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KEYWORDS: ABSTRACT: The Hawaiian Islands have some of the most spatially diverse rainfall patterns on
Tropics; Earth, affected by prevailing trade winds, midlatitude disturbances, tropical cyclones, and complex
Climate change; island topography. However, it is the only state in the United States that does not have assigned
Climate dlassification/  climate divisions (boundaries defining climatically homogeneous areas), which excludes it from
regimes; many national climate analyses. This study establishes, for the first time, official climate divisions
Climate variability; for the state of Hawai'i using cluster analysis applied to monthly gridded rainfall data from 1990
Clustering to 2019. Twelve climate divisions have been identified: two divisions were found each for the

islands of Kaua'i (Leeward Kaua'i and Windward Kaua'i), O‘ahu (Waianae and Ko'olau), and Maui
County (Leeward Maui Nui and Windward Maui Nui), and six divisions were identified for Hawai'i
Island (Leeward Kohala, Windward Kohala, Kona, Hawai'i Mauka, Ka'u, and Hilo). The climate
divisions were validated using a statewide area-weighted division-average rainfall index which
successfully captured the annual cycle and interannual rainfall variations in the statewide average
rainfall series. Distinct rainfall seasonality features and interannual/decadal variability are found
among the different divisions; Leeward Maui Nui, Leeward Kaua'i, Kona, and Hawai'i Mauka
displayed the most significant rainfall seasonality. The western Hawai'i Island divisions show the
most significant long-term decreasing trends in annual rainfall during the past 100years (rang-
ing from —2.5% to —5.0% per decade). With these climate divisions now available, Hawai'i will
have access to numerous operational climate analyses that will greatly improve climatic research,
monitoring, education, and outreach, as well as forecasting applications.

SIGNIFICANCE STATEMENT: The Hawaiian Islands have some of the most spatially diverse cli-
mate patterns on Earth, but it is the only state in the United States that does not have assigned
climate divisions, which excludes it from many national climate analyses. This paper establishes
official climate divisions for the state of Hawai'i, filling an incredibly important gap in the National
Oceanic and Atmospheric Administration (NOAA)'s national coverage, moving toward better data
equity and coverage outside the contiguous United States. Distinct rainfall seasonality features
and interannual/decadal variability are revealed and compared among the different divisions. With
these climate divisions now available, Hawai‘i will have access to numerous operational climate
analyses that will greatly improve climatic research, monitoring, education, and outreach, as well
as forecasting applications.
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1. Introduction

The Hawaiian Islands have some of the most highly spatially diverse climate patterns on Earth.
The complex island topography (0-4205 m), persistent trade winds, thermal effects, and the
presence of an atmospheric inversion layer called the trade wind inversion (TWI) produce
extremely steep climate gradients, with mean annual rainfall ranging from 204 to 10 271 mm
(Fig. 1; Giambelluca et al. 2013). Many recent efforts have attempted to map these climate
patterns, producing high-resolution gridded datasets of mean monthly rainfall (Giambelluca
et al. 2013) and time series of monthly and daily rainfall starting in 1920 and 1990, respec-
tively (Frazier et al. 2016; Longman et al. 2019; Lucas et al. 2022). Gridded monthly and daily
temperature datasets are also available (Kodama et al. 2024), and all gridded products have
been recently made available in near—real time on the Hawai‘i Climate Data Portal (Longman
et al. 2024). These products have been widely used for numerous studies in Hawai‘i [e.g.,
studies of streamflow (Clilverd et al. 2019); ecosystems (Barbosa and Asner 2017; Frauendorf
et al. 2019; Frazier et al. 2022); and agriculture (Adhikari et al. 2022)]; however, the lack
of official climate divisions still excludes the state from many other national-scale analyses
(e.g., Vose et al. 2014).

Rainfall in Hawai‘i exhibits a number of extremes that include some of the wettest
locations on Earth and short-term extreme events that rival national extreme values. For
example, the island of Kaua‘i set the U.S. 24-h rainfall record in April 2018, receiving
49.7 in. (1262 mm; Corrigan and Businger 2022). Extreme droughts also regularly affect
the state with severe impacts on agriculture, ecosystems, and water supplies (Frazier
et al. 2019, 2022; Eischeid et al. 2022). Rainfall in Hawai‘i is also strongly modulated by
large-scale modes of natural variability, like E1 Nifio—Southern Oscillation (ENSO) and the
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Fic. 1. (@) Mean annual rainfall (1978-2007; Giambelluca et al. 2013); (b) mean annual temperature (Giambelluca et al. 2014); and

(c) elevation for the state of Hawai'i.
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Pacific decadal oscillation (PDO) (e.g., Chu and Chen 2005; Frazier et al. 2018); ENSO, in
particular, is known to be an important driver of drought in Hawai‘i (Frazier et al. 2022).
While statewide rainfall has been declining, trends are heterogeneous, with stronger dry-
ing in some leeward (western) areas of the state (Frazier and Giambelluca 2017). Secular
surface temperature changes in Hawai‘i indicate significant warming in the past several
decades as well as an amplification of the warming signal with elevation (McKenzie et al.
2019)—although the vertical distribution of temperature trends exhibits some unusual
features, likely related to drying of the lower atmosphere and increasing cloud base heights
(Kagawa-Viviani and Giambelluca 2020). Since most gridded extreme climate products in
the United States rely on climate division datasets, such as the gridded standardized pre-
cipitation index (SPI; Durre et al. 2022), these are only available for the contiguous United
States (CONUS). Hawai‘i, therefore, has had to rely on local efforts to calculate similar
indices (e.g., gridded SPI for Hawai‘i; Lucas et al. 2020).

Basic climate summaries and historical climate analyses produced by the National Oceanic
and Atmospheric Administration (NOAA)’s National Centers for Environmental Information
(NCEI) do not include the state of Hawai‘i, largely because Hawai‘i is the only state that does
not have assigned climate divisions. The CONUS is separated into 344 climate divisions
(Guttman and Quayle 1996), while Alaska has an additional 13 divisions which were added
to the national dataset in 2015 (Bieniek et al. 2012). In 1909, the CONUS was divided into
12 climatological districts. Later, 106 climate divisions were established in 1912; however,
the boundaries were primarily based on economical mailing practicality rather than cli-
matically homogenous regions (Guttman and Quayle 1996). In the 1950s, the network was
expanded to 344 climate divisions considering geography, drainage basins, river districts,
and forecast areas of responsibility (Guttman and Quayle 1996). Climatic time series within
each division were calculated by averaging the station values within each division. In 2014,
the NCEI Monitoring Branch transitioned to a new method of calculating divisional values
using a 5-km grid-based calculation. NCEI products that use the climate divisions include
“Climate at a Glance,” “Monthly National Climate Reports,” “National Temperature Index,”
“Weekly Divisional Products,” “Weekly Palmer Drought Indices,” and others (see https://www.
ncei.noaa.gov/access/monitoring/products/).

Given the extreme climatic variations and the severe risks that Hawai‘i faces with ongo-
ing climate change (e.g., Keener et al. 2018; Frazier et al. 2023), there is a critical need to
establish official climate divisions for Hawai‘i and improve national climate services. The
exclusion of Hawai‘i and other U.S. territories from national data collection efforts per-
petuates historical social injustices (Frazier et al. 2023; Méndez-Lazaro et al. 2023). These
data inequities can hinder timely data-driven decision-making and climate adaptation
planning, funding, and implementation in frontline, socioeconomically disadvantaged,
and Indigenous communities (Keener et al. 2022). It is imperative that the scientific com-
munity work together to fill these data gaps to better understand climate risks and inform
responses (Basile et al. 2024).

Our objectives are to develop the analytical approach to produce climate divisions for the
state of Hawai‘i with regional groupings analogous to the CONUS climate division records.
Given the strong spatial climate gradients in Hawai‘i, a careful analysis is needed to develop
appropriate climate divisions that characterize the state’s spatial and temporal variabilities,
to better understand the impact of climate variability and change, and to be able to include
the state within NCET’s suite of state and national climate products. The development of cli-
mate divisions for the state of Hawai‘i will support the development of a robust monitoring
and forecasting framework, enhancing seasonal forecasting at the NOAA National Weather
Service (NWS) and Climate Prediction Center (CPC) (e.g., providing context and rationale for
the refinement of NWS/CPC outlooks), as well as monitoring through NCEI.
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2. Data and methods

a. Data. Monthly rainfall data, both gridded data and rain gauge station data, from 1990
to 2019 were used in this study (Lucas et al. 2022). The rain gauge network is generally
denser over O‘ahu and central Maui than in other areas. Over Kaua‘i and Hawai‘i Islands,
most stations are found in coastal areas, while fewer stations are located in high-elevation
areas. The gridded monthly rainfall has a spatial resolution of 250 m and spans seven of the
eight main Hawaiian Islands (from 18.849°N, 154.668°W to 22.269°N, 159.816°W). The
island of Ni‘ihau is excluded due to lack of data. For this study, the islands in Maui County
(Maui, Moloka‘i, Lana‘i, and Kaho‘olawe) are referred to as “Maui Nui.” Monthly rainfall
grids were created using an optimized geostatistical kriging approach to interpolate relative
rainfall anomalies which are then combined with long-term means to develop the climato-
logically aided gridded estimates (Lucas et al. 2022). Optimization of the kriging algorithm
consists of 1) determining an offset (constant) to use when log-transforming data, 2) quality
controlling data prior to interpolation, 3) using machine learning to detect erroneous maps,
and 4) identifying the most appropriate parameterization scheme for fitting the model used
in the interpolation. The station data were partially gap filled to improve the spatial cover-
age of the dataset, resulting in a dataset of 618 stations available from 1990 to 2019 (see
the distribution of stations in Fig. 2). For a complete description of quality control and
gap-filling steps, please see Longman et al. (2020) and Lucas et al. (2022). The rainfall
data (both gridded and station data) are accessible online through the Hawai‘i Climate Data
Portal, http://www.hawaii.edu/climate-data-portal (Longman et al. 2024).

The monthly surface temperature data from 1990 to 2019 are also available on the Hawai'‘i
Climate Data Portal (Kodama et al. 2024; Longman et al. 2024). This study included both
gridded data (250 m spatial resolution) and station data. A total of 216 stations were used
to create gridded temperature data from 1990 to 2019 at a 250-m spatial resolution using a
piecewise linear regression model with elevation as the sole predictor (Kodama et al. 2024).

The oceanic Nifio index (ONI) was calculated based on a merged sea surface tempera-
ture (SST) dataset which was made by averaging two monthly mean SST datasets from
1920 to 2019: the Hadley Center Sea Ice and Sea Surface Temperature dataset version 1
(HadISST1) (Rayner et al. 2003) and Extended Reconstructed SST (ERSST) V5 global SST
monthly dataset (Huang et al. 2017). The ONI is calculated by averaging the SSTs over the
Nifio-3.4 region from October to the next February for each year. The monthly PDO index
(Mantua et al. 1997) from NOAA NCEI (https://www.ncdc.noaa.gov/teleconnections/pdo/) based
on ERSST V5 is used in this study. These indices were correlated with wet season and dry
season Hawaiian rainfall from 1990 to 2019 to detect potential signals modulating rainfall
over different divisions.

b. Methods. The k-means cluster analysis (Wilks 2011) was used to distinguish different divi-
sions in Hawai‘i. The k-means cluster analysis uses squared correlation distance to measure
the “similarity” between each cluster member and the corresponding cluster centroid. The
monthly gridded rainfall data from 1990 to 2019 were used for cluster analysis (Lucas et al.
2022). To determine the optimal number of clusters, analyses with 8—16 clusters were exam-
ined by local experts (including local climatologists with over 40 years of experience studying
Hawai‘i’s climate patterns and local National Weather Service and NOAA NCEI staff). The sum
of squared distances between clusters was examined to determine if a clear “elbow point”
emerged. The expert team considered many factors, including known climate drivers (e.g.,
trade wind-driven orographic patterns) and local factors (e.g., onshore winds in the Kona
region compared to other leeward locations; Giambelluca et al. 2013). To improve computing
efficiency, the 250-m resolution grids were first resampled to 2km and then cluster analy-
sis was applied to the 2-km resolution monthly rainfall data. To test the representativeness

AMERICAN METEOROLOGICAL SOCIETY BAMS I'nu{nlijlc'\r‘ltgu%s%%ﬂ)(»\\ﬁllgéﬁl1/()5/2"1 07:48 PM UTC


http://www.hawaii.edu/climate-data-portal
https://www.ncdc.noaa.gov/teleconnections/pdo/

Kaua'i

Legend

IR
Bz
s
B 4
[ s
B s:
O
B s:
e

Leeward Kaua'‘i
Windward Kaua'i
Waianae

Ko‘olau

Leeward Maui Nui
Windward Maui Nui
Leeward Kohala
Windward Kohala
Kona

Climate Divisions

State of Hawai‘i

Maui Nui

Hawai'i Island

I 10: Hawai‘i Mauka
P 11: Ka‘u
. |12: Hilo

80 Miles

1
160 Kilometers

o T 0O

b)

Maui Nui

Hawai‘i Island

Hawai‘i Climate Divisions

= 1:
i 2:
[ a:
I 4

Leeward Kaua‘i
Windward Kaua‘i
Waianae

Ko‘olau

[ 5: Leeward Maui Nui
I 6: windward Maui Nui
[ 17: Leeward Kohala
[777] 8: windward Kohala

[ 19:Kona
I 10: Hawai‘i Mauka
I 11: Ka‘u
[ 112: Hilo
0 10 20 40 Miles Ve
@ 3 4 & s § §F | W E
T T 17 T T T ]
0 15 30 60 Kilometers s

Fic. 2. (a) The 12 climate divisions for the state of Hawai'i. A list of division names has been provided in
Table 1. (b) The stations located within each division; the scale of the islands is the same in each subpanel.
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of the rainfall-based climate divisions, the cluster analysis was rerun using 1) surface tem-
perature data and 2) a merged rainfall and surface temperature dataset.

To evaluate whether the climate divisions were representative and sufficiently capturing
the rainfall variability, four statewide mean rainfall indices were calculated and compared:
the spatial average of the statewide gridded rainfall (GRID), the average of rainfall over all
618 stations (STN-AVG), the average of rainfall at all the stations within each of the divisions
and an average of the divisions (DIV-AVG), and an area-weighted average of the station-based
division averages, using the area of each division as the weight (DIV-WGT).

Long-term monthly rainfall variability was examined within each division from 1920 to
2019 using a merged gridded rainfall dataset. Monthly gridded rainfall data from 1920 to 2012
(Frazier et al. 2016) were merged with monthly gridded rainfall from 1990 to 2019 (Lucas et al.
2022) by taking the arithmetic mean of the two datasets for the overlapped years (1990-2012).

To quantify the seasonality strength, we used the seasonality index (SI) (Walsh and Lawler
1981), estimated using the following equation [Eq. (1)]:

R

1"212
SI=—>» |[R ——|, 1
R; "2 @

and the ratio of the highest monthly rainfall to the lowest monthly rainfall (R, ) (Getz and
Nilsson 2004) [Eq. (2)],

R
Ry=2m @
min

In these equations, R___and R . denote the climatological maximum and minimum monthly
rainfall, respectively. The R is the total climatological annual precipitation and R, is the
climatological monthly precipitation for month n. The R, and SI were calculated for each of
the divisional indices. Higher values of R, indicate stronger seasonality. Different climate
categories based on rainfall seasonality can be determined using the SI values. For instance,
a range of 0.20-0.39 indicates precipitation dispersed across the year, but with a distinct
wetter season, whereas the range of 0.40-0.59 corresponds to a somewhat seasonal pattern
with a shorter dry season (Walsh and Lawler 1981).

3. Results and discussion

a. Climate division boundaries. Based on a combination of cluster analysis on monthly rain-
fall and local expert knowledge, we have identified 12 climate divisions (divisions here for-
ward) for the state of Hawai‘i (Fig. 2). The sum of squared distances between clusters did not
exhibit a clear elbow point; therefore, local expert knowledge provided critical background
information and guidance in selecting the number of divisions. We numbered the divisions
from north to south and from west to east, as seen in Fig. 2. Each division was given a spe-
cific name related to its local geography as shown in Table 1.

The results show that Kaua‘i, O‘ahu, and Maui Nui have two divisions each. Divisions on
Kaua‘i and O‘ahu have continuous spatial distributions, while divisions on Maui Nui span
multiple islands. Leeward Maui Nui includes Maui, Moloka‘i, Lana‘i, and Kaho‘olawe. Wind-
ward Maui Nui includes a portion of the windward area of Moloka‘i. Hawai‘i Island is divided
into six divisions, with Hawai‘i Mauka in the center surrounded by five coastal divisions. The
Hilo Division covers a large area on the eastern (windward) side of Hawai‘i Island as well as
a small area of windward Maui. Leeward Kohala and Windward Kohala are located in the
north and Ka‘u Division in the southern part of Hawai‘i Island. The Kona Division is an area
with distinct climate variability features, notably, its unique annual cycle with peak rainfall
in summer months (Giambelluca et al. 2013).
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Taee 1. Names of each climate division and their area (km?), percent of the statewide area, and the
number of rain gauge stations within each division as of 2019.

1 Leeward Kaua'i 591.2 4 37
2 Windward Kaua'i 871.6 5 48
3 Waianae 941.1 6 84
4 Ko'olau 661.0 4 74
5 Leeward Maui Nui 2030.8 12 103
6 Windward Maui Nui 990.5 6 N
7 Leeward Kohala 1173.1 7 24
8 Windward Kohala 1213.6 7 36
9 Kona 1303.6 8 30
10 Hawai‘i Mauka 17471 " 9
N Ka'u 2069.5 13 26
12 Hilo 2851.6 17 81

Cluster analysis was also applied to temperature data and a rainfall-temperature merged
dataset. The results showed that most of the divisions based on temperature data were el-
evation and latitude driven, and many regions were in elevational band shapes along the
highest peaks of Mauna Kea and Mauna Loa in Hawai‘i Island (figure not shown). The cluster
analysis results using the merged temperature and rainfall data show that rainfall variability
plays a dominant role in determining the division boundaries (figure not shown). The results
are similar to those derived from the rainfall-based analysis results, suggesting that there
is limited diversity in the temperature variability. Therefore, rainfall was determined to be
the most appropriate variable for identifying division boundaries for Hawai‘i, as rainfall has
notably greater variability compared to temperature.

b. Validation. The four statewide mean rainfall indices (GRID, STN-AVG, DIV-AVG, and DIV-
WGT) show consistent monthly climatological evolution from January to December (Fig. 3a).
The three indices GRID, DIV-AVG, and DIV-WGT show high consistency in both amplitude
and seasonal evolution. The STN-AVG index is slightly higher than the other three, which
could be caused by the inhomogeneous distribution of the rain gauge stations.

Figure 3b shows the year-to-year variability of annual rainfall amounts. The DIV-AVG index
can faithfully represent the year-to-year variability of the GRID index (r = 0.99; Fig. 3b). The
DIV-WGT index also resembles the GRID index (r = 0.86), with a bias that mainly occurs in
the first 3 years. Therefore, partitioning the state into 12 divisions represents the statewide
rainfall variability well.

Sensitivity tests were conducted using rainfall data from an earlier time period (1960-90;
not shown). The results indicate that divisions established using data from 1960 to 1990 fail
to distinguish between leeward and windward regions over Oahu and result in an additional
division over Hawai‘i Island. In contrast, insights from local experts suggest that the
12 divisions based on rainfall data during the period of 1990-2019 (Fig. 2a) exhibit physi-
cally meaningful divisions and are more robust and distinct.

¢. Annual cycles. The peak rainfall months in Hawai‘i are November, December, and March
depending on the area of interest (Fig. 3a). Winter disturbances usually provide the ma-
jority of the precipitation for the drier leeward sides of the islands (Timm and Diaz 2009;
Longman et al. 2021). The summer dry season, with June as the driest month on average
(Fig. 3a), experiences persistent northeast trade winds, occasional tropical cyclones, and
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a) Annual cycle of statewide mean rainfall b) Statewide annual total rainfall

280 | —— GRID 4—ariD
— STN-AVG 3500 - STN-AVG
4 — bwvava 1—Dpwv-ave
240 DIV-WGT 3000 DIV-WGT
200 2500 A
160 - 2000 4\
120 4 7 1500 4= .%,/ \
80 1000 -
I T T I 1 1 I T I I 1 I T T T T T T
JAN FEB MARAPRMAY JUN JUL AUGSEP OCTNOVDEC 1990 1995 2000 2005 2010 2015

Fic. 3. Statewide mean rainfall validation of the 12 divisions. (a) Statewide rainfall seasonal cycle (mm
month-') represented by four indices: the spatial average of the statewide gridded rainfall (GRID),
the average of rainfall over all 618 stations (STN-AVG), the average of the stations within each of the
12 divisions and then an average of the 12 divisions (DIV-AVG), and the average of the stations within
each of the 12 divisions and then an area-weighted average of the 12 divisions was calculated using the
area of each division as the weight (DIV-WGT). (b) As in (a), but for the statewide mean annual rainfall
time series during 1990-2019 (mm yr-").

few midlatitude rain-producing synoptic disturbances (Luo et al. 2020). Annual cycles of
rainfall vary significantly across the state (Fig. 4). Divisions 5, 7, and 10 have the low-
est average monthly values (<50 mm month?). Divisions 5 and 7 are located in the rain
shadow areas of the tallest mountains in the state, Mauna Kea (4207 m) and Mauna Loa
(4169 m) on Hawai‘i Island, and Haleakala (3055 m) on Maui. Hawai‘i Mauka (division 10)
receives low rainfall because of its high elevation location above the TWI, which caps cloud
growth producing very dry, sunny area conditions (Longman et al. 2015). Divisions 1, 3, 9,
and 11 have moderate monthly rainfall (between 50 and 100 mm month!), and they are
mostly located in the leeward areas of the state. The windward divisions 2, 4, 6, and 8 have
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Fic. 4. Rainfall annual cycle averaged within each division (mm month-'). Blue bars denote the average over all the rain gauge
stations. Black lines are the rainfall average over all the grid points within each division. The annual mean rainfall based on sta-
tion data is marked at the top of each panel (mm month-'), and the numbers in parentheses are the annual mean average rainfall
based on the gridded data. The R denotes the CC between the station data-derived and gridded data-derived annual cycles.
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abundant rainfall with average monthly values ranging from 160 to 215 mm month. The
maximum rainfall rate of the state is found in the Hilo Division (12), with a precipitation
rate of over 300 mm month1.

The seasonal cycles of rainfall show that most of the divisions have two or three peaks.
Most of the divisions have peaks in March and November as frequent disturbances in these
months bring intense rainfall across the state (Kodama and Businger 1998; Giambelluca et al.
2013; Longman et al. 2021). Meanwhile, some divisions, for example, divisions 6, 8, 10, 11,
and 12, have a third monthly rainfall peak in August. The summer peak is likely related to a
higher frequency of tropical cyclones (TCs). These TCs bring high winds and intense rainfall
when they pass near the state (Nugent et al. 2020). Since these TCs originate in the eastern
Pacific and have a westward-moving track, the affected areas are mostly over the southeastern
part of the state, i.e., Hawai‘i Island and Maui.

Most divisions have the same general seasonality as the statewide mean, i.e., a wet winter
and a drier summer (Fig. 3). Kona is the only division with more rainfall in the summer months
(Meisner 1976; Giambelluca et al. 1986, 2013; Kidd and McGregor 2007). This is because
the winds flow around the Mauna Loa and, with thermal enhancement during the day, the
orographic lifting of the local westerly flow produces persistent rainfall. This phenomenon
is stronger during the summer, which gives the area a unique seasonality (Giambelluca et al.
1986; Chen and Nash 1994; Yang and Chen 2003; Huang and Chen 2019). The two seasonality
indices (SIand R, ) are shown in Fig. 5. A higher value of R | corresponds to stronger seasonality
(greater range between the wettest and driest months). The results suggest that the Leeward
Kaua‘i, Waianae, and Leeward Maui Nui (divisions 1, 3, 5) have the greatest seasonality. For
example, Leeward Kaua‘i has 129.6 mm of rainfall in December, while it only has 38.5 mm of
rainfall in July. Leeward Maui Nui has 81.7 mm of rainfall in January, in contrast with only
13.5 mm of rainfall in June. As indicated by SI, Leeward Maui Nui (division 5) is also rather
seasonal with a short dry season. In contrast, Leeward Kaua‘i, Waianae, and Ka‘u (divisions 1,
3, 11) distinctly experience a wetter season. Other divisions have more uniform rainfall
throughout the year.

d. Interannual and decadal rainfall variability. The scaled annual mean rainfall indices
show clear decadal oscillations in most of the divisions (Fig. 6), indicating the potential

05 4 a) & b)

Rhl_stn Rhi_grid

Fic. 5. Scatterplot of the seasonality strength of rainfall in each division (1-12) based on two seasonal-
ity indices: SI (y axis) vs R, (x axis). (a) Sl vs R, derived from station rainfall data. (b) As in (a), but for
gridded rainfall data. The division number associated with each blue point is labeled. The solid line
denotes linear regression.

AMERICAN METEOROLOGICAL SOCIETY BAMS ['nu{anch'\r‘nEu%c%%6(»\\@1191?(311/()5/2"1 07:48 PM UTC



mean= 92.6mm/mon.R= 0.89 mean=194.9mm/mon.R= 0.95 mean= 68.3mm/mon.R= 0.99 mean=171.5mm/mon.R= 0.9
1.2 4 1.2 4 1.2 1.2 1
0.8 4 1 0.8 1 2 0.8 3 0.8 1 4

0.4 1 0.4 1 0.4 0.4 1
0.0 0.0 1 0.0 0.0 MWAW
0.4 0.4 0.4 0.4 4
08 | 08 1 0.8 08 1

1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015
mean= 47.5mm/mon.R= 0.97 mean=157.9mm/mon.R= 0.89 mean= 27.8mm/mon.R= 0.87 mean=196.2mm/mon.R= 0.96
1.2 1.2 1.2
0.8 7 0.8

0.8
0.4 0.4 0.4

0.0 0.0 0.0
0.4 0.4 - 04 A
-0.8 1 -0.8 1 -0.8 1
1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015
mean= 74.9mm/mon.R= 0.95 mean=31.3mm/mon.R= 0.74 mean= 84.8mm/mon.R= 0.98 mean=328.1mm/mon.R= 0.98
1.2 4 1.2 1.2 1.2
0.8 4 9 0.8 10 0.8 1 1 0.8 12
0.4 4 0.4 0.4 0.4
0.0 0.0 0.0 0.0
0.4 0.4 0.4 0.4
-0.8 1 -0.8 -0.8 -0.8
1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015

Fic. 6. Scaled anomalies of annual rainfall during 1990-2019 within each division. Scaled anomalies are calculated by dividing the
annual rainfall anomalies by the climatological annual rainfall. Bars denote the average of all rain gauge stations within each
division. Black lines are the rainfall average over all the grid points within each division. The long-term mean rainfall based on
station data is marked at the top of each panel (mm month-'). The R denotes the CC of the station data-derived and gridded
data-derived rainfall time series.

impacts from ENSO variability (Diaz and Giambelluca 2012; Frazier et al. 2018). These are
especially prominent for divisions 5-12, located in the southern half of the state. Two wet
periods are notable after 1990: one during 2004/05 and a more recent wet period from 2014
to 2019. It is interesting to note that divisions 5-12 (Maui Nui and Hawai‘i Island) have a
consistent transition from a dry to a wet period around 2014 (Fig. 6). Three major dry pe-
riods have occurred during the recent 3 decades. The first one was 1993-95, significant in
most of the drier leeward areas, i.e., divisions 1, 3, 5, 7, and 9 (Fig. 4), although it was not
apparent in the statewide mean index (Fig. 3b). The second dry period occurred from 1998
to 2001 for 11 of the 12 divisions; it was not significant over windward Hawai‘i Island (divi-
sion 12). The third drought period spanned 2008-13 and was more prominent for Maui Nui
and Hawai‘i Island.

Hawai‘i’s climate is generally considered to have two 6-month seasons, a wet season
(November—April) and a dry season (May—October), with the exceptions of windward areas
which do not have a strong annual rainfall cycle, and the Kona region of Hawai‘i Island which
is has a summer rainfall maximum (Giambelluca et al. 2013). Because the wet season and
dry season have different leading mechanisms for precipitation, it is of interest to diagnose
whether the droughts in the annual mean analysis are contributed by anomalous wet season
or dry season precipitation. The drought in 1993-95 was caused by a lack of rainfall in the
wet season, and for most of the divisions, the drought started in 1991 (Fig. S1 in the online
supplemental material). On the other hand, the dry season generally had above-average rain-
fall during these years (Fig. S2), though some discrepancies between the gridded and station
values are apparent for divisions 7 and 10. The drought period in the years 1998-2001 was
clear in both wet and dry seasons, which caused a stronger intensity and longer duration
compared with the 1993-95 drought. The third drought was the most severe, and the signal
was clear statewide for both seasons. These two droughts (1998-2002 and 2007-14) have
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been identified as the worst droughts in the last century (Eischeid et al. 2022; Frazier et al.
2022), causing severe impacts across multiple sectors (Frazier et al. 2019). The downward
trend in rainfall has been shown elsewhere to be part of a longer secular trend (Diaz et al.
2016; Frazier and Giambelluca 2017). Diaz and Giambelluca (2012) showed what appeared
to be a decline in the strength of the correlation between the PDO and the winter season
rainfall in Hawai‘i. Eischeid et al. (2022) further considered this decline in the strength of
that association, which favors wetter conditions during its cold (La Nifia—like) phase over
the past few decades. They concluded that the associative decline was likely mostly due to
internal variability.

e. A century of rainfall variability, 1920-2019. Over the past century (1920-2019), monthly
rainfall has exhibited decreasing trends in most of the divisions (Fig. 7a). These drying trends
are particularly severe in divisions 7 and 9-11 on the western side of Hawai‘i Island, ranging
from -2.5% to —5.0% per decade (statistically significant at the 99% confidence level). The
drying trends in divisions 2, 4, and 6 on the windward side of Kaua‘i, O‘ahu, and Maui Nui
are also significant at the 95% confidence level. The scaled anomalies (Fig. 7b) show clear
interannual and interdecadal variabilities, and a transition around the early 1980s from a
wet phase to a 40-yr dry phase is notable in the southwest region of Hawai‘i Island (divi-
sions 9-11).

Table 2 lists the correlation coefficients between the ONI, PDO Index, and winter and sum-
mer rainfall during 1920-2019. During the wet season, both ENSO and PDO are negatively
correlated with rainfall in all 12 divisions. Among the 12 divisions, rainfall over Kaua‘i and
southwest Hawai‘i Island has the highest winter correlations with ENSO. Positive correlations
are found between dry season rainfall and the ONI. The divisions on Maui and Hawai‘i Islands
(5-12, excluding 9) exhibit high dry season correlations. These results are consistent with
previous studies (e.g., Frazier et al. 2018), as these regions are located within the southern
flank of the western North Pacific cyclone and anticyclone anomalies and therefore tend to
be modulated by the quasi-biennial component of ENSO (Luo et al. 2020). Summer rainfall
has a higher correlation with PDO than winter rainfall, and the correlation in winter is not
significant (Table 2).

Figure 8 illustrates the 31-yr running correlation coefficients (CCs) between the ONI dur-
ing the ENSO mature phase (October to the following February) and divisional precipitation
indices for both the wet season and dry season. The analysis covers three major affected
divisions during the wet season and four major affected divisions during the dry season in
Hawai‘i. Significant multidecadal fluctuations are observed in the relationship between
ENSO and divisional rainfall over Hawai‘i. Before 1990, the relationship between ENSO
and wet season divisional rainfall in Hawai‘i was robust (r < —0.5). However, after 1990, this
relationship has notably weakened over the three divisions. In the dry season, there was
a weakening in the positive rainfall-ENSO relationship over Hilo and Windward divisions
during the 1950s and 1960s and was gradually enhanced afterward.

f. Year-to-year temperature variability. We further show the annual mean temperature
and its scaled anomaly in each division during 1990-2018 (Fig. 9). The highest annual
mean temperature occurs in Leeward O‘ahu (Waianae, division 3; 23.4°C), and unsurpris-
ingly, the coldest division is Hawai‘i Mauka (division 10; 10.8°C), which contains the high-
est elevation locations in the state (Fig. 1; see Giambelluca et al. 2014). The mean annual
temperature has been increasing across the state. Most of the divisions have experienced
two particularly warm episodes, i.e., 2000—06 and 2013-18. Before 2000, the state expe-
rienced relatively cooler temperatures (see also, McKenzie et al. 2019; Kagawa-Viviani and
Giambelluca 2020).
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Fic. 7. Time series of the mean annual rainfall time series during 1920-2019 within each division. (a) The original grid-average
rainfall time series (black line) with the respective linear trend (red line). The long-term mean rainfall is marked at the top of
each panel (mm yr-"). (b) Scaled anomalies of the annual rainfall, where the year is calculated from May to the following April to
include the full wet season.

g. Research to operations. The division boundaries identified in this study are currently
being integrated into NOAA NCEI’s operations. Gridded 250-m climate data products from
the Hawai‘i Climate Data Portal (HCDP; Longman et al. 2024) will be used by the NCEI team,
rather than adopting the 5-km gridding approach used for the CONUS (i.e., Vose et al. 2014).
Climate records in Hawai‘i are collected from stations in numerous networks, many of which
are not part of national networks (Longman et al. 2018). By using HCDP products, NCEI will
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31 yr running c.c.

TasLe 2. CCs between wet season (November-April) and dry season (May-October) rainfall (RF) with
ONI and the annual PDO index from 1920 to 2019. Asterisks indicate that the CCs are statistically
significant above the 95% confidence level considering the reduced degree of freedom.

1 -0.51* 0.38* -0.41* 0.24*
2 -0.50* 0.30* -0.35* 0.38*
3 -0.38* 0.32* -0.25* 0.35*
4 -0.42* 0.25* -0.23* 0.42*
5 -0.37* 0.42* -0.14 0.45%
6 -0.25* 0.35* 0.01 0.49*
7 -0.34* 0.32* -0.10 0.48*
8 -0.08 0.42* 0.12 0.45*
9 -0.45* 0.15 -0.20 0.39*
10 -0.44* 0.35* -0.21 0.52*
1 -0.51% 0.47* -0.31* 0.50*
12 -0.39* 0.43* -0.24* 0.42*

be utilizing the most comprehensive dataset in the state. The incorporation of these data will
allow NCEI to develop Hawai‘i-specific products that currently do not exist.

While the indices derived from climate divisions in the CONUS use the period 1895 to the
present and Alaska uses 1925 to the present, the Hawai‘i gridded rainfall dataset is currently
available from 1920 (with a smaller network of stations operating from 1837 to 1919; Frazier
et al. 2016). The gridded temperature data are only available from 1990 onward due to the
small station network and poor spatial coverage prior to 1990 (McKenzie et al. 2019; Kodama
etal. 2024), which is an issue that may prompt the inclusion of the available long-term station
data in some divisions to analyze long-term trends.

4. Conclusions

This study has established 12 official climate divisions for the state of Hawai‘i based on an
objective statistical method and local expert knowledge. The new climate divisions are es-
sential to allow Hawai‘i to have access to the historical climate analysis operational products
from NOAA. The k-means cluster analysis has been applied to identify regions of homoge-
neous variability using the monthly gridded rainfall from 1990 to 2019. We determined that
a total of 12 divisions effectively encapsulate the profound continental-scale spatial diversity
in climate variability across the state while ensuring that the rainfall variability within each

a) R(ONI, wet season divisional rainfall)

b) R(ONI, dry season divisional rainfall)
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Fic. 8. The 31-yr running CCs between ONI from October to the next February and (a) wet season precipitation indices in three
divisions (Leeward Kaua'i, Windward Kaua'i, and Ka‘u) and (b) dry season precipitation indices in four divisions (Hilo, Ka'u, Wind-
ward Kohala, and Leeward Maui Nui). Thick (thin) dashed lines indicate the 99% (95%) significance level for a 31-yr running CC.
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Fic. 9. Mean annual temperature during 1990-2018 within each division. (a) The original mean temperature time series (°C) with
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division remained independent from the others. With the new climate divisions, we find that
the DIV-WGT rainfall index varies consistently with the GRID statewide average rainfall index,
except for the minor bias during 1990-92 (Fig. 3b). Therefore, these climate divisions can
be applied to station rainfall to provide real-time monitoring for the state.

The annual cycle analysis shows that most of the divisions have two or three peaks in
their climatological seasonal evolution of rainfall. The frequent occurrence of disturbances
in November and March (Longman et al. 2021) explains two peaks for most of the climate
divisions. In some windward divisions in the southern part of the state, TCs are more frequent
and can cause extreme rainfall when they pass across the state or in the vicinity of an island
(e.g., Nugent et al. 2020), thus likely causing a third peak in their annual rainfall in August.
The Kona Division has more rainfall in the summer months, in contrast with all the other
divisions in Hawai‘i. The seasonality ratios suggest that the Leeward Kaua‘i, Leeward Maui
Nui, and Hawai‘i Mauka Divisions have the strongest seasonality.

The annual rainfall indices show that there were two strong dry periods during the recent
3 decades. One was from 1998 to 2001 and was widespread but not significant over the wind-
ward part of Hawai‘i Island (division 12). Another drought period spanned 2008-13 with a
clear signal over the southern part of the state, i.e., excluding Kaua‘i and O‘ahu. Both the wet
and dry seasons show clear interannual and decadal rainfall variations. In the wet season,
most of the southern part of Hawai’i Island had a long-lasting dry period during 2009-15.
After 2017, most of the state started to enter a wetter period. In the dry season, most of the state
received deficient rainfall for nearly 2 decades beginning in 1994, with a striking transition to
a wetter period in 2014. This signal is also stronger in the southern part of Hawai‘i. Long-term
decreasing trends in annual rainfall during the recent 100 years are most significant on the
western side of Hawai‘i Island, ranging between -2.5% and —5.0% per decade, coinciding
with a transition from wet to dry phase around the early 1980s.

The division boundaries identified in this study and corresponding new access to NOAA
products for Hawai‘i will promote future research on climate forecasting and improve cli-
mate change decision-making across the state. This work will support the development of
new monitoring efforts, including the Hawai‘i mesoscale meteorological network (Mesonet;
Giambelluca et al. 2024), and fills a critically important gap in NOAA’s national coverage, mov-
ing toward better data equity and coverage outside the CONUS. This project is an important
step toward improving climate resilience and creating true “national” products that include
every part of the United States.
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