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Objective
The objective of the proposed work was to prepare state-of-the-science digital maps of
1971-2000 mean monthly minimum, maximum, and mean temperature, mean dew point,
and total precipitation for the Hawaiian Islands and other Pacific Basin islands.
Introduction
In the late 1990s, the US Department of Agriculture’s Natural Resources Conservation
Service (NRCS) funded Oregon State University’s PRISM Group (formerly Spatial
Climate Analysis Service; SCAS) to prepare 1961-1990 mean monthly precipitation grids
for the Hawaiian Islands and several other islands and island groups in the Pacific Basin.
The Hawaiian Islands were mapped at 30-arc second grid resolution. The other Pacific
islands were mapped at 15-arc second resolution, and included Guam, CNMI, Palau,
American Samoa islands of Tutuila and Manua, and Federated States of Micronesia
islands of Kosrae and Pohnpei. Later, the National Oceanic and Atmospheric
Administration’s National Climatic Data Center (NCDC) sponsored the PRISM Group to
develop 1961-1990 mean monthly minimum, maximum, and mean temperature and mean
dew point maps, among others, for the Hawaiian Islands (only) as part of a new climate
atlas for the US. Mapping resolution was 30 arc seconds. The PRISM (Parameterelevation Regressions on Independent Slopes Model) climate mapping system was used
in both of these projects.
This project sought to update and add to the above map products through the creation of
1971-2000 mean monthly minimum, maximum, and mean temperature, mean dew point,
and precipitation maps for the following regions:
· Hawaiian Islands (from Niihau in the northwest to Hawaii in the southeast)

· Guam
· CNMI (Saipan, Tinian, and Rota)
· Palau
· Tutuila and the Manua Islands in American Samoa
· Federated States of Micronesia islands of Kosrae and Pohnpei
All regions were mapped at 3-arc-second (~90m) resolution, except for the Hawaiian
Islands, which were mapped at 15-arc-second (~450m) resolution.
This project was divided into 4 tasks: Task 1 – Collect input data; Task 2 - Conduct
quality control checks on station data and adjust period of record averages; Task 3 –
Perform initial mapping; and Task 4 – Review maps and create final products. Below is
a summary of the project tasks.
Task 1 -- Collect input data
Elevation Data
PRISM requires a digital elevation model (DEM) grid for each region to be mapped.
DEMs from NED (National Elevation Data) were already available for each region at the
PRISM Group, having been used in previous modeling work. These DEMs were
compared to NASA’s Space shuttle Radar Topography Mission (SRTM) elevation data
sets, available at 1-second resolution for Hawaii and some of the other Pacific Islands.
The SRTM DEMs were found to have many quality issues, including data dropouts over
complex terrain, and thus were not suitable for this project.
The NED DEMs were available at 1-arc-second resolution for Guam, CNMI, Palau,
Kosrae and Pohnpei; and 0.3-arc-second resolution for Hawaii, Tutuila, and Manua. A
Gaussian filter (Barnes, 1964) was applied to these high-resolution DEMs to obtain
DEMs at 3-arc-second (~90m) resolution for all regions except the Hawaiian Islands,
which was filtered to 15-arc-second (~450m) resolution. These were used as the
elevation grids in PRISM mapping activities for temperature and dew point (Figures 1a8a).
An additional filtering step was performed to create DEMs for precipitation mapping.
The Gaussian filter (Barnes, 1964) was applied to the 15 arc-second (Hawaii) and 3-arcsecond (all other regions) DEMs to filter out terrain features up to 2.5 arc-minutes (~ 4
km) in extent, while retaining the original grid resolution (Figures 1b-8b). While it has
been difficult to generalize to all cases, the PRISM Group’s experience in modeling
precipitation has shown that precipitation processes tend to respond more strongly to
larger-scale terrain features than to fine-scale features (Daly et al., 1994, 2006).
Orographic precipitation enhancement involves the forced uplift of moist air masses over
terrain features, which is typically most dominant at larger scales, due to the viscosity of
the air masses being lifted. In addition, there was generally insufficient station density to
adequately resolve small-scale precipitation patterns, even if they occurred.

Station Data
Pacific Island stations used in PRISM climate modeling are summarized in Table 1.
Daily data for all COOP/WBAN stations were obtained from the National Climatic Data
Center (NCDC) TD3200 daily dataset for all elements. Additional daily precipitation data
were obtained from The Pacific Rainfall (PACRAIN) and Taylor’s Atlas Databases
(http://pacrain.evac.ou.edu) and the Haleakala Climate Network (HaleNet;
http://webdata.soc.hawaii.edu/climate/HaleNet/). Monthly precipitation data were
provided by the United States Geological Survey (USGS). Hourly data for temperature
and precipitation were obtained from the Remote Automated Weather Station (RAWS)
network. Hourly dew point data were obtained from the Mauna Loa Observatory
operated by the National Oceanic and Atmospheric Administration’s Earth Systems
Research Laboratory (NOAA/ERSL), the NCDC Solar and Meteorological Surface
Observation Network (SAMSON) and International Surface Weather Observations
(ISWO) datasets, and accumulated Meteorological Reports (METAR) issued by
Automated Surface Observing System (ASOS) stations. Annual precipitation data for
Guam were provided by the University of Guam.
Estimated station data were used in regions for which no station data were available for a
given climate element. On Manua, no data were available for maximum and maximum
temperature and mean dew point. Values for these elements for Faleasao Village were
assumed to be the same as values from Pago Pago, on Tutuila. No dew point data were
available for Kosrae and CNMI. Therefore, data from the Pohnpei Weather Service
Office were used as estimates for the Kosrae Airport, and data from the Guam Weather
Service Office were used as estimates for the Saipan Loran location on CNMI.
Estimated station data were also used in difficult situations where station data or model
capabilities were insufficient to properly simulate known spatial climate patterns. The
vast majority of estimated stations were for precipitation in the Hawaiian Islands.

Table 1. Pacific Island stations used in PRISM climate modeling.
Observed
Stations

Estimated
Stations

Total Stations

Precipitation
Tutuila
Manua
Pohnpei
Kosrae
CNMI
Palau
Guam
Hawaiian Islands

616
21
2
6
5
6
6
148
422

23
0
2
0
0
0
1
0
20

639
21
4
6
5
6
7
148
442

Max/Min Temperature
Tutuila
Manua
Pohnpei
Kosrae
CNMI
Palau
Guam
Hawaiian Islands

120
2
0
4
3
3
4
4
100

2
0
1
0
0
0
0
0
1

121
2
0
4
3
3
4
4
101

Dew Point
Tutuila
Manua
Pohnpei
Kosrae
CNMI
Palau
Guam
Hawaiian Islands

14
1
0
1
0
0
1
2
9

4
0
1
0
1
1
0
0
1

18
1
1
1
1
1
1
2
10

Variable

Task 2 -- Conduct quality control checks on station data and adjust period of record
averages
Data were processed to remove outliers, develop 1971-2000 monthly and annual
averages, and adjust the averages for stations with short periods of record. Methods were
also developed to allow the use of stations with data outside the 1971-2000 period. Data
processing steps are discussed in detail below.
Calculation of Monthly Values
Total monthly precipitation, mean maximum and minimum temperature, and mean dew
point temperature were generated from the hourly, daily, monthly, and yearly sources.
Station data were subjected to reasonableness screening checks discussed in the Quality
Control section below. Hourly precipitation accumulations were converted to
incremental amounts and combined to form daily totals, hourly temperature observations
were tracked to find daily maximums and minimums, and hourly dew point temperatures
were averaged to produce daily means. Days missing more than 25% of the hourly
observations were set to missing. Daily precipitation amounts were combined to form
monthly totals. Maximum, minimum, and dew point mean temperatures were averaged to
form monthly means. For all variables, monthly values were set to missing if more than
25% of the daily data were missing. Monthly values were used as received. Guam
precipitation stations with only annual values had their monthly totals estimated using the
closest station with monthly data. The percent of annual for each month was computed
for the nearby station by dividing the monthly value by the annual value. The annual-only
station’s annual value was then multiplied by each monthly percent to obtain an estimate
for the month.
Overview of Adjustment Process
Station data for each month during the 30 year period 1971-2000 were averaged to create
1971-2000 monthly “normals.” A 1971-2000 monthly station normal calculated using
data from at least 23 of these 30 years (75% data coverage) was considered to be
sufficiently characteristic of the 1971-2000 period, and was termed a “long-term” station.
A 1971-2000 monthly normal that was generated from less than 23 of these years was
termed a “short-term” station. Short-term station normals were subject to an adjustment
process designed to make them better reflect the 1971-2000 period. The assessment and
adjustment of averages was performed for each month individually; therefore, it was
possible for a station to be long-term for some months and short-term for others. Stations
with long-term normals were used to adjust the short-term normals. A station with a longterm normal was referred to as a potential “anchor” station for that month. A station
whose short-term monthly normal required adjusting was referred to as a “target” station.
A target station monthly normal was considered usable (and therefore adjustable) if the
normal was calculated using at least three years of data from the 1971-2000 period. A
target station monthly normal was also usable if the target station had at least three years
of historical data, and at least one of these years was within 23 years of the beginning or

end of the 1971-2000 period, which is the period 1948-2003. A target station monthly
normal was not usable if the station had less than three years of historical data, and no
data during 1948-2003. Target station monthly normals that could not be used were
omitted from the data set.
Since a target station monthly normal was created with less than 23 years of data from
1971-2000, an attempt was made to increase the number of years used to calculate the
monthly normal to 23 (75%) by using additional data outside 1971-2000, if available.
These additional data were selected from years that were as close to the target period as
possible, starting with 2001 and progressing forward in time to 2003, and then with 1970
and extending backward in time.
Choosing Anchor Stations
Anchor stations for Hawaii were chosen for each target station by applying a version of
PRISM using station period-of-record monthly averages as input. For each station for
each month, PRISM made a prediction for each target station in the absence of the target
station’s observation. The weights assigned by PRISM to surrounding stations in the
monthly regression function for the target station served as measures of the
climatological similarity of these stations to the target station. These weights were later
used in determining the most suitable anchor stations.
For most of the other regions, only 1–4 suitable stations were available to be used as
anchor stations; therefore, the process of weighting stations was bypassed. For CNMI and
Manua, no suitable anchor stations were available. In these regions, stations from the
nearest island were used. Anchor stations from Guam were used to adjust CNMI target
stations and the anchor station from Tutuila was used to adjust target stations on Manua.
Potential anchor stations first must have had data in the same years during 1971-2000 that
were used to calculate the target station short-term monthly normal. For example, if a
target station had data for the period 1982-1988, the anchor station must have also had
data for this period. Secondly, anchor stations were chosen that had data in as many of
the additional years outside 1971-2000 where the target station had data, up to a total of
23 years, if possible. The number of additional years that could be provided by the
anchor station, divided by the number of years needed to bring the target station period of
record up to 23, was multiplied by the PRISM weight of the station to produce a ranking
score. Anchor stations were then sorted based upon the highest score, then highest
weight, then shortest distance to the target station. The result was a list of preferred
anchor stations, each of which had a set of up to 23 years where both the anchor station
and target station had data for a given month.
The Adjustment Process
After selecting an anchor station, monthly extended normals for the target station and
anchor station were calculated using their respective data from the set of common years.
These normals were called extended because they may have been calculated from a

period of years that extended beyond the target period. For precipitation, an adjustment
factor was calculated by dividing the anchor station 1971-2000 normal by the anchor
station extended normal. The target station extended normal was multiplied by this factor
to determine the target station adjusted normal. For maximum, minimum, and dew point
temperatures, an adjustment difference was calculated by subtracting the anchor station
extended normal from the anchor station 1971-2000 normal. This difference was added to
the target station extended normal to determine the target station adjusted normal.
Arithmetically, the target adjusted normal (TAN) was calculated as:
Precipitation:
TAN = (AN/AEN) * TEN
Maximum, minimum, and mean dew point temperatures:
TAN = (AN-AEN) + TEN
Where AN is the anchor normal, AEN is the anchor extended normal, and TEN is the
target extended normal.
TAN was calculated for each target station using the three anchor stations with the highest
scores. These three adjusted normals were then averaged to obtain an average TAN for
the target station. This average normal was used to represent the 1971-2000 period for the
target station. Target stations having only two anchor stations available use two adjusted
normals to create an average normal and those with only one anchor station available use
the adjusted normal as the average normal. If no anchor station was available, the target
station adjusted normal was set to missing.
Quality Control
The 1971-2000 mean monthly station data were checked for location errors, and
reasonableness and spatial representativeness of the data. Much of this was performed
during initial phases of the PRISM modeling process.
Location Quality Control
Much time was spent checking station locations. A major issue encountered was a lack
of precision. Many of the stations used, especially those from the COOP network,
reported locations to the nearest 1-arc-minute latitude/longitude (~2 km). Even if the
location was accurate, rounding or truncating the location to the nearest minute
sometimes moved it out over the ocean or to the other side of a small island. For Hawaii,
an automated search algorithm internal to PRISM was used to re-locate stations within a
+/- 1-minute (~2 km) radius of the given station location, based on an improved match
between the station elevation and the DEM elevation. For the other regions, DEM
matching was used in conjunction with maps of the island groups to verify, and correct, if
necessary, station locations, and increase their precision, if possible. This was done by
locating place names and matching station location with these place names. If a large
discrepancy was found, further examination was done to determine if the station needed

to be moved. This involved web searches for documents in which the name was used,
and applications with the PRISM Graphic User Interface to assess if the station seemed to
be located in the correct climatic zone.
Data Quality Control
Station data were subjected to reasonableness screening checks. Hourly or daily values
that were out-of range were set to missing. Precipitation values less than 0 or greater than
2150 mm (84.64”) and temperature values less than -95 F (-70.6 C) or greater than 141 F
(60.6 C) were considered out-of-range. The value 2150 mm is 115% of the world record
24-hour precipitation (1870mm), -95 F is five degrees Fahrenheit less than the world
record minimum temperature (-90 F), and 141 F is five degrees Fahrenheit greater than
the world record maximum temperature (136 F). World records were obtained from
NCDC, Wikipedia, and other sources of extreme weather on the internet.
Monthly “normals” were subjected to scrutiny within the PRISM modeling framework as
modeling proceeded. Station values that appeared unusual or out of place had their daily
and individual monthly values examined to determine if there were problems with
certain time periods, or if the time period adjustment process for short-term stations
might have produced erroneous values. Stations that had problems which could not be
reconciled were omitted. A total of 38 stations were omitted based on suspicious data
quality.
Task 3 – Perform initial mapping
All modeling was done with PRISM (Parameter-elevation Regressions on Independent
Slopes Model). PRISM is a state-of-the-art model which is in widespread use and
thoroughly tested and documented (see, for example, Daly et al., 1994, 2000, 2002, 2003;
Gibson et al., 2002; Johnson et al., 2000). It has been continuously developed and
refined at Oregon State University’s PRISM Group since 1991. PRISM climate maps
produced by the PRISM Group are considered the standard in the US, and are the official
climate maps of the USDA.
PRISM adopts the assumption that for a localized region, elevation is the most important
factor in the distribution of temperature and precipitation (Daly et al., 2002). PRISM
calculates a linear climate-elevation relationship for each DEM grid cell, but the slope of
this line changes locally with elevation as dictated by the data points. Beyond the lowest
or highest station, the function can be extrapolated linearly as far as needed. A simple,
rather than multiple, regression model was chosen because controlling and interpreting
the complex relationships between multiple independent variables and climate is difficult.
Instead, weighting the data points (discussed later) controls the effects of variables other
than elevation .
The climate-elevation regression is developed from x,y pairs of elevation and climate
observations supplied by station data. A moving-window procedure is used to calculate a

unique climate-elevation regression function for each grid cell. The simple linear
regression has the form
Y =β1 X + β0
where Y is the predicted climate element, β1 and β0 are the regression slope and intercept,
respectively, and X is the DEM elevation at the target grid cell.
Upon entering the regression function, each station is assigned a weight that is based on
several factors. In the general PRISM formulation, the combined weight of a station is a
function of distance, elevation, cluster, vertical layer, topographic facet, coastal
proximity, effective terrain, and topographic index weights, respectively. A full
discussion of the station weighting functions is available in Daly (2002) and Daly et al.
(2002). The combined weight W of a station is a function of the following:
W = f { Wd , Wz , Wc , Wf , Wp ,Wl ,We ,Wt }
where Wd , Wz , Wc , Wf , Wp , Wl, We and Wt are the distance, elevation, cluster,
topographic facet, coastal proximity, vertical layer, effective terrain, and topographic
index weights, respectively. Distance, elevation, and cluster weighting are relatively
straightforward in concept. A station is down-weighted when it is relatively distant or at
a much different elevation than the target grid cell, or when it is clustered with other
stations (which leads to over-representation). Coastal proximity weighting is used to
define gradients in precipitation or temperature that may occur due to proximity to large
water bodies (Daly et al. 1997, Daly and Johnson 1999, Daly et al. 2003, Daly 2006).
Facet weighting effectively groups stations into individual hillslopes (or facets), at a
variety of scales, to account for sharp changes in climate regime that can occur across
facet boundaries. Vertical layer weighting is used to simulate situations where rapid
changes, or even reversals, in the relationship between climate and elevation are possible
(i.e., temperature inversions). When the potential for such situations exists, the climate
stations entering the regression are divided into two vertical layers, and regressions run
on each separately. Layer 1 represents the boundary layer, and layer 2 represents the free
atmosphere above it. Effective terrain weighting accounts for differences in the ability of
terrain features to enhance precipitation through mechanical uplift of moisture-bearing
air. Features having relatively steep, bulky profiles typically produce strong
precipitation-elevation relationships; while low, gently rolling features have weaker
relationships (Daly et al. 1997, Daly and Johnson 1999, Daly et al. 2002). Topographic
index weighting favors stations having topographic positions (e.g., valley bottom, ridge
top) similar to that of the target grid cell. This is especially useful when interpolating
temperature in regions where terrain configuration affects the spatial patterns of climate,
such as the case of nocturnal cold air drainage and ponding.
PRISM was parameterized for each Pacific Island region by assessing general climatic
patterns through use of the PRISM graphical interface (Daly et al. 2002), and full grid
applications at the annual and monthly time step. Once an initial parameterization was
determined at an annual time step, PRISM was run for all months in the year, and the

resulting grids evaluated for unusual conditions that were not handled well in the initial
parameterization. This process was performed repeatedly until all months were modeled
appropriately.
PRISM was used to create monthly and annual grids of minimum and maximum
temperature, dew point, and precipitation. As a consistency check on the dew point grids,
monthly annual mean relative humidity grids were calculated from dew point and mean
temperature (average of tmax and tmin).
The limiting factor in PRISM parameterization and application was station data
availability. Most regions had very few stations, and many of these had short periods of
record. For all regions except the Hawaiian Islands, station data for temperature and dew
point were insufficient to characterize elevation effects directly. Therefore, only the
PRISM distance and cluster weighting functions were operated, and a constant lapse rate
of 7ºC/km was applied to maximum temperature, 6ºC/km to minimum temperature, and
4.5ºC/km to dew point. These values were derived from studies of available data in
Hawaii and a mapping study in Puerto Rico (Daly et al. 2003).
Data for precipitation were more numerous than for temperature and dew point, but still
generally sparse. The exception was Guam, for which 148 stations were available.
Except for Hawaii, few stations were available in mountainous regions; therefore,
uncertainties in these regions are relatively high. Use of the filtered DEMs for elevation
input to PRISM produced relatively smooth precipitation fields compared to those of
temperature and dew point.
Preliminary analysis of spatial patterns in the precipitation data showed significant
windward-leeward gradients (i.e., rain shadows) caused by airflow over some islands’
complex terrain. A simple trajectory model designed for PRISM was used to assess
relative moisture availability to guide precipitation mapping. This method of determining
terrain-based precipitation regimes gave more suitable results than topographic facet
weighting in Puerto Rico (Daly et al. 2003), because of the complexity of the terrain and
the relatively sparse station data set. The trajectory model accounts for changes in
moisture content due to path length and terrain effects. Air parcel trajectories are
straight-line and invariant throughout the simulation, as might be the case during largescale circulations that produce significant precipitation. The premise here is that the
mean potential for precipitation experienced at a site is the result of: (1) loss of moisture
through rainout, which accumulates as the path length over land increases; and (2)
enhancement and suppression of precipitation caused by adiabatic cooling and warming
during flow over terrain obstacles. Details on the formulation of the trajectory model for
moisture availability can be found in Daly et al. (2003).
Task 4 – Review and creation of final products
Digital versions of the draft climate maps were made available via an Internet Mapserver
to qualified reviewers for evaluation. The Mapserver provided reviewers with shaded
relief graphics of elevation, annual precipitation, January minimum temperature, July

maximum temperature, and January mean dew point for each Pacific Island region.
Locations of all stations used in the analysis were given, along with observation start and
stop dates, years of record, data values, network type, and whether the data underwent
our 1971-2000 adjustment process. Reviewers were provided with map tools such as
zoom in, zoom out, re-center, query a grid cell and/or station point, zoom to full extent,
and refresh map.
Reviewers were asked to comment on spatial patterns, mapped estimates for specific
locations, and suggest additional data sets which could included be in the mapping work.
Comments were made via a web form, which was then emailed back to the PRISM
Group for consideration. Thirteen reviews were logged.
Based on reviewer comments, a second and final set of climate layers was created.
Browse graphics of the final elevation, annual precipitation, January minimum
temperature, July maximum temperature, and January mean dew point for each Pacific
Island region are shown in Figures 1-8. Detailed graphics and station information can be
accessed on the PRISM Group Pacific Islands Mapserver at:
http://mistral.oce.orst.edu/www/mapserv/pacisl/. The maps and station information here
have been updated to final form.
Deliverables
Project deliverables included monthly and annual grids in ARC ASCII GRID format for
elevation; and 1971-2000 mean maximum and minimum temperature, precipitation, and
dew point for all Pacific Island regions. These grids were accompanied by FGDCcompliant metadata, complete station information spreadsheets, browse graphics, and this
report. Delivery of these products was made via ftp. All data can be downloaded from a
link in the mapserver documentation section.
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Figure 1. Tutuila (a) elevation; (b) filtered elevation; (c) mean annual precipitation; (d)
July maximum temperature; (e) January minimum temperature; and (f) January
mean dew point. Averaging period is 1971-2000. Grid resolution is 3 arcseconds (~90 m).
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Figure 2. Manua (a) elevation; (b) filtered elevation; (c) mean annual precipitation; (d)
July maximum temperature; (e) January minimum temperature; and (f) January
mean dew point. Averaging period is 1971-2000. Grid resolution is 3 arcseconds (~90 m).
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Figure 3. Pohnpei (a) elevation; (b) filtered elevation; (c) mean annual precipitation; (d)
July maximum temperature; (e) January minimum temperature; and (f) January
mean dew point. Averaging period is 1971-2000. Grid resolution is 3 arcseconds (~90 m).
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Figure 4. Kosrae (a) elevation; (b) filtered elevation; (c) mean annual precipitation; (d)
July maximum temperature; (e) January minimum temperature; and (f) January
mean dew point. Averaging period is 1971-2000. Grid resolution is 3 arcseconds (~90 m).
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Figure 5. Palau (a) elevation; (b) filtered elevation; (c) mean annual precipitation; (d)
July maximum temperature; (e) January minimum temperature; and (f) January
mean dew point. Averaging period is 1971-2000. Grid resolution is 3 arcseconds (~90 m).
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Figure 6. CNMI (a) elevation; (b) filtered elevation; (c) mean annual precipitation; (d)
July maximum temperature; (e) January minimum temperature; and (f) January
mean dew point. Averaging period is 1971-2000. Grid resolution is 3 arcseconds (~90 m).
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Figure 7. Guam (a) elevation; (b) filtered elevation; (c) mean annual precipitation; (d)
July maximum temperature; (e) January minimum temperature; and (f) January
mean dew point. Averaging period is 1971-2000. Grid resolution is 3 arcseconds (~90 m).
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Figure 8. Hawaiian Islands (a) elevation; (b) filtered elevation; (c) mean annual
precipitation; (d) July maximum temperature; (e) January minimum temperature;
and (f) January mean dew point. Averaging period is 1971-2000. Grid
resolution is 15 arc-seconds (~450 m).
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