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ABSTRACT: Undisturbed trade-wind conditions compose the most prevalent synoptic weather pattern in Hawai‘i and
produce a distinct pattern of orographic rainfall. Significant total rainfall contributions and extreme events are linked to four
types of atmospheric disturbances: cold fronts, kona lows, upper-tropospheric disturbances, and tropical cyclones. In this study, a
20-yr (1990-2010) categorical disturbance time series is compiled and analyzed in relation to daily rainfall over the same period.
The primary objective of this research is to determine how disturbances contribute to total wet-season rainfall on the Island of
O‘ahu, Hawai‘i. On average, 41% of wet-seasonal rainfall occurs on disturbance days. A total of 17% of seasonal rainfall can be
directly attributed to disturbances (after a background signal is removed) and as much as 48 % in a single season. The intensity of
disturbance rainfall (mm day ') is a stronger predictor (* = 0.49; p < 0.001) of the total seasonal rainfall than the frequency of
occurrence (7 = 0.11; p = 0.153). Cold fronts are the most common disturbance type; however, the rainfall associated with fronts
that cross the island is significantly higher than rainfall produced from noncrossing fronts. In fact, noncrossing fronts produce
significantly less rainfall than under mean nondisturbance conditions 76% of the time. While the combined influence of
atmospheric disturbances can account for almost one-half of the rainfall received during the wet season, the primary factor
in determining a relatively wet or dry season/year on O‘ahu is the frequency and rainfall intensity of kona low events.

SIGNIFICANCE STATEMENT: Large-scale weather events have the potential to bring much needed rainfall to dry
areas on the Island of O‘ahu, but the magnitude of these contributions is not well understood. Here, we examine the daily
rainfall attributed to four unique weather event types and compare it with rainfall typically received under normal
conditions. On average, net-rainfall contributions from weather events account for 17% of the total wet-season rainfall
but can account for as much as 48% of total rainfall in a single season. Cold fronts are the most common type of weather
event, but we found that fronts that approach but do not cross the island can have an island-wide drying effect.
Understanding the rainfall contributions from each unique weather event type is important in the context of water
management and planning.

KEYWORDS: Mesoscale processes; Synoptic climatology; Cold fronts; Rainfall; Mesoscale processes; Extratropical cy-
clones; Subtropical cyclones; Tropical cyclones

1. Introduction in Hawai‘i. Throughout the year and especially during the
Hawai‘ian wet season (November—April), the trade-wind
regime is frequently interrupted by low pressure systems
that bring significant rainfall to the dry leeward sides of the
islands. The heaviest year-round rainfall events in Hawai‘i
have been linked to four types of atmospheric disturbances:
cold fronts, kona lows, upper-tropospheric disturbances
(upper-level lows), and tropical cyclones (Kodama and
Barnes 1997; Caruso and Businger 2006).

Previous studies have focused on the connection between
atmospheric disturbances and extreme rainfall at global (e.g.,
Catto and Pfahl 2013), continental (e.g., Kunkel et al. 2012)
and regional (e.g., Ramos et al. 2014) scales. In Hawai‘i, pre-
liminary research has focused on defining and mapping spatial
patterns of extreme rainfall events (Chu et al. 2009) and on
linking extreme rainfall to atmospheric disturbances (Kodama
and Barnes 1997; Kaiser 2014). However, little is known about
the relative contribution that individual disturbance events

Corresponding author: Ryan James Longman, rlongman@ have on total wet-season rainfall or if the frequency of these
hawaii.edu events has changed over time. Kaiser (2014) determined that

Set within a region where mean annual open-ocean rainfall
is less than 600 mm (Kidd and McGregor 2007), the moun-
tainous terrain of the main Hawai‘ian Islands is characterized
by extreme spatial rainfall gradients that can exceed 1000 mm
annually (Giambelluca et al. 2013). Desert-like precipitation-
minimum zones and extreme wet conditions can be found
within a few tens of kilometers distance on most of the major
islands (Giambelluca et al. 2013). Trade-wind-driven oro-
graphic lifting is a major factor of rainfall throughout the year
in Hawai‘i. On the windward side of each island, trade winds
push moist air up the eastern slopes, cooling it to the dewpoint
temperature, causing water vapor to condense and form clouds.
Trade winds are present 85%-95% of the time in summer and
50%-80% in winter (Sanderson 1993; Garza et al. 2012), making
trade-wind orographic rainfall the most prevalent rainfall pattern
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the frequency of both kona low and upper-level low pressure
systems has not changed over the past few decades in Hawai‘i
but little is known about changes in cold-frontal frequency in
the region. The influence of cold fronts is of particular im-
portance for the Islands of Kaua‘i and O‘ahu, which are the
most northern of the seven main Hawai‘ian Islands and,
therefore, the most affected by extratropical systems that mi-
grate into the region from higher latitudes (Chu et al. 2009).

The primary objectives of this research are to 1) classify
and quantify the frequency of high impact weather events
and study their contributions to rainfall in Hawai'i, 2) detect
potential trends in the frequency of these events and explore
the how interannual climate variability affects the fre-
quency and intensity of rainfall, and 3) better understand
the connection between daily rainfall and synoptic weather
types. More specific research tasks are to 1) identify all of
the cold fronts, kona lows, upper-level lows and tropical
cyclone events that have occurred over 20 consecutive water
years between October 1990 and September 2010, 2) analyze
the temporal trends in frequency of occurrence of disturbance
events, 3) calculate the total water-year (October—September)
and wet-season rainfall occurring on disturbance days, 4)
calculate the net-rainfall contributions from each disturbance
type during the wet season, 5) determine how disturbance
frequency and rainfall intensity impact total wet-season
rainfall, 6) examine the spatial pattern of rainfall enhance-
ment from each disturbance type, relative to nondisturbance
conditions on the Island of O‘ahu, and 7) identify linkages
between disturbance characteristics and interannual modes
of natural climate variability.

2. Background

The climate in Hawai‘i is strongly affected by the general
atmospheric circulation of the tropical and subtropical Pacific,
which is dominated by the descending branch of the Hadley
Cell. Near the equator, convective and convergent processes
lift air and then push it poleward in the upper troposphere,
driving this circulation. In the Northern Hemisphere, air sinks
in the subtropics between 20° and 30° latitude and returns to
the equator as persistent surface winds from the northeast
(trade winds). The strong persistence of the trades, especially
during the summer, can be explained by the semipermanent
subtropical high pressure ridge that sits northeast of the island
chain (Garza et al. 2012). The trade winds move moist air
toward the island chain where it is orographically lifted up
the mountains providing a consistent source of rainfall along
the east-facing slopes (Giambelluca et al. 2013). Typically,
clouds from the windward side of the island do not reach the
leeward side under normal trade-wind conditions as rainfall
diminishes rapidly downwind of the topographic ridge
(Scholl et al. 2007). Orographic lifting and subsequent de-
scent of air after crossing a mountain ridge produce a wet
windward and dry leeward rainfall pattern on the islands.
An exception is the Island of Hawai‘i (Big Island), where the
flow generates a convergent recirculation, and subsequent
orographic rainfall in some leeward areas along the coast
(Yang et al. 2008b). In addition, thermally driven local
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(land-sea) circulation near the coast and along the slopes
produce clouds and some precipitation on the leeward sides of
the islands, most notably on the Kona Coast and leeward slopes
of the Big Island, where a summer maximum of rainfall occurs
(Giambelluca et al. 2013; Esteban and Chen 2008; Yang et al.
2008a). High elevations (above ~2100m) are also dry as a
result of the trade-wind inversion, which is present ~79% of
the time and limits the vertical development of clouds on the
highest mountains (Longman et al. 2015).

Lyons (1982) estimated that 51% of the variance in rainfall
in Hawai‘i was accounted for by trade-wind-orographic rain-
fall, 16% by ‘“‘southwest wind rainfall”” (including kona lows
and other fall, winter, and spring disturbances), and 6% by
convective rainfall. Lyons (1982) also concluded that the
southwest wind component was more important for the Islands
of Kaua‘i, O‘ahu, and in drier areas statewide. Kaiser (2014)
showed that kona lows contribute from 1% to 25% of the an-
nual wet-season rainfall totals on average for a series of climate
stations across Hawai‘i with the highest percentage contribu-
tions found on the Islands of Kaua‘i and O‘ahu.

Rainfall in Hawai‘i can vary greatly from year to year due to
natural modes of climate variability such as the El Nifio—
Southern Oscillation (ENSO), Pacific-North American (PNA)
pattern, the Pacific decadal oscillation (PDO; Diaz and
Giambelluca 2012; Frazier et al. 2018), and the North Pacific
Oscillation (NPO; Elison Timm et al. 2021). In a recent anal-
ysis, Frazier et al. 2018 showed that PN A is the dominant mode
affecting wet-season rainfall variability, while ENSO is most
significant in the dry season (May—October). Long-term drying
trends in both annual and seasonal rainfall have been identified
by many recent studies (Chen and Chu 2014; Diaz and
Giambelluca 2012; Longman et al. 2015; O’Connor et al. 2015;
Frazier and Giambelluca 2017). While it is not clear if the
observed drying is related to global climate change (Frazier
and Giambelluca 2017), concern has been raised that climate
warming might lead to further rainfall reductions in Hawai‘i.
Recent projections of future rainfall changes in Hawai'‘i, based
on statistical downscaling of CMIPS5 global model results
(Elison Timm et al. 2015), indicate that the dry areas of the
state will see large reductions in wet-season rainfall and wet
areas will experience slight increases by the middle of this
century for both the medium-low emission scenario (RCP 4.5)
and high-emission scenario (RCP 8.5). It should be noted that
climate change is also likely to change local moisture-flux
convergence with other effects on local rainfall patterns, as
shown in pseudoglobal warming downscaling regional model
simulations (Zhang et al. 2016).

3. Data and methods
a. Disturbance classification

This section describes the classification methods that were
applied to categorize the daily synoptic conditions in the region
of the Hawai‘ian Islands. The cold-frontal dataset and the
detection of crossing and noncrossing fronts are presented in
section 3a(1). The classification of upper-level disturbances
and kona lows is reviewed in section 3a(2). The tropical
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disturbance classification and detection method is introduced
in section 3a(3).

1) IDENTIFICATION OF COLD FRONTS

In the subtropical region of Hawai‘i, approaching cold fronts
can produce heavy rain events in the prefrontal zone with a
low-level southerly wind component and/or in the postfrontal
zone with a low-level northerly wind component (Kodama and
Barnes 1997).

Cold-frontal events are identified in the Hawai‘i region
from a global dataset of frontal activity (Berry et al. 2011a).
The front-detection method follows the techniques of Hewson
(1998) and identifies fronts using a thermal-front parameter
(Renard and Clarke 1965) based on the gradient of the 850-hPa
wet-bulb potential temperature along a moist isentrope (Berry
et al. 2011b). Front locations are computed every 6 h for the
period spanning 1989-2010 from the ERA-Interim (ERAI)
reanalysis (Simmons et al. 2007), which has a 0.5° X 0.5°
resolution.

To identify cold-frontal activity in Hawai‘i, a set of objective
criteria are established at the conclusion of an experimentation
period, in which several automated and manual detection
methods were explored. The method for cold-frontal detection
in the Hawai‘i region from the global dataset provided by
Berry et al. (2011a) consist of the following set of steps:

1) Cold-frontal coordinates are extracted from the global
dataset for the Hawai‘i region (17°-26°N, 165°~150°W).

2) A line-joining algorithm is used to link frontal coordinate
points into a contiguous front and the points and lines were
plotted for each 6-h interval.

3) Images are manually screened to identify the presence of a
cold front using the criteria that fronts must:

i) have at least two contiguous points and
ii) have a defined path over at least a 12-h period.

4) Images are manually inspected, and frontal events were
separated into one of two categories: (i) fronts that cross the
island of O‘ahu (CR), and (ii) fronts that do not cross the
island of O‘ahu (NC).

5) For CR events, the ““crossing” day is identified, and, for the
NC events, the day in which the front is at its “closest” point
to the island of O‘ahu was identified. Next, the day prior to
and the day after the “crossing” day or “closest” day are
included in the cold-frontal event time series; therefore all
CR and NC events consist of a 3-day window, when possi-
ble. Note that fronts that stall or dissipate to the west of the
island without crossing as well as fronts that make a close
pass to the north of the island are included in the NC cat-
egory. The speed of the cold front was not taken into con-
sideration in the classification.

2) KONA LOW AND UPPER-LEVEL LOW IDENTIFICATION

Previous studies have identified kona lows as large, cold core
systems (Simpson 1952) that become cut off from the upper-
level westerly winds, creating closed upper-level lows, and
subsequently develop a closed surface low (Ramage 1962).
Subsequent studies refined this definition, limiting kona lows
to systems with centers that form or track south of 30°N
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(Atkinson 1971; Caruso and Businger 2006). Other studies
have further classified kona lows into three categories based on
the development of the system, categorizing kona lows as ei-
ther cold-frontal cyclogenesis, trade wind easterly cyclones, or
(combined) cold-frontal cyclogenesis/trade wind easterly cy-
clones (Otkin and Martin 2004a). In this present work, kona
lows (KL) are defined as upper-level lows (UL) that form in the
subtropics and are cut off from the midlatitude westerlies over
the central North Pacific without the presence of a surface front
but with a cyclonic low pressure system at the surface (Caruso
and Businger 2006).

Reanalysis of data from the European Centre for Medium-
Range Weather Forecasts (ECMWF) interim reanalysis (ERA)
project (Dee et al. 2011) was utilized in this study to identify
KL and UL events. ERA data are updated in real time at 6-h
intervals with 80-km spatial resolution. Using the ERA data-
set, two atmospheric levels, 250 hPa and sea level, were ana-
lyzed. The potential vorticity field was used as a measure for
cyclonic motion at the 250-hPa level, because previous re-
search has shown that the strongest system development occurs
at this level (Morrison and Businger 2001). Surface cyclogen-
esis from upper-level lows was then identified using sea level
pressure to classify kona lows. Isobaric contour intervals are
displayed at 6-h time intervals from 1990 to 2010, and low
pressure systems of interest were identified if they met the
following criteria developed by Caruso and Businger (2006):

1) closed cyclonic circulation patterns cut off from the upper-
level westerly winds for at least 24 h,

2) tracks south of 30°N,

3) occurrence between 180° and 130°W, and

4) occurrence during October—April.

Following Kaiser (2014), low pressure events are then classified
as either UL without surface development or as KL if a closed
surface is detected. It is noted that further classification of KL
or UL events into western and eastern longitudinal position of
the systems relative to the islands or by the dynamic develop-
ment (Otkin and Martin 2004a,b) could be beneficial in better
resolving associations with spatial rainfall patterns. However,
it was decided against a finer classification at this point due to a
lack of a precedence for well-established classification criteria
in scientific literature at the time of the study.

The upper-level lows we consider in this manuscript are lows
that are aloft that have not been cut off from the westerlies.
These are the upper-level extensions of a low pressure center
without surface development can subsequently follow upper-
level troughs. We agree that with the reviewer that these types
of troughs can create unstable conditions and lead to significant
rainfall as do the upper-level lows as indicated in our results at
the time of this study.

3) TROPICAL CYCLONE CLASSIFICATION

Tropical cyclones (TC) typically occur during the dry (sum-
mer) season and are relatively rare in the study region during the
wet season. On average, a tropical cyclone (of tropical depres-
sion strength or greater) has been shown to pass within 300 km of
the Hawai‘ian Islands once every two years (Kodama and
Barnes 1997). Landfall by hurricanes are exceptionally rare due
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FIG. 1. Schematics showing six types of synoptic patterns that produce rainfall in Hawai‘i: (a) crossing fronts (CR), (b) noncrossing
fronts (NC), (c) upper-level low pressure systems (UL), (d) kona low storms (KL), (e) tropical cyclones (TC), and (f) nondisturbances
(ND). The 500-hPa isobars are indicated with solid black lines and the wind direction is indicated by the arrow.

to several factors including the rather small target that the
Hawai‘i islands present, the influence of cooler water found to
the west of the Island and unfavorable vertical wind shear
(Businger et al. 2018). To account for the influence of tropical
cyclones on O‘ahu rainfall, first, a list of tropical storm tracks is
obtained through the National Oceanic and Atmospheric
Administration’s (NOAA), Central Pacific Hurricane Center.
The distances from the center of O‘ahu to all points in the in-
dividual storm tracks are calculated. Then, for all days during
which a TC is within 700 km of the Island, rainfall for that day is
assigned to the TC category. The 700-km threshold is chosen
based on a recent analysis in which a category-4 hurricane
tracking 560 km south of Hawai‘i Island was shown to bring
island-wide rainfall associated with the storm (Nugent et al.
2020). We consider a 700-km threshold to be a conservative
estimate based on the results of this known hurricane event.
In addition to using it for storm track identification, the
NOAA Technical Memo archive on storm events is also
referenced to determine if any individual storm events brought
rainfall to O‘ahu beyond official storm dissipation date as a
result of remnant tropical system moisture advected into the
region.

4) NONDISTURBANCE CLASSIFICATION

Nondisturbance days (ND) are considered days in which
none of the four disturbance types identified above are present
in the daily weather classification time series. The primary
rainfall-producing mechanisms on these days are considered to
be trade-wind orographic lifting, localized land-sea breeze
convective-orographic lifting or convective lifting under weak
wind conditions (Hsiao et al. 2020).

A conceptual rendering of the six types of atmospheric dis-
turbances described here is shown in Fig. 1. The conceptual
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idea for this figure was adapted from the work of Chu et al.
(1993), who showed a similar figure describing three of these
disturbance types.

b. Rainfall data and metrics

Many problems are associated with using individual climate
station observations to characterize the extent of island-wide
rainfall in Hawai‘i. These problems include inconsistencies
with the observational records among stations, gaps in indi-
vidual station records, unequal distribution of stations, and
large gaps in the spatial coverage of stations (Longman et al.
2018). One way to overcome these problems is to use a gridded
product that makes use of all available observational data.
Gridded data can be used to capture an island-wide or smaller-
scale spatial pattern by averaging all cells pertaining to a spe-
cific area of interest within the grid. In this study, we make use
of a 25-yr set of gridded daily rainfall maps for the Island of
O‘ahu, which were produced at a 250-m resolution (Longman
et al. 2019). The rainfall data used to make these maps are
derived from a quality controlled and partially gap-filled daily
rainfall dataset that included up to 108 unique rainfall stations
for O‘ahu (see Longman et al. 2018). First, mean daily rainfall
is calculated as the average of all the gridded rainfall values for
each daily rainfall map. Each day in the time series (1990-2010)
is then assigned a single disturbance category (CR, NC, KL,
UL, TC, or ND). For days in which the CR or NC event
overlapped with a KL or UL event, the CR, or NC event is
given priority. This occurred only four times in the time series.

Daily rainfall for each disturbance category is aggregated to
both water-year and wet-season averages. In this study, a water
year is defined as a 12-month period beginning on 1 October of a
given year and ending on 30 September of the following year. For
both water-year and wet-season analyses, a year in question is



JUNE 2021

LONGMAN ET AL.

1771

TABLE 1. Disturbance-event frequency of occurrence for each calendar month that occurred between 1 Oct 1990 and 30 Sep 2010.
Category is the disturbance category. Here and in subsequent tables, CR are the cold fronts that cross O‘ahu, NC are the noncrossing
fronts, KL is the kona low, UL is the upper-level low, and TC is the tropical cyclone. Totals are shown for each disturbance category (last
column) and for each calendar month (bottom row); <% is the percent of disturbances occurring in a given month.

Category Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total
CR 0 11 29 41 39 22 13 7 0 0 0 0 162
NC 5 13 22 33 23 17 8 3 0 0 0 0 124
KL 10 14 3 4 3 8 2 0 0 0 0 0 44
UL 13 12 8 5 2 3 1 0 0 0 0 0 44
TC 0 0 0 0 0 0 0 1 4 9 4 18
Total 28 50 62 83 67 50 24 10 1 4 9 4 392
% 7.1 12.8 15.8 212 17.1 12.8 6.1 2.6 0.3 1.0 2.3 1.0

referenced by the year pertaining to the first month in the time
series (e.g., the 1997 wet season runs from 1 November 1997 to
30 April 1998). Data were aggregated in these ways to account for
year-to-year variability associated with natural modes of climate
variability, such as El Niflo-Southern Oscillation (ENSO), which
has dramatic effects on weather patterns over consecutive months
that often do not fall within the same calendar year.

The percent contributions (Pc) of individual disturbance
categories to total rainfall (RF) is calculated for each wet-
season and for each water year by taking the sum of the rainfall
for each category in a given season or year and dividing it by
the total rainfall accounted for in that same season or year [Eq.
(1)]. Percent contributions were calculated as the average of 20
complete water years and wet seasons that occurred between
1990 and 2010:

Pc= [(RF,, X N,;)/ XRF,| x 100, (1)
where R/F\,L,- is the mean daily rainfall for disturbance category
d during a season/year (denoted with index i), N,; is the
number of days that events in the disturbance category d were
recorded, and ZRF,v is the sum of all rainfall from each dis-
turbance type for a given season/year i.

Percent contributions reflect the total amount of rainfall that
occurred on individual disturbance days but does not consider
that, in the absence of a disturbance, rainfall would likely still
occur. To properly quantify the true extent of any additional
rainfall contribution or suppression as a result of the presence
of an atmospheric disturbance, a ND background signal is
subtracted from each disturbance time series to determine the

Net Percent contribution (NPc) to wet-season rainfall. To ac-
complish this, the mean ND daily rainfall for a given year is
subtracted from the mean rainfall for each disturbance day
during that same year. Rainfall contributions for each season
are calculated as the difference between mean disturbance
rainfall for each disturbance type and mean ND rainfall, during
the same season, multiplied by the number days the distur-
bance type occurred, and then divided by the total rainfall
received that season [Eq. (2)]. Positive values represent the
additional rainfall caused by the disturbance and negative
values represent the suppression of rainfall due to the presence
of a disturbance. Calculating net rainfall this way allows one to
determine the relative magnitude of the rainfall contribution
or suppression as a result of the disturbance during a season:

NPe = {[(RF,, ~ RFy, ) X N, | /ZRE | x 100, ()
where Rf;D,,- is the mean wet-season nondisturbance rainfall
for wet season i.

Net contributions are calculated for each individual year and
then years are averaged to identify period of record mean
contributions and other statistics.

Rainfall enhancements are defined here as the mean or
median net rainfall attributed to each disturbance type rel-
ative to the mean or median rainfall received during ND
conditions. Rainfall enhancements are calculated at each
individual 250-m grid cell to demonstrate how wet-season
rainfall from each disturbance is distributed spatially across
the island [Eq. (3)]. Net-rainfall enhancement (NRE) was
calculated as follows:

30

10

Number of Events (n)

CR
NC
KL
uL
TC

OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP

FIG. 2. Frequency of occurrence for each disturbance type from 1 Oct 1990 to 31 Sep 2010.
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TABLE 2. Disturbance event frequency of occurrence for water-
year and wet seasons occurring between 1990 and 2010. Sum is the
total number of disturbance events in the 20-yr time series; Mean is
the average number of disturbances per year; SD is the standard
deviation of the mean; Max and Min are the maximum and mini-
mum number of disturbances, respectively, occurring in a single
year; and “ % is the percentage of occurrences of each disturbance
type relative to the total number of disturbances.

Sum Mean SD Max Min %
Water year
CR 162 8.1 3.9 15 2 41.3
NC 124 6.2 33 13 2 31.6
KL 44 2.2 1.7 6 0 11.2
UL 44 22 14 5 0 11.2
TC 18 0.9 0.9 3 0 4.6
Wet season
CR 155 7.8 3.6 13 2 46.1
NC 116 5.8 3.1 11 2 34.5
KL 34 1.7 1.3 5 0 10.1
UL 31 1.6 1.3 5 0 9.2
TC 0.0 0.0 0.0 0 0 0.0

NRE = {([RF,] — [RE_ND])/[RE_ND]} X 100,  (3)

where [RF,] is the mean or median rainfall for each distur-
bance type d and [RF_ND] is mean or median nondisturbance
rainfall.

c¢. Comparison with interannual modes of climate
variability

The NPc and frequency of occurrence of each disturbance
category is compared against PNA and ENSO indices. We
used the PNA index (PNAI) calculated by Frazier et al. (2018)
who projected the PNA loading pattern onto the daily anomaly
500-hPa height field in the Northern Hemisphere (Chen and
van den Dool 2003). The multivariate ENSO index (MEI;
Wolter and Timlin 2011) is used to represent the strength
and phase of ENSO. This index is derived from six variables
over the tropical Pacific: sea level pressure, meridional
surface wind, zonal surface wind, surface air temperature,
sea surface temperature, and total cloudiness fraction. The
MEI has been shown to best represent the atmospheric
state associated with ENSO over the Hawai‘ian Islands
(see Frazier et al. 2018). Monthly values for both indices
are averaged for the 6-month wet season and seasonal
disturbance characteristics including NPc and event fre-
quency are compared with the two PNAI phases (negative
and positive) and three ENSO phases (La Nifia, Neutral
and El Nifio). The Wilcoxon rank-sum test is used to
identify significant differences between the median values
of each distribution.

d. Statistical tests

Linear regression is used to determine if the frequency of
occurrence of individual disturbance events changed over
time and to compare rainfall contributions received during
individual disturbance events with total seasonal rainfall.
Rainfall distributions for each individual disturbance type
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are compared with one another using the nonparametric
Mann-Whitney U test (MAN-W) to assess statistical dif-
ferences between each distribution (one pair at a time). The
MAN-W test was selected because the distribution of the
rainfall data is determined to be nonnormal. This test is
done for wet-season rainfall only; therefore, TC rainfall was
not included in this analysis. Significant relationships are
evaluated at a threshold of @ = 0.05. The Wilcoxon rank-
sum test was used to identify significant differences in me-
dian errors in the seasonal rainfall distributions separated
by PNA and ENSO phase described above.

4. Results
a. Disturbance-event frequency of occurrence

The number of disturbance events that occurred over the 20
water years in the disturbance time series are identified for
each calendar month (Table 1). In total, 392 disturbance events
were identified in the time series. The majority of disturbances
occurred between October and May, and 86% occur exclu-
sively during the November to April wet season in Hawai‘i (as
defined in this study) (Fig. 2). January is the most active month
for disturbances (n = 83) and June is the least active (n = 1).
Cold-frontal activity (CR and NC) occurred most frequently in
January (74 events). Approximately 57% of the fronts are
determined to cross the Island of O‘ahu and no CR events were
identified earlier than November. KL and UL activity occurred
between October and April and the maximum activity oc-
curred in November (26 events).

Although not identified in this study, fronts have been
reported in the Hawai‘i region in both September and June
but are considered to be extremely rare (K. Kodama, Senior
Service Hydrologist, 2016, personal communication). On
6 September 2017, a weak cold front reached the Islands of
Kaua'i, marking the earliest arrival of a cold front to Hawai‘i
in the 18-yr National Weather Service (NWS) record (NWS/
HFO 2017) and in the 30-yr record including the period of
this study. The average arrival date of the first cold front as
reported by the NWS is 19 October (NWS/HFO 2017).

Frontal activity (CR and NC) represented 73% of the
disturbance time series with an average of 14 fronts occurring
per year (Table 2). The number of fronts in a given year
ranged from a minimum of 6 to a maximum of 22 over the
study period. CR fronts ranged from 2 to 15 per year with an
average of 8 = 4 per year. An average of two KL and UL
events occur each year with a maximum of six and five events,
respectively. As expected, TC events are found only to occur
in the dry season (May to October) and represented only 5%
of the total disturbance time series. August had the most TC
events in the time series (n = 9), followed by July and
September (n = 4). TC events are the least common, occur-
ring on average once per year with a minimum of 0 and a
maximum of three in a single year. No significant changes
(linear trends) are identified in the frequency of occurrence of
any of the disturbance types over the 20-yr period-of-record
(Fig. 3). This is not surprising considering that the 20-yr study
period is typically not a sufficient amount of time to detect
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FIG. 3. Disturbance frequency of occurrence for the 20 water years between 1990 and 2010:
(a) crossing fronts, (b) noncrossing fronts, (c) kona low storms, (d) upper-level lows, (e) tropical
disturbances, (f) the sum of both crossing and noncrossing fronts, and (g) the sum of kona
storms and upper-level lows. Here, Sl is the slope of the regression, R2 is the coefficient of
determination, and P is a measure of significance.

long-term change, especially in Hawai‘i where natural modes
(e.g., ENSO) are known to cause significant interannual
rainfall variability (Frazier et al. 2018).

b. Annual and wet-season disturbance rainfall

On average, ND conditions occur 82% of the time over the
year and 70% of the time during the wet season and account
for 71% and 59% of the rainfall, respectively (Table 3; Fig. 4).
Annually, CR events accounted for 7% of days and are re-
sponsible for 12% of the rainfall. NC events account for 4%
of the days and 4% of the rainfall. KL and UL events each
account for a 3% of the days, and 9% and 4% of the annual
rainfall, respectively. During the wet season, CR events ac-
counted for 13% of the days and 19% of the rainfall. NC
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events account for 7% of the rainfall and KL and UL days
accounted 12% and 4% of wet-season rainfall, respectively.
TC events account for just 1.6% of annual rainfall and do not
occur during the wet season. Mean daily rainfall is greater for
CR, KL UL and TC disturbance events relative to mean daily
ND rainfall. Mean NC rainfall (3.3 mm day ™) is lower than
mean ND rainfall (3.8 mm day ') for both the water-year and
the wet season.

Daily wet-season rainfall distributions associated with each
disturbance category are plotted in Fig. 5. Mean and median
daily rainfall were highest for KL events, followed by CR, and
UL events. Results of the MAN-W test show statistically sig-
nificant differences for all but one of the pairwise comparisons.
Median KL daily rainfall (4.9 mm day ") was significantly (p <
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TABLE 3. Mean annual characteristics for rainfall occurring on disturbance days for water-year and wet seasons occurring between
1990 and 2010. Here, ND is nondisturbance, RF mean is the average daily RF for each disturbance type, Days are the average sum (1)
or percent (%) of disturbance days in the record, and total RF (%) is the percent of the rainfall occurring on disturbance days.

RF mean (mm day ') Days (n) Days (%) Total RF (%)
Water year
CR 6.6 25.5 7.0 11.5
NC 31 16.1 4.4 4.0
KL 9.8 11.0 3.0 8.8
UL 4.7 9.9 2.7 3.6
TC 71 2.3 0.6 1.6
ND 32 300.6 824 70.6
Wet season
CR 6.7 24.4 134 18.9
NC 33 14.9 8.2 6.7
KL 10.5 8.5 4.7 11.9
UL 3.6 6.9 38 3.5
TC 0 0 0.0 0.0
ND 38 126.7 69.9 59.0

0.05) greater than all other category medians. CR median
rainfall (3 mm day ') was significantly greater than median NC
rainfall (1.1 mm day ') and median ND (1.6 mm day ") rain-
fall. No significant difference was found between mean CR and
UL daily rainfall. Results also show the median ND rainfall
(1.6mmday ') was significantly higher than the median NC
rainfall (1.1 mm day ') suggesting that, a noncrossing frontal
event will produce rainfall less than would be received under
ND conditions at least half of the time.

¢. Interannual disturbance rainfall variability

Rainfall occurring on disturbance days accounted for an
average 41% of the total seasonal rainfall but varied consid-
erably from year to year (range 11%—-69%; Table 4). During
the “wettest” wet season in the record (2003/04) mean daily
rainfall was 8.1 mm and rainfall occurring on disturbance days
accounted for 68.5% of the total during that season (Fig. 6).
Cold fronts (CR and NC) and KL events accounted 28% and

40% of the total rainfall, respectively, during that season.
The ‘‘driest”” wet season in the record, which occurred
during the El Nifio year of 1997-98, had mean daily rainfall
of 2.6 mm, and rainfall on disturbance days accounted for
only 32% of the total rainfall that season. No KL events
were observed that season and CR and NC events accounted
for 28 % of the total rainfall. It should be noted, that very low
average rainfall on ND days (2.4 mm) was partly responsible
for the extreme dryness in that year. Other relatively dry
years, for example 1993/94 and 1998/99, had low rainfall
contributions from disturbances (11.3% and 16.9%, re-
spectively), but relatively high rainfall on ND days (5.8 and
3.4 mm, respectively).

d. Net percent contribution (NPc)

The NPc [Eq. (2)] provides an estimate of how disturbance
events influence island-wide rainfall. Since the NPc is a devi-
ation from the mean rainfall received under nondisturbance

Mean Rainfall by Disturbance Type

Water Year (%)

- 1.5

70.6

Disturbance Type

Wet Season (%)

18.9

CR
NC
KL
UL
TC

ND 1.

59

FIG. 4. Percentage of rainfall that has occurred for each disturbance category over (left) the 20 water years and
(right) wet seasons that have occurred between 1990 and 2010.
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Wet Season Disturbance Rainfall Distributions
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FIG. 5. (a) Wet-season cumulative distribution function and (b) boxplot for daily RF < 42 mm. MED and MEAN are the median and mean
rainfall, respectively, in the distributions.

conditions it can be positive or negative. On average, distur- On average, CR and KL events account +8% (range from 0
bance events account for +17% of the wet-season rainfall to +37%) and 8% (range from —2% to +33%) of the rainfall
beyond what could have been realized under undisturbed received in a single season, respectively. During the 1996/97
trade-wind conditions (range from —8% to +48%; Table 5). wet season, the CR and KL events are attributed to a

TABLE 4. Total rainfall and percent contributions of rainfall for each disturbance type and for each wet season in the record. Total RF is
the total island-wide rainfall occurring during a given wet season.

Wet season Total RF (mm) CR (mm) CR (%) NC (mm) NC (%) KL (mm) KL (%) UL (mm) (UL (%) All(mm) All (%)

1990/91 1376 103.0 7.5 4.6 0.3 399.7 29.0 3.6 0.3 511.0 37.1
1991/92 530 138.9 26.2 40.7 7.7 2.1 0.4 0.0 0.0 181.7 34.3
1992/93 738 179.4 243 15.2 2.1 0.0 0.0 69.1 9.4 263.7 35.8
1993/94 930 40.2 43 50.5 54 14.4 1.6 0.0 0.0 105.2 11.3
1994/95 626 194.8 31.1 89.7 14.3 10.7 1.7 22.9 3.7 318.1 50.8
1995/96 787 201.2 25.6 48.8 6.2 0.0 0.0 48.1 6.1 298.2 37.9
1996/97 1462 7225 49.4 83.5 5.7 163.7 11.2 19.5 13 989.2 67.7
1997/98 464 68.5 14.8 63.1 13.6 0.0 0.0 16.7 3.6 148.3 32.0
1998/99 690 83.9 122 20.7 3.0 6.0 0.9 5.8 0.8 116.4 16.9
1999/2000 669 1221 182 21.2 32 15.3 2.3 34.0 5.1 192.6 28.8
2000/01 520 47.2 9.1 17.2 33 11.3 22 25.5 4.9 101.3 19.5
2001/02 848 137.8 16.2 17.8 2.1 202.2 23.8 38.0 4.5 395.8 46.7
2002/03 590 166.4 28.2 47.6 8.1 82.0 13.9 0.0 0.0 295.9 50.2
2003/04 1465 306.9 20.9 108.8 7.4 583.9 39.9 42 0.3 1003.8 68.5
2004/05 1006 127.6 12.7 258.2 25.7 71.3 7.1 101.3 10.1 558.5 55.5
2005/06 1189 175.7 14.8 40.2 34 3271 27.5 72.5 6.1 615.5 51.8
2006/07 615 103.3 16.8 46.1 7.5 41.2 6.7 9.2 1.5 199.9 325
2007/08 864 92.7 10.7 9.8 1.1 182.5 21.1 26.5 3.1 3115 36.1
2008/09 1055 146.7 13.9 1.6 0.2 439.7 41.7 54.0 5.1 642.0 60.8
2009/10 651 135.5 20.8 89.6 13.8 43.0 6.6 26.9 4.1 294.9 45.3
Mean 853.9 164.7 18.9 53.7 6.7 129.8 11.9 28.9 35 377.2 41.0
SD 3134 144.7 10.2 57.2 6.2 174.9 13.7 28.0 3.0 267.5 15.8
Median 762.5 136.6 16.5 43.4 5.6 421 6.6 24.2 3.6 297.0 375
Min 463.8 40.2 43 1.6 0.2 0.0 0.0 0.0 0.0 101.3 11.3
Max 1465.2 7225 49.4 258.2 25.7 583.9 41.7 101.3 10.1 1003.8 68.5
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To further quantify the importance of disturbance events to

1400 g the interannual rainfall variability, linear regression analysis was
. conducted to assess relationships between mean daily wet-
1200 ® ND season rainfall and the net-rainfall contributions from each dis-
T 1000 turbance type (Fig. 7). A significant relationship was found when
E “All” disturbance rainfall contributions were compared with
T 800 mean daily rainfall (/7 = 0.49; p = 0.001). Of the four wet-season
n‘% e | disturbance types, kona lows explained the largest fraction of
the variability in wet-season rainfall (+* = 0.46; p = 0.001).
0] e. Disturbance frequency of occurrence versus wet-season
p— rainfall

" The frequency of occurrence of all disturbance days are not
59 939YLe5888s883ILes88e significantly correlated with wet-season rainfall (r2 =0.11;p =
2535 3885883583388583 0.153) (Fig. 8). A positive but weak statistical relationship was

FIG. 6. Total rainfall associated with each disturbance category for
wet seasons that occurred between 1990 and 2010.

combined +46% net contribution to total rainfall that season.
Net contributions for NC rainfall were less than mean ND
conditions for 12 of the 20 years analyzed with a mean con-
tribution of —0.4% (range from —8% to +10%). For some
years KL and UL events also showed negative contributions;
however, the mean contributions were positive for both dis-
turbance types (+8% and +0.4% respectively). Negative
rainfall contributions are most likely explained by a reduction
in wind speed that often happens with a disturbance interrupts
or reduces trade-wind flow.

found between CR activity and mean daily rainfall that was not
significant (#* = 0.01; p = 0.707). The frequency of KL events
are significantly correlated with wet-season rainfall (+* = 0.48;
p = 0.001) and the year with the lowest wet-season rainfall is
also one of three years in the period of record in which no KL
activity is observed. The two wettest years on record are the
years with the greatest number of CR and KL event days.
Although not significant, the relationship between NC activity
and mean daily rainfall is negative (#* = 0.07; p = 0.246).

f- Spatial characteristics of disturbance rainfall on O‘ahu

To gain a clear understanding of how disturbance events in-
fluence spatial rainfall patterns across the island, daily relative
mean and median net-rainfall enhancements are calculated for

TABLE 5. Total rainfall, along with net-rainfall amount and percent contributions of rainfall for each disturbance type and for each wet
season in the record.

Wet season Total RF (mm) CR (mm) CR (%) NC(mm) NC (%) KL (mm) KL (%) UL (mm) UL (%) All (mm) All (%)

1990/91 1376 103.0 0.6 4.6 -33 399.7 20.8 3.6 -1.1 511.0 16.9
1991/92 530 138.9 14.2 40.7 -39 21 -1.6 0.0 0.0 181.7 8.7
1992/93 738 179.4 8.9 15.2 -1.9 0.0 0.0 69.1 2.9 263.7 9.9
1993/94 930 40.2 0.0 50.5 —6.4 14.4 -1.6 0.0 0.0 105.2 -8.0
1994/95 626 194.8 12.1 89.7 32 10.7 —0.6 22.9 13 318.1 16.0
1995/96 787 201.2 11.5 48.8 =53 0.0 0.0 48.1 -1.2 298.2 5.0
1996/97 1462 722.5 37.3 83.5 22 163.7 8.3 19.5 —0.1 989.2 47.7
1997/98 464 68.5 0.0 63.1 4.2 0.0 0.0 16.7 21 148.3 6.3
1998/99 690 83.9 5.6 20.7 -0.3 6.0 -13 5.8 —2.4 116.4 1.6
1999/2000 669 122.1 12.0 21.2 -4.7 15.3 -2.4 34.0 -0.2 192.6 4.7
2000/01 520 472 22 17.2 =75 11.3 —0.1 25.5 2.1 101.3 —-34
2001/02 848 137.8 0.8 17.8 -0.9 202.2 20.0 38.0 2.3 395.8 222
2002/03 590 166.4 13.6 47.6 4.4 82.0 8.6 0.0 0.0 295.9 26.7
2003/04 1465 306.9 12.6 108.8 4.3 583.9 324 4.2 -1.4 1003.8 47.9
2004/05 1006 127.6 3.7 2582 10.4 71.3 1.7 101.3 2.9 558.5 18.6
2005/06 1189 175.7 3.7 40.2 -1.4 3271 22.8 72.5 33 615.5 284
2006/07 615 103.3 8.1 46.1 0.8 41.2 4.8 9.2 —0.9 199.9 12.7
2007/08 864 92.7 7.0 9.8 -1.0 182.5 19.0 26.5 -1.1 3115 23.9
2008/09 1055 146.7 7.5 1.6 -2.0 439.7 32,5 54.0 -1.9 642.0 36.1
2009/10 651 135.5 5.0 89.6 13 43.0 4.7 26.9 22 294.9 13.2
Mean 853.9 164.7 8.3 53.7 -0.4 129.8 8.4 28.9 0.4 37172 16.8
SD 3134 144.7 8.3 57.2 4.4 174.9 11.7 28.0 1.8 267.5 152
Median 762.5 136.6 73 43.4 -0.9 421 32 242 0.0 297.0 14.6
Min 463.8 40.2 0.0 1.6 =75 0.0 -2.4 0.0 -2.4 101.3 -8.0
Max 1465.2 722.5 37.3 2582 10.4 583.9 32,5 101.3 33 1003.8 47.9
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FIG. 7. Mean daily wet-season rainfall compared with disturbance net percent contributions to rainfall. Here, All is all disturbance
categories.

each unique disturbance category using the gridded daily rainfall  island and the tips of the SE section (essentially in the driest
fields (Figs. 9 and 10, respectively). On average, CR and KL  regions on the island) show very high percentage values for the
events have a positive rainfall enhancement of 88% and 300%  mean rainfall enhancement and relatively lower values for me-
beyond what is received under mean ND conditions, respec-  dian rainfall enhancement in those same areas. This indicates
tively. CR and KL mean rainfall enhancement are widespread, that CR and KL events do not always bring rainfall to these parts
with maxima found in the NW and SE parts of the island and  of the island but can be linked to the more extreme rainfall that
minima found leeward of the of the eastern (Ko‘olau) mountain  occursin these areas. For NC events, mean rainfall enhancement
range. Median rainfall enhancement for CR and KL days are is positive (8.4%) and most pronounced on the south and west
concentrated at and around the highest point on the Island side of the island; however, negative enhancement is observed
(Mount Ka‘ala; 1227 m) located on the western ridge and along  along the North shore and central interior. Median NC en-
the windward slopes of the eastern range. The SW part of the  hancement is negative (—14%) and most pronounced across the
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FIG. 8. Mean daily wet-season rainfall compared with the number of disturbance days in a given wet season.
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Relative Mean Rainfall Enhancement by Disturbance Category
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FIG. 9. Mean daily net-rainfall enhancement (%) corresponding to each unique wet-season disturbance category
relative to mean nondisturbance conditions. The 500-m elevation contour is shown in black.

northwest mountain range where orographic rainfall is most
prevalent, indicating that these types of disturbance events de-
liver rainfall amounts less than what it typically observed under
ND conditions.

8. Noncrossing fronts

The results of the nonparametric statistical test (Table 6)
suggest that median NC rainfall is significantly lower than
median ND rainfall. To further assess these differences, the
daily rainfall for each NC event is compared with the mean
daily ND rainfall for the corresponding wet season for all NC
occurrences (n = 300). Results show that 76% of the time, the
NC daily rainfall is less than the mean ND rainfall and the
median difference is —2.2 mm day~!. This suggests that while
some NC events have the potential to bring additional rainfall
to the islands, most of these events have an island-wide drying
effect, relative to what would have occurred during mean ND
conditions. The distance of the NC front to the Island did not
explain negative NPc. For NC events, a weak correlation was
found between distance (closest observable point) from the
island and rainfall (+* = 0.013). Distance relationships were not
explored for KL and UL events as a part of this analysis. In
general, these findings suggest that some disturbance events
(especially NC events) can potentially disrupt trade wind
orographic rainfall while not generating frontal lifting over the
island sufficient produce rainfall beyond what would have been
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realized during average ND conditions. The spatial extent of
this finding is clearly shown in the NC panels of Figs. 9 and 10,
where rainfall enhancement is negative along the windward
(eastern) mountain range, which is the area on the island most
influenced by orographic trade-wind rainfall.

h. Disturbance characteristics and interannual modes of
climate variability

Disturbance characteristics are compared with both PNAI
and MEI to determine if these interannual modes of climate
variability have a significant effect on either disturbance NPc or
frequency of occurrence. In regards to NPc, no significant dif-
ferences we found (Fig. 11). For the frequency of occurrence, it is
determined that significantly more cold fronts (CR and NC)
occur during the El Nifio phase of ENSO (Fig. 12) when com-
pared with the La Nifia phase. Significantly more NC fronts are
observed during the positive phase of PNA (but not for CR
fronts). The NPc and frequency of occurrence of KL events are
low during positive PNA as well as during the El Nifio phase.

5. Discussion

Atmospheric disturbances are important sources of rainfall
on O‘ahu. On average, disturbances occur on 30% of the days
and can account for up to 48% of the total wet-season rainfall.
Rainfall produced by cold fronts that cross the Island of O‘ahu
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Relative Median Rainfall Enhancement by Disturbance Category
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FIG. 10. Median daily net-rainfall enhancement (%) corresponding to each unique wet-season disturbance category
relative to median nondisturbance conditions.

are of particular importance because they are the most fre-
quent type of disturbance event and net contributions account
for an average 8% and a maximum of 37% of the total wet-
season rainfall. The two wettest seasons in the record occur
during years with the greatest number of CR and KL event
days. During the wettest season in the record (2003/04) net
contributions from CR and KL events account for 13% and
32% of the total rainfall, respectively. While CR frequency and
rainfall intensity may help to explain “wet years,” they are not
sufficient predictors of wet-season rainfall variability on their
own. In general, the difference between “wet’” and ““dry’’ years
on the island is predominantly explained by the frequency of
KL events and rainfall intensity during KL events.

In this study, disturbance characteristics for each of the
unique disturbance types are tested against both a PNA and
ENSO index. While, significantly more cold fronts occur dur-
ing El Nifio years, these events are not effective in producing
more rain during this phase of ENSO. The fact that crossing
fronts increased during El Nifio seasons as compared with
neutral and La Nifia conditions is at first surprising; however,
the stronger North Pacific jet supports the passing of distur-
bances just north of the islands, and according to the data used
in this study this includes also crossing fronts. The PNA has been
shown to have a stronger influence on Hawai‘i’s wet-season
rainfall (relative to ENSO); however, the causal interrelations
between the two modes and how they (independently or
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concurrently) influence disturbance characteristics is not
clearly identified in this study. The median NPc and median
frequency of occurrence of KL events is higher during the neg-
ative phase of PNA but this result is not significant. The PNAI
measures the ENSO-induced circulation teleconnection as well
as the internally “weather generated” extratropical variability of
the Aleutian low, the strength and position of the subtropical
high and storm tracks (Frazier et al. 2018) so this could be an

TABLE 6. Statistical test results for comparisons between rainfall
disturbance categories. MAN-W is the nonparametric, Mann—
Whitney statistical test; D-MED is the median difference in me-
dians; p value is a measure of statistical significance; and p values in
boldface type are p < 0.05, which are considered to be significant.

Seasonal category MAN-W D-MED MAN-W p value

KL-CR 2.5 <0.01
NC-CR -1.9 <0.01
ND-CR -14 <0.01
UL-CR -04 0.13
NC-KL —44 <0.01
ND-KL -39 <0.01
UL-KL -2.9 <0.01
ND-NC 0.5 0.02
UL-NC 1.5 <0.01
UL-ND 1.0 <0.01
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FIG. 11. Net percent rainfall contributions (NPc) for each disturbance type (top) by the Pacific-North America index (PNAI) phase,
where negative (n = 6) and positive (n = 14) are the phases of PNAI, and (bottom) by El Nifio—Southern Oscillation phase using the
multivariate ENSO index where La Nifia (n = 5) is the negative phase, El Nifio (n = 7) is the positive phase, and neutral (n = 8) is the
intermediate phase of the of the index; p is a measure of statistical significance between the median value of positive and negative phases of
PNALI pl compares La Nifia and El Nifio, p2 compares La Nifia and neutral, and p3 compares El Nifio and neutral phases.

avenue for future research in Hawai‘i as additional data be-
come available.

Many environmental changes have been observed over the
past decade in Hawai‘i. Evidence of long-term decreases in
rainfall (Frazier and Giambelluca 2017), decreases in stream
and base flow (Bassiouni and Oki 2013), increases in surface
air temperature (McKenzie et al. 2019; Kagawa-Viviani and
Giambelluca 2020), decreases in dry season cloud cover
(Longman et al. 2014), and increases in atmospheric subsi-
dence (Longman et al. 2015). Unequivocally detecting an an-
thropogenic climate change signal is still difficult for rainfall

and hydrological trends in the Hawai‘ian Islands (Frazier and
Giambelluca 2017). Natural modes of climate variability such
as ENSO, PNA, and PDO have been shown to influence the
climate of Hawai‘i on interannual and interdecadal time scales
(Crausbay et al. 2014; Frazier et al. 2018), making detecting
trends driven by anthropogenic climate change difficult.
Disturbance characteristics could potentially change as a re-
sult of a global warming of Earth’s atmosphere. Several studies
have projected a decrease in North Pacific storm track activity
(less storms) under climate change (O’Gorman 2010; Chang
et al. 2012; Lehmann et al. 2014). In addition, simulations also
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FIG. 12. As in Fig. 11, but frequency of occurrence of each disturbance type is assessed.
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show a poleward shift in midlatitude storm tracks during this
century as a result of climate change (Yin 2005; Chang et al.
2012) and a corresponding northward shift of associated at-
mospheric fronts in the Northern Hemisphere (Catto et al. 2011).
This suggests that, in the future, cold fronts, UL, and KL events
might affect Hawai‘i less frequently than at present. However,
projected changes in Northern Hemisphere storm tracks are not
clear due to the large number of influences that contribute to the
response of the storm tracks to a warming climate (Catto et al.
2014). Substantial differences in the projected storm track re-
sponse to warming are seen between models (Harvey et al. 2012)
but the largest consensus exists for a poleward shift in storm tracks
in both the Northern and Southern hemispheres (Yin 2005; Chang
et al. 2012; Catto et al. 2014).

If storm tracks were to shift poleward, this could potentially
reduce the total amount of wet-season rainfall received by cold
fronts on O‘ahu, as fronts may not track far enough south to
cross the island. A significant finding of this study is that the
majority of NC events are too far away to produce rainfall on
O‘ahu, but close enough to disrupt normal trade wind flow,
thus limiting orographic rainfall on the island and resulting in
net drying effect. An important avenue of future research
could be to identify the underlying physical mechanisms
that cause some noncrossing fronts to produce high rainfall
events and others to have a net drying effect. This could
result in a subclassification that improves our overall un-
derstanding of the impacts of these noncrossing events.
Furthermore, the potential widening of the tropical Hadley
circulation (e.g., Chang et al. 2012) cells will be important to
study in more detail, since it could affect intensity and fre-
quency of the weather events in the future. Developing a
complete understanding of how a poleward shift in storm
tracks might influence rainfall in Hawai‘i presents another
interesting opportunity for future research.

Climate downscaling studies suggest future changes to cli-
mate can be expected for the Hawai‘ian Islands including in-
creases in temperature, TWI frequency, and TWI strength
(Lauer et al. 2013) and decreases in rainfall (Elison Timm et al.
2015). For O‘ahu, rainfall is projected to decline by 30% or
more in dry (leeward) areas regardless of the season or emis-
sion scenario used (Elison Timm et al. 2015). Climate down-
scaling projections that use a regional climate model (Zhang
et al. 2016) and pseudoglobal warming (PGW), projected sig-
nificant rainfall increases in windward areas and only slight
decreases in leeward areas for the CMIP3 SRES A1B scenario
for the late twenty-first century. The projections of future cli-
mate in Hawai‘i from currently available downscaling do not
provide a clear consensus how rainfall will change. Uncertainty
in statistical downscaling is associated with reliance on the
assumed stationarity of the relationships between atmospheric
circulation patterns and rainfall (Elison Timm et al. 2015) and
might not fully account for changes in disturbance rainfall in-
tensity. On the other hand, PGW simulations do not account
for possible future changes in the frequency of disturbances.
Combining information on disturbance driven contributions to
rainfall with future climate projections is thus a necessary first
step toward improving our understanding of variations and
long-term changes in rainfall on O‘ahu.
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Another interesting point of discussion stemming from this
work is the characterization of the wet season in Hawai‘i. Over
the past several decades the wet season has been defined using
several different approaches. Besides the 6-month wet-season
period running from November to April (as adopted in this
work), researchers have also used a 7-month season running
from October to April (e.g., Elison Timm et al. 2011), a 5-month
season running from November to March (e.g., Chu and Chen
2005) and a 3-month season running from January to March
(e.g., Bassiouni and Oki 2013) to characterize the wet season. In
all of these instances, researchers point to the wet season as a
period in which extratropical atmospheric disturbances, such as
low pressure systems, Kona storms, and cold fronts, bring large
rainfall events to the Islands, but they do not reference any
analysis doe to identify the months when these disturbances
occur. The results presented here could provide evidence to
support an analysis of the definition of the Hawai‘i wet season
based on the frequency of occurrence of these disturbances.

6. Conclusions

Atmospheric disturbances can account for almost half of the
rainfall received during the wet season; however, the primary
factor in determining a relatively wet or dry year on O‘ahu
are the frequency and rainfall intensity of KL events. Fronts
are the most common atmospheric disturbance-types but
NC fronts typically produce rainfall less than is received
under nondisturbance conditions. Understanding the rela-
tive contributions of disturbances to wet-season RF as well
as the spatial distribution of RF during these events is im-
portant in the context of a changing climate in which dis-
turbances are expected to become less frequent and more
intense. Given the importance of these events for the total
rainfall on O‘ahu, this information can be useful to water
managers to plan for changes in water supply and demand in
the future, to enable better allocation of resources for de-
veloping alternative water sources, to improve water con-
servation, and to plan for future water-demanding land
development. In addition, this research has identified sev-
eral gaps in our understanding of the underlying physical
mechanisms associated with individual disturbance events.
We suggest that future research should endeavor to focus
on additional subclassifications of both crossing and non-
crossing fronts and to identify the role that upper-tropospheric
dynamics and thermodynamics has on disturbance driven
rainfall in Hawai‘i.
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