 1959, Flow-duration curves: U.S. Geological Survey Water-Supply Paper 1542-A, 
33p. 
8 Fontaine, R.A., 2003. 
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The USGS commonly uses an automated hydrograph separation method.9  This 
computerized base flow separation program, or Base Flow Index (BFI), is a 
FORTRAN program based on a set of procedures developed by the Institute of 
Hydrology (United Kingdom).  The method requires the input of two variables, 
N (number of days) and f (turning-point test factor).  The separation method divides 
the daily streamflow data into non-overlapping periods, each N-days long, and 
determines the minimum flow in each period.  If the minimum flow within a period is 
less than f times the minimums of the adjacent periods, then the central period 
minimum is made a pivot (or turning point) on the base-flow hydrograph.  
Conceptually, the variable N represents the number of days following a storm before 
direct runoff generally ceases.10 

4.3.2. Other Surface Water Monitoring Programs 

4.3.2.1. USGS Cooperative Agreements with Other Entities 

The cooperative agreement between USGS and CWRM is one component of a 
larger gaging network that is cost-shared by several cooperators, including county 
water departments, State and federal agencies, DLNR divisions, and private 
landowners (for a complete list, see Section 4.2.1.1).  The aggregate of data 
collected through these various agreements is compiled in an annual hydrologic 
data report for Hawaii produced by the USGS.  The report includes the entire range 
of data collected through the USGS’s extensive network: discharge at surface water 
gaging stations, crest-stage partial record stations, low-flow partial record stations, 
water surface elevation for ground water wells, rainfall records, and water quality for 
both surface and ground water stations.  All USGS hydrologic data is available 
online at http://hi.water.usgs.gov. 

4.3.2.2. Division of Aquatic Resources Aquatic Survey Database 

As noted earlier in Section 4.3, CWRM works closely with the DLNR Division of 
Aquatic Resources in collecting and managing biological data related to streams.  
This data is necessary to evaluate applications for Stream Channel Alteration 
Permits (SCAP) and anticipated impacts to instream uses.  Biological data is also a 
key consideration in the establishment of measurable instream flow standards. 
 
DAR has recently completed the development of a fairly comprehensive aquatic 
survey database to store and maintain information on a wide range of biological 
data.  The database was originally intended to update the information from the 1990 
Hawaii Stream Assessment, and to store data obtained through DAR’s point-
quadrat survey method.  In the course of database development, DAR discovered 
and incorporated into the database historic records from the early Hawaii Division of 
Fish and Game.  The database is constantly being updated as new sources of 
information, including various independent biological studies, are encountered and 

                                                 
9 Wahl, K.L., and Wahl, T.L., 1995, Determining the flow of Comal Springs at New Braunfels, Texas: 
Proceedings of Texas Water '95, A Component Conference of the First International Conference on 
Water Resources Engineering, American Society of Civil Engineers, August 16-17, 1995, San 
Antonio, Tex., 77-86. 
10 Fontaine, R.A., 2003. 
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reviewed.  Most recently, new data has been added pertaining to 
macroinvertebrates (e.g., damselflies).  By evaluating the information in the DAR 
database, CWRM will be able to identify biological resources associated with each 
stream, as well as to identify those streams which have little or no data. 

4.3.2.3. DOH Water Quality Data 

The Department of Health is the agency responsible for the collection of water 
quality data statewide.  Specifically, the DOH’s Clean Water Branch, Monitoring 
Section oversees the collection, assessment, and reporting of numerous water 
quality parameters in three high priority categories as follows: 

 
• Possible presence of water-borne human pathogens; 
 
• Long-term physical and chemical characteristics of coastal waters; and 
 
• Watershed assessments, including the integrity of natural aquatic 

environments11.  
 
DOH plays an integral role in the review process for all of CWRM’s surface water 
related permits, as DOH’s water quality data and assessments are vital to instream 
use considerations. 
 
Under the federal Clean Water Act, DOH is required to prepare and submit lists 
biennially of waterbodies not expected to meet State water quality standards.  This 
list is referred to as the 303(d) List of Impaired Waters (303(d) List), which was most 
recently prepared and approved in 2004.  The DOH Environmental Planning Office 
has developed a methodology for preparation of the 303(d) List.  Part of this 
methodology involves the review of various sources of water quality data including: 
 

• DOH Clean Water Branch data;  
 

• USGS North American Water Quality Assessment Program data;  
 

• AECOS, Inc. stream survey data (surveys conducted using the National 
Resource Conservation Service Visual Assessment Protocol); and 

 
• Biological Assessments and various other studies and reports.12  

 
The 303(d) List for Hawaii serves to contribute to the assessment of instream flow 
standards. 

                                                 
11 Department of Business, Economic Development and Tourism’s Office of Planning–Coastal Zone 
Management and Department of Health’s Clean Water Branch Polluted Runoff Control Program, 
2000, Hawaii’s Implementation Plan for Polluted Runoff Control.   
12 Koch, Linda, Harrigan-Lum, June, and Henderson, Katina, 2004, Final 2004 List of Impaired 
Waters in Hawaii, Prepared Under Clean Water Act §303 (d): Hawaii State Department of Health, 
Environmental Planning Office. 
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4.3.3. CWRM Management of Surface Water Data 

CWRM is currently in the process of developing a comprehensive database to manage 
surface water use and stream permitting information statewide.  Similar to CWRM’s Ground 
Water Regulation program, the SPAM program requires an information management 
system to track and maintain data for water use reports, stream channel alterations, and 
stream diversion works.  Labeled the Surface Water Information Management (SWIM) 
System, this database will ultimately facilitate the setting of instream flow standards by 
helping CWRM to track and manage water use data, location and type of alterations to 
stream channels, and water use for various offstream purposes.  This information will allow 
CWRM to assess impacts upon instream uses and to develop appropriate management 
scenarios at the watershed level. 

4.3.3.1. Surface Water Information Management (SWIM) System 

The Surface Water Information Management (SWIM) System addresses CWRM’s 
need for a single, comprehensive database to store and manage all stream-related 
CWRM activities.  This includes requests for determination, permits, petitions, 
complaints and disputes, and emergency authorizations.  CWRM staff continues to 
input data into the SWIM System and improve the database design. 
 
The SWIM System was primarily developed as a means of storing and managing 
data.  The database will contribute to improved surface water use reporting 
statewide as the SPAM Branch increases staffing.  The SWIM System also provides 
CWRM with another tool to improve CWRM operations and the agency’s ability to 
manage surface water resources.  For example, the database enables CWRM to 
generate reports identifying pending activities and follow-up actions.  Geographic 
location data from the SWIM System allows staff to perform geospatial analyses of 
stream diversions and CWRM regulatory actions. 
 
The SWIM System’s ultimate utility is as a tool for developing measurable instream 
flow standards.  Issues related to permitted stream channel alterations and 
diversions, determinations, and complaints provide information regarding on-the-
ground activities occurring within watersheds.  CWRM plans to expand the SWIM 
System to include information on stream channel alterations (e.g., channelizations, 
bridges, culverts, etc.) constructed prior to the establishment of CWRM; and 
reference materials (e.g., bibliographical information on published reports and 
studies) for various watersheds.  The compilation of these resources into a single 
system will further CWRM’s efforts to establish instream flow standards throughout 
Hawaii. 

4.3.3.2. Stream Diversion Verification 

In 1988, CWRM began registering declarations of water use (see Section 6).  At the 
time, staffing and funding constraints largely prevented CWRM from completing field 
verifications for the majority of stream diversions statewide.  Policy developments 
placed an emphasis on ground water protection, while the statewide decline of 
plantations raised questions about the continued diversion of water to plantation 
irrigation systems.  As a result, there is a deficit of surface water use data and 
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increasing concerns regarding watershed health, stream and riparian ecosystems, 
and surface water resource protection. 
 
CWRM is currently undertaking a project to verify surface water diversions 
statewide.  This project is expected to provide specific information on the location, 
construction, and use of water for all diversions that were registered with the 
Commission in 1988.  The data collected from this effort will contribute to the 
assessment of instream uses and the establishment of instream flow standards 
statewide.  This project is critical to the development of appropriate surface water 
monitoring programs and will identify water users that should be included in a 
surface water use reporting program. 

4.3.3.3. CWRM Water Use Reports 

Currently, CWRM does not actively enforce requirements for reporting of surface 
water use (see Section 6).  CWRM’s current policy is that the “requirement for 
monthly measurement and reporting of water use from gravity-flow, open ditch 
stream diversion works which are not already being measured and which are not in 
designated surface water management areas be deferred until the Commission 
adopts guidelines regarding appropriate devices and means for measuring water 
use.”  Since this policy was initiated, there has been increasing concern regarding 
surface water issues, and CWRM has responded with the creation of the Stream 
Protection and Management Branch (SPAM Branch). 
 
The SPAM Branch is establishing a surface water use reporting process similar to 
that employed by the Ground Water Regulation Branch.  This would require stream 
diversion works owners and operators to complete and submit a monthly water-use 
report form to CWRM.  The form would provide information including, but not limited 
to, stream diversion works identification, begin date and end date of reporting 
period, quantity of water diverted, and method of quantity measurement.  CWRM’s 
surface water database would be expanded to allow for data entry, storage, and 
management of reported water use data. 

4.3.4. Gaps in Surface Water Monitoring Activities 

Surface Water Monitoring:  Since the inception of the CWRM-USGS cooperative 
monitoring program, the USGS cost of operating a continuous-record stream gaging station 
has steadily increased, while CWRM funding available for monitoring has severely declined.  
The resulting gaps in the statewide monitoring network could potentially affect the integrity 
of hydrologic studies and investigations, as well as increase risk to public safety.  Public 
safety is impacted, where the monitoring network maintained by USGS serves the 
additional purpose of alerting the public of potential flood hazards.  This is true particularly 
in large watersheds where real-time gaging stations provide government agencies and the 
public with up-to-date streamflow data via the Internet.  Also, public agencies rely heavily 
on surface water discharge data for streams serving municipal water systems and for 
consideration in the design of highway culverts, bridges, flood structures, and other 
infrastructure.  Maintenance of the current surface water monitoring network will require 
greater funding commitments in light of rising costs, along with the need for additional 
partner agencies that rely on the network to share in overall operating expenses. 
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Water Use Data:  Surface water use data for the State of Hawaii is inadequate.  For certain 
areas, water use studies have been conducted either by the USGS or other government 
agencies.  However, comprehensive watershed-wide studies are important to 
understanding processes within the entire drainage area, and most studies only assess a 
small portion of the watershed.  Therefore, the extent and intensity of surface water use 
remains unknown in many areas of the state.  Increased surface water use data is critical to 
the protection and management of surface water resources. 

4.3.5. Recommendations for Monitoring Surface Water Resources 

In light of the gaps in surface water-monitoring activities summarized in Section 4.3.4., 
CWRM has identified the following recommendations for the improvement and expansion of 
surface water monitoring activities in the State of Hawaii: 
 

• Establish surface water use reporting process:  The SPAM Branch must 
initiate development of a surface water use reporting process.  The SWIM 
System needs to be expanded for data entry and analysis of water use 
information.  Also, the Ground Water Regulation Branch currently uses a 
12-month moving average (12-MAV) to assess ground water use, but a 12-MAV 
may not be appropriate for surface water.  The ground water database, which is 
still being tested and refined, will serve as the template for development of the 
surface water use database within the SWIM System.  In lieu of data entry and 
analysis, CWRM should incorporate notification of monthly water use reporting 
as part of the statewide stream diversion verification project. 

 
• Adopt guidelines for surface water monitoring:  CWRM currently faces 

difficulties in regulating the amount of water diverted via registered and 
permitted stream diversion works.  This problem stems from the lack of 
guidelines for surface water monitoring and the wide range of methods for 
diverting water.  Additionally, technical knowledge among water users varies 
considerably.  Public understanding of water use regulations must be 
encouraged, especially among water users and diversion works operators.  
Users should be educated on the correct application of water use metering and 
gaging methods that are appropriate for each end use.  A small user, who may 
divert water for landscaping and small water features, has very different water 
metering needs compared to that of a large irrigation system operator diverting 
millions of gallons daily over large expanses of agricultural land.  These issues 
offer considerable challenges, and CWRM must continue its work to develop a 
standardized set of methods for measuring diverted flow and water use, in 
accordance with CWRM’s policy directive.  CWRM should also enhance or 
develop methods and mathematical relationships (such as regression equations) 
that can be used to estimate flow characteristics at ungaged locations.  
Currently, there are equations to estimate median flow in streams across the 
state, but similar equations for low-flow (to assess instream flow and stream 
diversion issues) and high-flow (to assist in flood frequency planning) could be 
developed. 

• Maintain/increase funding for the CWRM-USGS cooperative monitoring 
program:  The number of continuous surface water gages maintained by the 
USGS has declined roughly 30 percent since 2000.  Continuous monitoring in 
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various areas throughout the state is currently inadequate to appropriately 
measure and monitor surface water resources, and must be expanded.  Funding 
for the cooperative program should be increased.  Funding increases should 
reflect inflationary costs, as well as the need to expand the data collection 
network in areas where competition for surface water resources is greatest. 

 
• Instream flow standard monitoring:  In anticipation of setting measurable 

instream flow standards statewide, CWRM must plan for and develop a 
streamflow monitoring program.  This program should include appropriate staff 
training, establishing protocols, assessing the existing USGS stream-gaging 
network, and developing a schedule to measure streams at regular time 
intervals on a regional scale. 

 
• Increase collaboration to achieve goals:  The involvement of public agencies, 

private entities, and community organizations in watershed partnerships, 
alliances, and other collaborative efforts is critical in identifying water uses and 
assessing watershed conditions.  Such partnerships foster relationships and 
build trust within the communities ultimately impacted by surface water 
management decisions.  Partnerships also contribute to sound planning, and 
can help in obtaining funding for local implementation of stream-related studies 
and programs. 

4.4. Rainfall Monitoring Activities 

4.4.1. Overview 

Rainfall data collection is fundamental to monitoring hydrologic conditions and water 
resources in Hawaii.  Rainfall is the ultimate natural source of freshwater for streams, 
springs, and underground aquifers.  Fog drip and melting snow (to a much lesser degree) 
may contribute to ground water recharge in some areas. 
 
Long-term rainfall data is also important in analyzing the effects of long-term climate 
changes, as well as decadal and shorter-term atmospheric fluctuations, such as the Pacific 
Decadal Oscillation, El Niño, and La Niña events, on Hawaiian water resources.  This data 
is also important when analyzing the effects of extreme weather events, such as floods and 
droughts, on water resources. 
 
Rain gages are grouped into two categories: non-recording, and recording rain gages.  
Non-recording instruments are manually read rain gages, which are typically sampled on a 
daily basis.  Recording instruments are typically tipping-bucket rain gages, which can be 
programmed to sample at different intervals, usually 15 minutes or one hour.  Some 
recording rain gages are telemetered to provide real-time data. 

4.4.2. Rainfall Data Collection Networks 

Rainfall data has been collected in Hawaii since the mid 1800s.  Sugar and pineapple 
plantations and ranches established and operated the majority of rain gages across the 
state.  There have been over 2,000 rain gages operating at some time or another since 
rainfall data collection began in Hawaii.  In many instances, however, data quality is 
uncertain, due to the lack of data quality control and standardized collection methods.   
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Hawaii has one of the densest rainfall monitoring networks in the world, due in part to the 
large gradient in average rainfall over very short distances and the varied microclimates 
across the state.  There are several principal rainfall data collection networks in Hawaii.  
The NWS has the cooperative observer program, which includes approximately 270 rain 
gages.  The NWS also operates the Hydronet network of 111-telemetered rain gages, 
which are used operationally (see Figures 4-10 to 4-1413).  Some overlap exists in rain gage 
locations, between the NWS cooperative and Hydronet programs.  The Hawaii State 
Climate Office at the University of Hawaii oversees a statewide network of approximately 84 
rain gages.  The USGS has 39 rain gage sites across the state.  On a much smaller scale, 
large plantations and the county water departments have their own network of rain gages.  
The NWS cooperative observer and the USGS rainfall network probably have the best 
quality assurance and quality control measures in place. 

4.4.3. Rainfall Data Availability 

Over the years there have been numerous data summaries published on rainfall in Hawaii, 
and many of these are available in the public or University of Hawaii libraries’ reference 
section.  Monthly summaries of data collected through the NWS cooperative observer 
program are published and available in hard copy or electronically from the National 
Climatic Data Center (NCDC). 
 
Individual NWS station data is also available electronically and on hard copy through NCDC 
for a fee.  Data is available in daily, monthly, and annual formats.  In some cases, 15-
minute and one-hour data is available.  This data is also available from the Western 
Regional Climate Center for a fee. 
 
Some USGS rainfall data is made available on their website and annual summaries are 
published in their Annual Water Data report.  Specialized data requests can be 
accommodated for a fee. 
 
The State Department of Business, Economic Development and Tourism’s Office of 
Planning provides downloadable GIS data for rainfall isohyets.  The Hawaii State Climate 
Office can also provide data for a fee. 

                                                 
13 National Weather Service Forecast Office, Honolulu, HI, Hydrology in Hawaii, Additional Hydrology 
Resources, Rainfall Summary Gage Location Maps, Internet, accessed September 7, 2007. 
Available at http://www.prh.noaa.gov/hnl/pages/hydrology.php. 
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Figure 4-11.  NWS Hydronet rain gages on Kauai. 

 

 
Figure 4-12.  NWS Hydronet rain gages on Oahu. 
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Figure 4-13.  NWS Hydronet rain gages on Molokai and Lanai. 

 
 

 
Figure 4-14.  NWS Hydronet rain gages on Maui and Kahoolawe. 
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Figure 4-15.  NWS Hydronet rain gages on Hawaii. 
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4.4.4. Rainfall Data Analysis 

There have been several analyses done of mean and median rainfall for monthly and 
annual data for Hawaii.  The most recent report, Rainfall Atlas of Hawaii (1986), has 
resulted in monthly and annual rainfall maps for each of the islands.  In general, the maps 
provided in the Rainfall Atlas of Hawaii serve as the standard isohyet maps for use in 
hydrologic studies.  CWRM supports the consistent use of these maps to ensure consistent 
assumptions in data analyses.  It should be noted, however, that there are other data 
sources available that may not be controlled to the data standards of the NWS.  The results 
of studies that use such data are difficult to compare with the results of investigations that 
use standardized data. 
 
There have been three statewide rainfall frequency studies done, Rainfall-Frequency Atlas 
of the Hawaiian Islands for Areas to 200 Square Miles, Durations to 24 Hours, and Return 
Periods from 1 to 100 Years (1962), Two to Ten Day Rainfall for Return Periods of 2 to 100 
Years in Hawaiian Islands (1965), and Probable Maximum Precipitation in the Hawaiian 
Islands (1963).  A more recent analysis was done for the island of Oahu, Rainfall 
Frequency Study For Oahu (1984). 
 
One drought study, Drought In Hawaii (1991) and one drought risk and vulnerability study, 
Drought Risk and Vulnerability Assessment and GIS Mapping Project (2003) were done for 
the State. 
 
The latest report indexing climate stations in Hawaii was done in 1973, Climatologic 
Stations in Hawaii. 
 
The State DLNR has produced numerous reports on flooding events and drought 
occurrences.  There are also studies on the relationship between El Niño events and rainfall 
in Hawaii. 
 
Several types of rainfall analyses are available from the Western Regional Climate Center,  
including mean number of days of rain, thunderstorm days, cloudy days, etc. 

4.4.5. Gaps in Rainfall Data 

Due to the closing of sugar and pineapple plantations across the state beginning around 
1990, there has been a drastic decrease in rain gage sites in the former plantation areas.  
This has resulted in the discontinuation of monitoring activities at many rainfall stations with 
long periods (50-100 years) of record.  To illustrate this decrease, Figure 4-1614 shows the 
locations of current stations and historic stations on Kauai. 
 
On Kauai, Oahu, Maui, and Molokai, there is a lack of rain gages located in high rainfall 
areas (areas receiving more than 80 inches of rain annually), which often correspond to 
forest reserve, watershed, and ground water recharge areas.  There is also insufficient rain 
gage coverage in many agricultural areas across the state.   

                                                 
14 Chu, P.S., 2006 (unpublished report), Rainfall Station Index and Atlas for Kauai County, County of 
Kauai Department of Water and State of Hawaii Department of Land and Natural Resources, 
Commission on Water Resource Management, 30 p. 
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Figure 4-16:  Current and historic rainfall monitoring stations on Kauai.  Historic 
stations are not active. 

 
The NWS uses Doppler radar to detect rainfall and thunderstorms.  Doppler radar can 
detect movement of objects (e.g., raindrops, hailstones) toward or away from the radar 
antenna.  Doppler radar is used to estimate rainfall intensities, in order to issue flood 
warnings and special weather statements.  In areas without rain gage coverage, Doppler 
radar can estimate rainfall accumulations.  However, there is uncertainty in these estimates 
since they are not based on measurements. 
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4.4.6. Gaps in Rainfall Analysis 

There is a need for further or updated analysis statewide for indexing climate stations, 
flooding frequency, drought frequency, the effects of climate change on Hawaiian rainfall, 
and monthly and annual median rainfall maps.  There is a particular need for updating the 
long-term monthly and annual rainfall maps, in order to determine current ground water 
recharge quantities, which is needed to update aquifer sustainable yields.  The most recent 
analysis of annual mean and median rainfall (Rainfall Atlas of Hawaii) was completed in 
1986 using rainfall data collected until 1983.  Since this time, there have been changes in 
the number of rainfall stations, as well as changes in spatial distribution.  For the rainfall 
stations that have continued to be active since 1983, there are many more years of data 
that can be used to complete an update of the Rainfall Atlas of Hawaii; in addition, there 
have been a number of extreme precipitation events such as droughts and floods since the 
Rainfall Atlas of Hawaii was completed. 

4.4.7. Recommendations for Rainfall Monitoring 

While the rainfall data collection network in Hawaii is quite dense, there are still areas 
around the state that have little or no rain gage coverage, especially in remote areas.  The 
loss of rainfall stations due to the closure of sugar and pineapple plantations have reduced 
rain gage coverage and ended many stations with long periods of record.  The historic 
rainfall record should be properly maintained and easy access to this data should be 
provided.  Reports of rainfall analysis of all types need to be updated, and the effects of 
climate change on Hawaiian rainfall should be studied.  The following recommendations 
hope to address these concerns: 
 

• Increase rainfall data collection, especially in the watershed and agricultural 
areas. 

 
• Continue or reestablish long-term rain-gage stations. 
 
• Better coordinate rainfall data sharing between major data collection networks 

and improve delivery of data for public consumption (including the acquisition 
and review of historic plantation data kept by the Hawaii Agricultural Research 
Center). 

 
• Update the statewide, comprehensive climate station index and accompanying 

maps. 
 
• Update the statewide rainfall frequency study and maps. 
 
• Update the statewide median/average rainfall maps. 

 
• Update the drought frequency study. 
 
• Investigate the effects of climate change on precipitation in Hawaii. 

 
• Study newer technologies and tools for rainfall estimation in Hawaii. 
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4.5. Cloud Water Interception and Fog Drip Monitoring Activities 

4.5.1. Overview 

Cloud water interception or fog drip is the direct interception of water, from clouds or fog, by 
vegetation.  Some of this water makes its way into the ground.  Fog drip is likely an 
important contribution to the hydrologic budget in Hawaii’s forested areas frequently 
enveloped in clouds.  This is especially true when there is little or no precipitation occurring.  
Although this subject has been studied to some degree in Hawaii and other locations 
around the world, there are still uncertainties as to what contributions cloud interception and 
fog drip make to the hydrologic cycle, and specifically to ground water recharge. 

4.5.2. Measuring Fog Drip  

The interception of cloud water, or fog drip, can be measured by fog collectors, which use 
screens, strings, or some other surface to capture cloud or fog droplets, which is then 
collected by receptacles or tipping bucket gages.  Another method of measuring fog 
beneath vegetative canopies is by using throughfall collectors, which capture fog drip and 
precipitation using gutter-like troughs situated beneath the forest canopy.  A rain gage is 
usually positioned nearby to account for the precipitation’s contribution. 

4.5.3. Existing Programs 

There is no systematic, long-term cloud water/fog drip collection network in Hawaii.  There 
have been several fog drip studies conducted on Lanai, Maui, and Hawaii, which yielded 
site-specific fog collection data of various periods of record.  These sites have typically 
been in the cloud covered mountainous regions of these islands, ranging from 
approximately 1,500’ to 10,000’ elevation. 

4.5.4. Analyses and Reports 

There are few analyses and reports done on the subject of cloud water interception / fog 
drip in Hawaii.  The University of Hawaii Water Resource Research Center published two 
technical reports, Methodical Approaches in Hawaiian Fog Research15, and A Climatology 
of Mountain Fog on Mauna Loa Hawaii Island16.  Other researchers have conducted studies 
and investigations17 on this subject.  It should be noted that due to the lack of data on cloud 

                                                 
15 McKnight, J. H. and Juvik, J. O., 1975, Methodological approaches in Hawaiian fog research, 
Technical Report No. 85, Project Completion Report for fog precipitation along topo-climatic 
gradients on the Island of Hawaii, OWRT Project No. A-041-HI, Grant Agreement No. 14-31-0001-
4011, Project Period: July 1, 1972 to June 30, 1975. 
16 Juvik, J. O. and Ekern, P. C., 1978, A climatology of mountain fog on Mauna Loa, Hawaii Island, 
Technical Report No. 118, Project Completion Report for fog precipitation along topo-climatic 
gradients on the Island of Hawaii, OWRT Project No. A-041-HI, Grant Agreement No. 14-34-0001-
5011, Project Period: 1 July 1974 to 31 December 1975. 
17 Juvik, J. O, and Nullet, D., 1994, A climate transect through tropical montane rain forest in Hawaii: 
Journal of Applied Meteorology, v. 33, No.11, p. 1304. 
Juvik, J. O, and Nullet, D., 1995, Comments on ”A Proposed Standard Fog Collector for Use in High 
Elevation Regions”: Journal of Applied Meteorology, v. 34, No.9, p. 2108-2110. 
Scholl, M., T. W. Giambelluca, S. B. Gingerich, M. A. Nullett, and L. L. Loope (2007), Cloud water in 
windward and leeward mountain forests: The stable isotope signature of orographic cloud water, 
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water interception, there is uncertainty of the contribution of cloud water to the overall water 
budget of our forested watersheds. 

4.5.5. Gaps 

Since there is no fog drip data collection network, almost all of the islands’ mountainous 
regions within the cloud belt have no data.  Most of these areas have no vehicular access, 
and the difficult and often steep terrain prevents easy access for installation and 
maintenance of the fog drip data collection instruments. 

4.5.6. Recommendations for Cloud Water Interception and Fog Drip Monitoring 

As mentioned above, there is no long-term or widespread data collection network that 
gathers cloud water interception information in Hawaii.  The amount of research and study 
on this subject is sparse compared to those of other hydrologic elements, especially rainfall.  
The following recommendations aim to increase the knowledge of cloud water interception 
and its contribution to watershed hydrology and water balance: 
 

• Increase cloud water interception data collection in important watersheds. 
 

• Increase research into cloud water interception and its contribution to the 
hydrologic budget and aquifer sustainable yield; and 

 
• Develop methods to estimate cloud water interception over large areas. 

4.6. Evaporation Data 

4.6.1. Overview 

The most common way of determining evaporation is direct measurement from an 
instrument called an evaporation pan.  Factors that influence evaporation include 
temperature, humidity, wind speed, and solar radiation.  Other instruments, such as 
evaporimeters, can measure evaporation indirectly.  Other empirical and psuedo-physical 
models can be used to estimate evaporation, based on other observed weather elements. 
 
Evaporation data was used extensively in Hawaii to assist in crop irrigation and to assess 
the amount of water used by crops.  Evaporation is also an important tool in determining an 
area’s hydrologic budget, since evaporation can be used to estimate evapotranspiration, 
which is an important component of the hydrologic budget.  Evapotranspiration equals the 
water evaporated from the soil and other surfaces combined with the transpiration from 
                                                                                                                                                   
Water Resour. Res., doi:10.1029/2007WR006011, in press. http://www.agu.org/journals/pip/wr/ 
2007WR006011-pip.pdf" (accepted 31 August 2007). 
Scholl, M.A., Gingerich, S.B., and Tribble, G.W., 2002, The influence of microclimates and fog on 
stable isotope signatures used in interpretation of regional hydrology: East Maui, Hawaii: Journal of 
Hydrology, v. 264, p. 170-184. 
Giambelluca, T.W., DeLay, J.K., Nullet, M.A., Scholl, M.A., and Gingerich, S.B. Interpreting canopy 
water balance and fog screen observations: Separating cloud water from wind-blown rainfall at two 
contrasting forest sites in Bruijnzeel, L.A., Juvik, J., Scatena, F.N., Hamilton, L.S., and Bubb, P., 
Mountains in the Mist: Science for Conserving and Managing Tropical Montane Cloud Forests, 
Honolulu, HI, University of Hawaii Press. 
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plants in a vegetated area.  Evapotranspiration can be directly measured, computed from 
meteorological data, or estimated from pan evaporation data.  In Hawaii, pan evaporation 
data is relied upon heavily when estimating evapotranspiration, since there are few direct 
measurements of evapotranspiration and the meteorological data to compute 
evapotranspiration is sparse. 

4.6.2. Data Collection 

In Hawaii, pan evaporation data collection began in the late 19th century, with the majority of 
stations beginning in the mid 1950s.  The proliferation of pan evaporation stations was 
directly influenced by the expanse of sugar and pineapple cultivation, and the vast majority 
of this network was comprised of sugar and pineapple plantation stations.  Some of these 
stations were co-located with the NWS cooperative observer program rainfall stations.  
However, since the closure of these plantations, most of these pan evaporation stations 
have been discontinued.  Many of these stations were located in the areas where sugar 
was grown, which were usually lower elevation areas with relatively low rainfall, although 
there are some data from higher elevations in wetter areas. 

4.6.3. Existing Programs 

As described above, the network of pan evaporation stations has almost disappeared due 
to the plantation closures.  The NWS currently maintains two evaporation stations, one in 
Lihue, Kauai, and the other in Ewa, Oahu.  The remaining plantations on Maui and Kauai 
may still be collecting pan evaporation data; however, this data is not published or reported 
to the State Climate Office.  There may be a few stations collecting evapotranspiration data 
for the purpose of research in selected areas, which probably utilize sophisticated 
instruments to directly measure or compute evapotranspiration.  Historic data can be found 
in the reports mentioned below.  Evaporation data from the Lihue and Ewa stations are 
available from the National Climatic Data Center. 

4.6.4. Analyses and Reports 

The Department of Land and Natural Resources published three pan evaporation reports.  
Pan Evaporation Data, State of Hawaii (1961) and Pan Evaporation in Hawaii 1894-1970 
(1973) described the pan evaporation data collection network in Hawaii, presented data 
from these stations, and discussed data analysis.  Pan Evaporation: State of Hawaii 1894-
1983 (1985) is a similar report with in-depth technical discussion of pan evaporation 
methods and analysis, as well as maps of annual evaporation isopleths for Kauai, Oahu, 
Maui, and Hawaii.  There are also numerous scientific journal and technical papers written 
on evaporation and evapotranspiration. 

4.6.5. Gaps 

The concern for lack of data reflects the importance of accurate evapotranspiration data 
when computing water budgets and aquifer sustainable yields in Hawaii.  There is a lack of 
direct evapotranspiration measurements in the forested watershed areas.  There is also a 
lack of meteorological data for computing evapotranspiration.  Raw pan evaporation data is 
not readily available, and there is uncertainty in estimating evapotranspiration data using 
pan evaporation data. 
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4.6.6. Recommendations for Evaporation Monitoring 

Although fairly long periods of evaporation data exist for a number of pan evaporation 
stations, much of this data is for low elevation and low rainfall areas, and the data is not 
readily available to the general public.  There is little measured and computed 
evapotranspiration data in the State, and the availability of this data is unknown at this time.  
The following recommendations address these main concerns with evaporation and 
evapotranspiration data: 
 

• Identify sources of evaporation and evapotranspiration data and improve access 
to this data; 

 
• Establish evapotranspiration measurement stations in areas where aquifer 

sustainable yields need to be reassessed or improved; 
 

• Increase and improve evapotranspiration estimates in areas where aquifer 
sustainable yields need to be reassessed or improved; and 

 
• Conduct additional research on evapotranspiration in areas where aquifer 

sustainable yields need to be reassessed or improved. 
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