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Abstract: While the influence of elevation and seasonal variation on isotopic
composition has been studied on Maui, Hawai#i Island, and O#ahu (Scholl et al.
1996, Scholl et al. 2002, Scholl et al. 2007, Dores et al. 2020, Fackrell et al. 2020,
Tachera et al. 2021), this work is the first to investigate event-based precipitation
in detail on the island of O#ahu. The stable isotopic composition of water has
been used to track the movement of water within the hydrosphere, to investigate
the type and origin of a rainfall event, and elevation of collection, among other
characteristics. Here, we present a high-resolution study of the stable isotopes
d2H and d18O of precipitation along a compact land-to-sea transect inWaikīkī, a
southwest facing region on O#ahu. The study provides a unique, in-depth
investigation into the nature of individual storm events, and how they contribute
to a larger seasonal climatic pattern. Monthly precipitation samples were
collected at three sites along the transect from December 2017 to March 2019
and event-based samples were collected at the Makai site from October 2018 to
February 2019. Storm direction, temperature, and relative humidity were
recorded for each event-based sample. Results suggest that evaporative
conditions at different elevations influence the isotopic composition of
precipitation, either through net addition as moisture recycling, or net loss of
evaporated water. The spatial distribution of these patterns from site to site
illustrates the extreme heterogeneity of Hawaiian watersheds.
Keywords: stable istopes, precipitation, deuterium excess, tropical climate,
hydrology
FOR TROPICAL ISLANDS, where precipitation
becomes the groundwater resource used for
drinking water, investigating the origin of
recharge as precipitation is important for
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understanding the relationship between
groundwater and its source. The stable
isotopic composition of water (d18O and
d2H) has been used to track the movement
of water within the hydrosphere, helping to
investigate the type and origin of a rainfall
event, direction it traveled, and elevation at
which the precipitation was collected, among
other characteristics. The value of these
isotopic ratios in precipitation are dependent
on many hydrologic and climatic factors, such
as source composition, relative humidity (RH)
at the time of precipitation, and other
evaporative conditions.

Worldwide, the linear relationship
between d18O and d2H is explained with the
global meteoric water line (GMWL), reflect-
ing climatic processes on a global scale (Craig
1961). Due to the unique and diverse
microclimates of tropical islands, recording
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stable isotope values in regional precipitation
is necessary to create local meteoric water
lines (LMWLs). The LMWL then becomes a
useful tool in defining the relationship
between d18O and d2H in the local precipita-
tion recharging the groundwater of the island,
and can help determine important climatic
processes defining rainfall events (Putman et
al. 2019). Deviations from the LMWL are
caused by the evaporative conditions that
control the isotopic fractionation of water, as
the lighter isotopes, 16O and 1H, preferen-
tially go into the vapor phase while the heavier
isotopes, 18O and 2H, remain in the liquid
phase (Dansgaard 1964, Kendall and Caldwell
1998). The resulting d18O (‰) and d2H (‰)
values can be explained by the amount effect,
the observed phenomena where greater pre-
cipitation depths result in more negative d18O
and d2H values, and deuterium excess (d),
defined as

(1)
and mathematically related to the y-intercept
of the GMWL (Dansgaard 1964). Amount
effect and d are often used to investigate past
climate and weather, as their influence on the
meteoric water line can describe moisture
source, seasonal influence, and conditions
during evaporation and precipitation (Lee and
Fung 2006, Pfahl and Sodemann 2012,
Winnick et al. 2014, Tharammal et al.
2017). RH controls whether evaporate accu-
mulates on the precipitate or the precipitate
evaporates. High temperatures and high RH
cause the evaporation of land-based moisture
sources, while high temperatures and low RH
cause evaporation of the falling precipitation.

While the influence of elevation and
seasonal variation on isotopic composition
has been studied onMaui, Hawai#i Island, and
O#ahu (Scholl et al. 1996, Scholl et al. 2002,
Scholl et al. 2007, Dores et al. 2020, Fackrell
et al. 2020), this work is the first to investigate
event-based precipitation in detail, with a
focus on the island of O#ahu. Previous studies
in the tropics had success in rainfall char-
acterization (Munksgaard et al. 2019) and
differentiating the event type of precipitation,
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such as orographic rainfall vs. low-pressure
systems (Scholl et al. 2009, Zwart et al. 2018).
While stable isotope studies on the hydro-
logical cycle within Hawai#i have focused on
precipitation over long sampling intervals and
large geographical areas, there is a need for
stable isotope data at higher spatial and
temporal resolutions in order to further define
the characteristics of individual precipitation
events and how they relate to groundwater
recharge. Recent studies highlight the need
for both the long-term monitoring of the
isotopic composition of precipitation in
Hawai‘i (Tachera et al. 2021) and finer
resolution sampling to better understand
the importance of event-based precipitation
(Dores et al. 2020). Here, we focus on the
latter, with an experimental design to improve
the spatial and temporal resolution of pre-
cipitation collection studies. Our high-resolu-
tion study occurs along a compact land to sea
transect in the highly urbanized Waikīkī
ahupua#a (land division), a Kona (southwest)
facing region on the island of O#ahu (Fig-
ure 1). We use d18O, d2H, and d values and
storm track data to establish how individual
precipitation events contribute to the isotopic
composition of the monthly and seasonal
precipitation samples. We hypothesize that
while trade wind storms are responsible for
most of the precipitation experienced along
the transect, offshore and Kona storms
contributed greatly to rainfall, especially at
the lowest elevation site.

BACKGROUND

The sampling transect is located in the
ahupua#a of Waikīkī in the Kona moku
(district) of O#ahu (Figure 1). Characteristic
of ahupua#a within a Kona moku, Waikīkī is
relatively dry compared to trade wind facing
locations, receiving an average of 600mm of
rainfall annually (Chu et al. 2010, Giambel-
luca et al. 2013). Precipitation in Waikīkī is
predominantly the result of residual oro-
graphic and onshore rainfall, either from local
offshore evaporation or Kona storm events.
The intensity of these different types of
rainfall varies from year to year due to large
climatic patterns in the Pacific.



FIGURE 1. Map of sampling transect within the Waikīkī ahupua#a in the Kona moku of O#ahu.
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Seasonal Weather Patterns on O#ahu

The Hawaiian Islands experience two main
seasons: Ho#oilo, the wet season, and Kau-
wela, or Kau, the dry season (NOAA 2018,
2019). The transition to Ho#oilo begins in
October and lasts until April. During Ho#oilo,
O#ahu experiences consistent trade wind
storms and occasional Kona storms of local
or cyclonic origin and bouts of Kona wind.
om: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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Daily Ho#oilo weather generally has cooler
temperatures and higher humidity. Kau
extends from May until October; trade winds
dominate this season while Kona winds are
extremely rare. Rainfall is less frequent in
Kau, especially in Kona districts, with brief
periods of diminished trade winds. Hurricane
season begins in Kau and extends into
Ho#oilo, typically lasting from June to
November (OPHP 2020).
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The seasons and climate of O#ahu and the
other Hawaiian Islands are influenced by both
El Niño Southern Oscillation (ENSO) and
Pacific Decadal Oscillation (PDO). Interac-
tions between ENSO and PDO can cause
variability in seasonal rainfall, resulting in
uncharacteristic conditions during the typical
wet and dry seasons (Chu and Chen 2005).
Climate change has been shown to exacerbate
out of season conditions and is broadly
thought to cause a decline in rainfall (Chu
et al. 2010, Diaz et al. 2011).
Deuterium Excess

Froehlich et al. (2002) portrayed d relative to
the GMWL as a gradient deviating away from
the GMWL in both directions. The d
gradient above the GMWL (d> 10) is
representative of precipitation that has experi-
enced enhanced moisture recycling, when
evaporation from local moisture sources
accumulates onto falling precipitate. Through
isotopic fractionation, 16O and 1H preferen-
tially go into the vapor phase, making the
accumulating evaporate rich in 16O and 1H
(Dansgaard 1964, Kendall and Caldwell
1998). The result is an increase in d and
more negative d18O and d2H values of the
precipitation sample. The d gradient below
the GMWL (d < 10) is representative of
precipitation that has experienced loss due
to evaporation, when falling precipitate
evaporates as it descends. Through isotopic
fractionation, 16O and 1H preferentially
evaporate, leaving behind the heavier iso-
topes, 18O and 2H, as the liquid phase
precipitate (Dansgaard 1964, Kendall and
Caldwell 1998). The result is a decrease in d
and less negative d18O and d2H values of the
precipitation sample.

METHODS

A precipitation sample from each of the three
sites was collected monthly from December
2017 toMarch 2019. Additionally, a total of 38
event-based samples were collected at the
Makai site from October 2018 to February
2019. Data related to the following variables
d From: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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were collected for each sample: stable isotopes
d18O and d2H, volume, elevation, tempera-
ture, RH, and storm direction.
Collector Assembly and Deployment

Two types of precipitation collectors were
constructed following the methodologies of
Scholl et al. (1996): (1) those intended for
long-term deployment and monthly collec-
tion frequency, and (2) those deployed to
collect individual storm or rain events.
Monthly precipitation collectors were built
using food grade HDPE 5 gal buckets, 9-cm
diameter Buchner funnels, and silicone caulk-
ing. Buchner funnels were set in the bucket
lids and sealed using a rubber grommet and
silicon caulking. At each collection site, the
collectors were positioned so as to maximize
exposure to the sky during precipitation
events, and fastened to fencing using bungee
cords for stability against storm conditions.
Approximately 500 mL of mineral oil was
added to each collector to prevent evaporation
of collected rainfall. All monthly precipitation
collectors were deployed at the respective sites
on 28 November 2017 (Figure 1). Individual
storm sample collectors consisted of a Buch-
ner funnel placed in a collection bottle
fastened to fencing adjacent to the monthly
precipitation collector at the Makai site. No
mineral oil was added to the collection bottle
as samples were collected as soon as possible,
and some cases immediately, following each
storm event to minimize the effects of
evaporation.
Sample Collection and Preparation

Over the 16-month sampling period, samples
from each site were typically collected over
one-month intervals from December 2017 to
March 2019, resulting in a total of 12 samples
from each site. As the Makai site experienced
very little rain during the summer months of
2018, only one sample was collected from
May to August. Mauka 1 andMauka 2 samples
from May to August were analyzed individu-
ally; the VWA was calculated for these
samples so comparisons could be made along
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the transect. Due to logistical reasons, one
sample was collected from each site for the
months of December 2018 and January 2019.

Samples were filtered using standard
bleached paper filters on site, followed by
Whatman Grade 1 paper filters in the
laboratory until all mineral oil was removed.
Mineral oil filtered on site was returned to the
precipitation collector after separation. Sam-
ples were stored in either 500mL amber glass
bottles or 250mL HPDE bottles and refri-
gerated until the time of analysis. To homo-
genize the water before subsampling, sample
bottles were shaken before 2 mL aliquots were
transferred to a 2mL glass vial. To prevent
evaporation, vial caps were wrapped with
Parafilm. Samples were arranged from
expected lowest d18O (‰) value to expected
highest d18O (‰) value and refrigerated until
analysis. Volumes of all samples were mea-
sured during sample preparation.

Event-based precipitation samples were
collected daily from October 2018 through
February 2019. Of the total 38 samples
collected, 11 samples are representative of
single rainfall events, 7 of which are from
prolonged rain events lasting over an hour. A
precipitation event was considered “single” if
the precipitation rate did not go to zero.
Events during which the precipitation rate
was recorded by the Kaimukī High School
station (KHIHONOL118) on Weather
Underground to reach zero for any duration
during the course of an event are then
considered as “multiple-shower” events.
Sample Analysis

d18O and d2H values of water were deter-
mined using an L2130-i Picarro cavity ring
down spectrometer fitted with an A0211High
Precision Vaporizer and HTC PAL auto-
sampler at the School of Ocean and Earth
Science and Technology’s Biogeochemical
Stable Isotope Facility at the University of
Hawai#i at Ma-noa. Water aliquots (1.8mL)
were evaporated and equilibrated with clean-
dry nitrogen (N2) gas. Measured isotope
values were normalized to VSMOW using
three laboratory reference materials: KONA
om: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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desalinated deep seawater (0.51‰ for d18O
and 1.54‰ for d2H), LAB DI laboratory
deionized water (�5.11‰ for d18O and
�20.43‰ for d2H), and MKSNOW melted
snow collected from the Mauna Kea summit
(�13.44‰ for d18O and �96.81‰ for d2H).
Laboratory references were extensively cali-
brated with NIST reference materials that
bracket the d2H and d18O values of the in-
house standards, including Reference stan-
dards Standard Light Antarctic Precipitation-
2 (SLAP-2), Vienna Standard Mean Ocean
Water - 20 (VSMOW-2), and Greenland Ice
Sheet Precipitation (GISP) from the Interna-
tional Atomic Energy Agency (Vienna, Aus-
tria), and by inter-laboratory comparison.
These in-house standards were analyzed
between every 10–14 unknown samples, along
with a check sample (Evian bottled water, also
extensively characterized using the above-
mentioned isotope reference materials). Ana-
lytical uncertainty was determined by taking
the average of at least triplicate sample
injections and calculating the standard devia-
tion from the average for each sample.
Samples were analyzed in the order of
expected isotopic composition and the first
three injections of each sample were ignored
to minimize memory carry-over effects. The
isotope analysis results were post-processed
using Picarro “Chemcorrect” software to flag
for organic contamination. Any samples that
were flagged for such contamination are not
reported.
Data Preparation and Analysis

Wind and storm direction were determined
from weather station data on Weather
Underground and base reflectivity doppler
radar archives from weather.us, respectively.
Times of precipitation were identified with
rain gauge data from the Kaimukī High
School weather station, and wind direction
was recorded. The identified times were then
used to watch the appropriate storms in the
base reflectivity doppler radar archives for
O#ahu. Storm track and direction were
recorded for the precipitation times, and
dominant storm direction was determined
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based on sample volume and frequency of
direction. While storm direction was highly
variable, for the purpose of this study, general
storm track and direction classified as “North-
erly” or “Southerly” was sufficient. Storm
track direction associated with larger collected
sample volumes were weighted higher in
determining a dominant storm direction.

The yearly volume-weighted average
(VWA) of d18O and d2H was calculated from
monthly samples for each site to establish
both variation in time across the transect and
variation in time throughout the year. When
certain sites could not be collected at a
monthly resolution, a multi-month VWA of
d18O and d2H for the other sites was
calculated for that time interval to provide
comparable results. The d18O and d2H values
of individual storm samples were also used to
calculate a monthly VWA for comparison
against monthly d18O and d2H values. This
comparison serves as a first order investiga-
tion into how event-based samples aggregate
into precipitation on a monthly scale. A linear
regression was applied to the stable isotope
values to calculate a LMWL for the transect in
terms of monthly and event-based precipita-
tion. The LMWL is an efficient tool to
compare the results of this study to other
precipitation collection efforts across the
Hawaiian Islands. Deuterium-excess was cal-
culated for each sample to determine varia-
bility across events and from site to site, with a
specific focus on evaporative processes and
moisture recycling.
RESULTS

Weather During the Sampling Period

The sampling period occurred over a 16-
month period spanning two consecutive
Ho#oilo, during a transition from La Niña
to El Niño conditions while in a high rainfall
epoch of Pacific Decadal Oscillation (Chu and
Chen 2005, NOAA 2018, 2019). Monthly
precipitation collectors were deployed on 28
November 2017, in the middle of the 2017-
–2018 Ho#oilo (NOAA 2018). Weak La Niña
influences resulted in wet conditions that were
experienced on the leeward faces of O‘ahu for
d From: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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the duration of the season. In congruence with
rainfall throughout Hawai‘i, the sampling
transect on O‘ahu experienced drier condi-
tions in January with heavy rains from
February to April. Unique to the transect,
our sampling stations received more rain in
December than the surrounding regions of
Hawai‘i.

The 2018 Kau was considered to be the
second wettest in the last 30 years. Some
leeward areas on O‘ahu were subject to
drought. Lower elevation areas within the
transect experienced light rainfall from May
to August. However, higher elevations in the
transect experienced higher rainfall, as residue
from storms on the windward side of the
Ko‘olau range. A majority of the precipitation
during Kau occurred at the end of the season
in August and September.

The 2018–2019 Ho#oilo was influenced by
weak El Niño conditions, with drought
developing at lower elevations on the leeward
faces of the islands (NOAA 2019). The
sampling transect typically experienced rain-
fall similar to that of the general geography.
The sampling period ended one month before
the end of the wet season. O‘ahu was the only
Hawaiian Island that did not develop drought
due to dry periods during January and March
of 2019.

Two major storm events occurred during
the sampling period. The first was a flash
flood event from 13–15 April 2018. On April
13th, the southern Ko‘olau mountain range
on O‘ahu experienced precipitation rates of
over 4 inches per hour from 7:00 pm to
9:00 pm HST (NWS 2018). The event was
highly localized and only affected windward
communities from Maunawili to Waima-nalo
and leeward communities fromHawai‘i Kai to
Ma-noa. The storm intensified to the west, and
severely impacted Kaua‘i over the next two
days. The second major storm event was
Hurricane Lane, which entered the Central
Pacific on 18 August 2018 and departed from
the main Hawaiian Islands on 26 August 2018
(Beven and Wroe 2019). While Lane did not
make landfall, the main Hawaiian Islands did
experience high winds and heavy rains.
Hawai‘i Island, Maui, and the windward side
of O‘ahu were most heavily impacted. Within
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the sampling transect, both Mauka sites
experienced rainfall, although no rainfall
occurred at the Makai site.
Event-Based Samples

Twenty-four of the samples came from storms
originating in the North, and 14 of the
samples came from storms originating in the
South. The isotopic composition of the event-
based samples were highly variable, ranging
from �6.9± 0.04‰ d18O and �49.9±
0.25‰ d2H in February 2019 to �2.7±
0.06‰ d18O and 19.0± 0.19‰ d2H in
November 2018 (Table 1). Both of these
months had rainfall events predominantly
from the Northeast, although 3 storms in
February originated in the SW. The indivi-
dual storm with the greatest rainfall depth
during the sampling period was from a SSE-
originating storm in October 2018, at 33mm.
The average individual storm rainfall depth
was 5 mm.

To determine validity of individual storm
samples, monthly d18O, d2H, and d data from
October 2018 to February 2019 were com-
pared with the VWAs of individual rain
samples for each respective month (Table 2).
Where VWAs for monthly and individual rain
samples did not agree, the lag time between
the end of the rain event and collection of the
sample was considered (Table 1). As there was
no apparent correlation between lag times and
agreement of VWAs for monthly and indivi-
dual samples, evaporation of individual sam-
ples was considered negligible.
Monthly Samples

The volume-weighted average d18O and d2H
values were�2.69‰ and�12.89‰,�2.76‰
and �11.60‰, and �2.98‰ and �11.65‰
for the Makai, Mauka 1, and Mauka 2 sites,
respectively. The isotopic composition of
precipitation along the transect ranged from
�4.76± 0.07‰ d18O and �27.53± 0.20‰
d2H from September 2018 to �0.20± 0.02‰
d18O and 5.70± 0.18‰ d2H from January
2018, with the lightest value from theMauka 2
site and the heaviest value from the Makai site
om: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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(Table 3). Most rainfall events in September
2018 came from the East-Northeast direction,
with only one, two-day event originating in
the South (Table 4). Rainfall events in January
2018 were infrequent and came predomi-
nantly from the Southeast and Southwest
directions (Table 4).

The average rainfall depths for the Makai,
Mauka 1, and Mauka 2 sites were 65mm,
66mm, and 92mm, respectively. The Mauka
2 site samples frequently had the highest
rainfall depth per sampling interval, ranging
from 19mm in January 2018 to 145mm in
October 2018 for a single month (Table 3).
The only exception to this was for March
2018 and February 2019, when monthly
samples from the Makai site were 99mm
and 142mm, respectively (Table 3). The
months of January 2018 and March 2019
had the lowest rainfall depths along the
transect (Table 3). The LMWL (d2H =
6.87d18O + 7.02) for the sampling transect
was calculated using linear regression analysis
of d18O and d2H values of individual monthly
samples from each site (Figure 2).

DISCUSSION

The isotopic composition of precipitation is
influenced by multiple factors, including
distance from the origin of the source of
moisture, elevation of the collection site, and
evaporative processes driven by temperature
and RH. The influence of elevation and
seasonal variation on evaporative conditions,
and the resulting isotopic composition of
precipitation, are discussed below.
Event-Based Precipitation

Event-based precipitation samples show how
the evaporative conditions at low elevation
produce various types of precipitation, as well
as how individual precipitation events con-
tribute to monthly precipitation. The Makai
site regularly had a rainfall depth greater than
or equal to the Mauka sites, which typically
experience conditions more conducive to
heavy precipitation events (Table 1). Gener-
ally, convective storms such as Kona Lows



TABLE 1

Isotopic Composition, Volume, and Weather Conditions for Event-Based Samples Collected at the Makai Site

Sample
Number

Sampling
Date

Rainfall
Depth
(mm)

d18O
(‰)

d2H
(‰)

d
(‰)

T
(° F)

RH
(%)

Wind
Direction

Storm
Direction

Collection
Lag Time

(min)

1 10/19/2018 0.5 �0.5 2.5 6.5 81.2 90.6 ENE ENE/S 540
2 10/23/2018 0.9 0.3 7.7 5.3 80.6 84.4 NE NE 615
3 10/26/2018 1.4 2.3 16.4 �2 82.0 90.8 NE SSE 515
4 10/27/2018 0.4 �0.2 4.5 6.1 81.3 86.9 NE ESE 405
5 10/30/2018* 8.8 �5.1 �27.2 13.6 86.4 92.1 SSE ESE 50
6 10/30/2018 23.4 �5.0 �26.1 13.9 86.4 92.1 SSE ESE 50
7 10/30/2018 33.2 �3.5 �14.7 13.3 86.9 96.9 SSE SSE 535
8 10/31/2018 0.6 �4.7 �27.3 10.3 no data no data NE SSE 0
9 11/2/2018 1.7 �0.6 4 8.8 77.3 79.2 NE ENE 45
10 11/16/2018 2.9 �0.7 3.6 9.2 78.1 84.5 NE/ENE ENE 111
11 11/17/2018 0.7 2.7 19 �2.6 78.8 91.4 NE/ENE ENE 431
12 11/26/2018 0.4 1.2 13.1 3.5 80.6 91.9 NE NNE 136
13 12/6/2018 6.8 �2.0 �1.3 14.7 77.0 83.8 NE SSE/NW 61
14 12/7/2018 4.6 �1.3 2.1 12.5 76.7 82.4 NE ESE/ENE 11
15 12/8/2018 5.3 �0.6 9.2 14 77.2 87.7 ENE NNE 1219
16 12/10/2018 2.5 �0.9 4.4 11.6 76.9 78.6 NE ENE 114
17 12/18/2018 0.7 0.2 11.5 9.9 74.8 79.9 E ENE 576
18 12/28/2018 0.5 �1.5 �8.3 3.7 97.5 no data ENE SW 59
19 12/29/2018 4.9 �2.7 �14.6 7 83.3 95.1 ENE SW 101
20 12/31/2018 0.3 0.1 7.1 6.3 77.2 81.2 ENE ENE 46
21 1/25/2019 0.6 �0.4 5.7 8.9 80.3 91.4 SW NW 141
22 1/30/2019 10.2 �1.1 �1.9 6.9 75.7 76.8 NNW NNE 0
23 1/31/2019 14.5 �2.8 �15.3 7.1 75.8 83.9 NNE/ENE NNE 26
24 2/1/2019 7.5 �2.3 �14.1 4.3 77.0 77.9 ENE/NE NNE 941
25 2/6/2019 2.4 �3.1 �14.3 10.5 77.7 89.3 SSW SW 0
26 2/7/2019 6.0 �3.4 �13.2 14 85.9 100.6 SSW SW 631
27 2/10/2019 0.8 0.1 13.0 12.2 64.3 79.5 NW NW 11
28 2/13/2019 8.2 �4.3 �18.4 16 84.4 90.0 NE NE 181
29 2/13/2019 0.3 �2.0 �2.6 13.4 92.7 90.2 NE NE 6
30 2/13/2019 9.9 �4.8 �18.6 19.8 74.8 79.7 NE NE 181
31 2/13/2019* 9.7 �4.3 �16.5 17.9 74.8 79.7 NE NE 16
32 2/14/2019 3.1 �2.3 �5.8 12.6 68.6 71.6 NE NE 346
33 2/15/2019 1.9 �1.4 3.9 15.1 71.0 67.3 ENE NE 86
34 2/16/2019 3.8 �0.3 6.4 8.8 76.7 77.4 ENE/NNE NE 406
35 2/19/2019 3.0 �2.9 �17.7 5.5 80.7 83.0 ESE SSW 451
36 2/19/2019 3.5 �6.9 �49.9 5.3 90.8 91.8 ESE SSW 21
37 2/25/2019 0.3 �1.3 �0.5 9.9 81.4 87.8 NE NE 0
38 2/26/2019 5.2 �1.8 2.0 16.4 85.9 89.4 NE NE 90
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tend to be associated with more intense rain
that is depleted in heavy isotopes, while
stratiform or orographic rains like trade wind
rainfall consist of lighter, smaller drops,
d From: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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usually under drier atmospheric conditions.
Duringmost of themonths that theMakai site
collected amonthly rainfall depth greater than
or equal to either or both of the Mauka sites,



TABLE 2

Comparison of Isotopic Values for Monthly Samples and
VWA of Event-based Samples

Month d18O d2H d

October 2018
Monthly �3.10 �13.80 11.00
Storm VWA �4.00 �19.00 13.00
November 2018
Monthly �0.60 4.50 9.30
Storm VWA �0.10 6.30 7.20
December 2018/January 2019
Monthly �2.6 �14.9 5.9
Storm VWA �1.8 �4.7 9.5
February 2019
Monthly �3.7 �14.7 14.9
Storm VWA �3.4 �13.8 13.4
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local winds were predominantly from the ESE
(Table 1). Precipitation events at the Makai
site varied from light, misting rains that
produced scarce samples of 2 mL or less that
can be characterized as trade wind precipita-
tion, to heavy downpours that lasted for hours
TABL

Isotopic Composition and Volumes of Mon

Month Rainfall Depth (mm) d18O (‰)

Makai Mauka
1

Mauka
2

Makai Mauka
1

M

Dec 2017 115.2 104.4 130.2 �4.20 �3.97 �3
Jan 2018 10.4 11.8 19.0 �0.20 �0.90 �1
Feb 2018 116.2 78.1 129.5 �2.35 �3.30 �3
Mar 2018 98.7 75.1 77.3 �3.50 �4.10 �3
Apr 2018 130.9 99.0 141.2 �0.58 �1.64 �2
May–Aug
2018

89.1 114.1 224.5 �1.30 �1.35 �1

Sep 2018 114.0 114.3 118.7 �4.10 �4.14 �4
Oct 2018 41.5 115.8 145.1 �3.10 �3.10 �2
Nov 2018 41.5 88.5 108.6 �0.60 �1.50 �1
Dec 2018–Jan
2019

68.2 86.5 115.4 �2.60 �1.60 �3

Feb 2019 141.8 86.5 137.5 �3.70 �3.60 �4
Mar 2019 5.2 22.9 30.5 �0.20 �0.40 �1
Average 81.1 83.1 114.8 �2.69a �2.76a �2

a Volume-weighted average reported.
bCalculated by inputting the respective VWA of d18O and d2H
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and accumulated over 33mm of water that
imply a convective source such as a Kona
storm. While there was no relationship
between isotopic composition and rainfall
depth or isotopic composition and RH
(Figures 3 and 4), these observations agree
with the hypothesis that storm-based pre-
cipitation is a major source of rainfall in the
lower elevation coastal areas of Hawai‘i.

To assess variation in rainfall depth as well
as the d2H and d18O values among different
rainfall types, we focus on evaporative and
moisture cycling conditions. Calculation of d
and recorded values of temperature and RH
for each event-based sample, in comparison to
monthly samples, helped control for the
effects of evaporation and moisture recycling
on collected rainfall for each sample (not
shown). Based on these three variables,
controlling factors on sample collection could
be determined, and their resulting impacts on
isotopic compositions accounted for. First
verified at an event-based sample scale,
these trends are further investigated at the
seasonal (“Influence of Seasonal Variation”
section) and spatial (“Influence of Elevation
E 3

thly Samples from Each Collection Site

d2H (‰) d (‰)

auka
2

Makai Mauka
1

Mauka
2

Makai Mauka
1

Mauka
2

.73 �20.9 �18.8 �17.2 12.7 13.0 12.6

.20 5.20 2.30 1.80 6.8 9.5 11.4

.90 �9.55 �14.5 �18.3 9.3 11.9 12.9

.90 �18.0 �20.3 �17.5 10.0 12.5 13.7

.15 �3.89 �7.21 �8.45 0.7 5.9 8.7

.55 �3.10 �3.29 �2.76 7.3 7.5 9.7

.76 �26.8 �24.8 �27.5 6.0 8.4 10.5

.90 �13.8 �12.1 �9.80 11.0 12.7 13.4

.90 4.50 1.20 0.00 9.3 13.2 15.2

.00 �14.9 �7.10 �13.4 5.9 5.7 10.6

.10 �14.7 �15.2 �15.9 14.9 13.6 16.9

.00 4.70 7.20 4.00 6.3 10.4 12.0

.98a �12.89a �11.60a �11.65a 8.65b 10.32b 12.19b

of each site into the equation d = d2H� 8d18O.



TABLE 4

Monthly Weather Conditions along the Transect

Month Temperature (°F) Relative Humidity (%) Wind
Direction

Storm
Direction

Makai Mauka Makai Mauka

Dec 2017 78.8 74.2 63.0 72.8 ESE ENE
Jan 2018 76.1 74.2 63.6 72.8 E SE/SW
Feb 2018 76.5 73.2 70.9 80.8 ESE SSE
Mar 2018 75.8 72.8 68.0 77.9 ESE ENE
Apr 2018 77.3 74.9 72.9 83.5 E ENE
May–Aug 2018 80.3 78.7 64.9 76.7 ENE* ENE
Sep 2018 84.9 80.0 68.9 80.8 ENE ENE
Oct 2018 83.4 78.9 68.9 82.8 ENE ESE
Nov 2018 79.3 76.7 70.1 82.2 ENE ENE
Dec 2018–Jan 2019 77.2 74.0 64.4 78.3 ENE/ESE NNE
Feb 2019 76.9 70.5 58.3 80.9 ESE NE
Mar 2019 74.9 72.7 55.3 75.2 E NE

FIGURE 2. The local meteoric water line (LMWL), d2H = 6.87d18O + 7.02, produced with monthly samples, compared
with the global meteoric water line (GMWL) from Craig (1961) and d gradients from Dansgaard (1964) and Froehlich
et al. (2002).
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FIGURE 3. Linear regression of (A) d18O, (B) d2H, and (C) d values, from event-based precipitation, against
corresponding rainfall depth. There is no relationship between rainfall depth and any of the stable isotope variables.
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and Distance from Marine Moisture Source”
section) scales.
Influence of Seasonal Variation

Most of the monthly rainfall depths from
precipitation collectors aligned with monthly
annual average rainfall depths for the nearest
Rainfall Atlas station at UH Ma-noa (Giam-
belluca et al. 2013). While there are some
discrepancies across months from both Kau
and Ho#oilo, these can be attributed to (1) the
position of our experimental network versus
the Rainfall Atlas site and (2) the seasonal
variation discussed in “Weather During the
Sampling Period” section. The Rainfall Atlas
site corresponds to a location sampledbyDores
om: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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et al. (2020)—a comparison of data from our
sites with this site, which emphasized the
influences of microclimates and regional
geography, is at the bottom of this section.

The isotopic composition of precipitation
along the transect varies based on the
evaporative conditions at the different sites
as they are subject to seasonal variation
brought on by yearly shifts between Ho#oilo
and Kau and periodic climatic cycles, such as
ENSO and PDO (Figure 5). Over the 16-
month sampling period, the transect experi-
enced two consecutive Ho#oilo through the
transition between La Niña to El Niño under
a high rainfall PDO epoch. Average monthly
temperatures display the typical response to
seasonal change, with lower temperatures



FIGURE 4. Linear regression of (A) d18O, (B) d2H, and (C) d values, from event-based precipitation, against
corresponding relative humidity. There is no relationship between rainfall depth and any of the stable isotope variables.
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during Ho#oilo and higher temperatures
during Kau. Average RH does not show any
trends with seasonal variation and fluctuates
regardless of Ho#oilo and Kau. Weather
conditions along the transect were generally
consistent with reported archipelago-wide
conditions (NOAA 2018, 2019). Along the
transect, RH was lower in December and
January of 2017–2018 Ho#olio, during which
archipelago-wide conditions were reported to
be dry (Figure 5A). A decrease in RH occurred
after the transition from Ho#oilo to Kau in
April 2018 (Figure 5A). With the beginning
of the 2018–2019 Ho#oilo, RH along the
transect increased until November 2018, after
which the area experienced an overall decrease
in RH consistent with reported archipelago-
wide conditions (Figure 5A) (NOAA 2019).
d From: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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Seasonal variations in d18O, d2H, and d
values are the result of changes in the
evaporative conditions during Ho#oilo and
Kau (Figure 6). Certain months had evapora-
tive conditions that were consistent with
archipelago-wide conditions, and produced
expected d18O and d2H values and rainfall
depths based on those conditions. During
both January 2018 and March 2019, when
drought conditions were reported throughout
the Hawaiian Islands (NOAA 2018, 2019),
rainfall depths were low, and d18O and d2H
values were the least negative (Table 3;
Figures 6A and 6B). Isotopic composition
and rainfall depth during these months are
indicative of evaporative loss and amount
effect, when low rainfall corresponds with less
negative d18O and d2H values. During



FIGURE 5. Seasonal variation of (A) relative humidity and (B) rainfall depth at each site over the sampling intervals.
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February 2018, September 2018, and Febru-
ary 2019, when heavy rains were reported
throughout the Hawaiian Islands (NOAA
2019), rainfall depth was high and d18O and
d2H values were more negative (Table 3;
Figures 5B, 6A, and 6B). Isotopic composition
and rainfall depth during these months are
indicative of enhanced moisture recycling and
amount effect, when a greater rainfall depth
corresponds with more negative d18O and
d2H values.

During the months of December 2017 and
November 2018, conditions along the trans-
ect were not consistent with those reported
for the rest of the Hawaiian Islands (NOAA
2018, 2019). However, the relationship
om: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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between isotopic composition and rainfall
depth of these monthly samples was indicative
of amount effect (Table 3; Figures 5B, 6A, and
6B). Drier conditions were reported for
Hawai#i in December of the 2017–2018
Ho#oilo (NOAA 2018). Despite a lower
RH, rainfall depth was high for December
2017 and d18O and d2H values were more
negative (Table 3; Figures 5B, 6A, and 6B).
Similarly, drier conditions were reported for
Hawai#i in November of the 2018–2019
Ho#oilo (NOAA 2019). Along the transect,
average RH was high for this month and
average T had decreased significantly from
previous consecutive months (Figure 5A).
However, rainfall depths were relatively



FIGURE 6. Seasonal variation of (A) d18O, (B) d2H, and (C) d at each site over the sampling intervals.
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lower than other months, with similar
evaporative conditions and d18O, and d2H
values less negative (Table 3; Figures 5B, 6A,
and 6B).

Not all months of our study tied into the
narrative of amount effect. Samples from the
months of March 2018 and April 2018 during
the transition from Ho#oilo to Kau and
October 2018 in the transition from Kau to
Ho#oilo produced such results. Heavy rain
was reported for the Hawaiian Islands in
March and April of the 2017–2018 Ho#oilo.
Along the transect, temperature and d
remained constant from February to March
2018 despite a slight decrease in RH
d From: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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(Figures 5A and 6C). Rainfall depths from
March 2018 were below average at both the
Mauka 1 andMauka 2 sites, and above average
at the Makai site (Table 3). The d18O and d2H
values for March 2018 were more negative,
similar to months with greater rainfall depth
(Figures 5B, 6A, and 6B). Temperature and
RH increased fromMarch to April 2018 and d
decreased significantly (Figures 5A and 6C).
Rainfall depth in April 2018 was higher than
average at all collection sites, however d18O
and d2H values were less negative than
months with high rainfall depth (Table 3;
Figures 5B, 6A, and 6B). With a change in
season comes a change in the dominant form
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of precipitation, and our collection network
appears to be capturing that transition.

Results from October of the 2018–2019
Ho#oilo offer unique insights to the precipita-
tion events that contributed to the monthly
samples, as this was the first month that event-
based sampling at the Makai site took place.
Heavy rain was reported for Hawai#i in
October 2018 (NOAA 2019). Along the
transect, temperatures decreased and RH
increased from September to October 2018
(Figure 5A). Rainfall depths were above
average at both the Mauka 1 and Mauka 2
sites and below average at the Makai site
(Table 3). The d18O and d2H values for this
FIGURE 7. Variables: (A) relative humidity (RH) during precip
the sampling period. “▲” and “△” indicate multiple-show
coming from the South. “▼” and “▽” indicate multiple sh
coming from the North.
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month were less negative with increased
elevation. While results at the Mauka 1 and
Mauka 2 sites follow the expected trends of
amount effect, with greater rainfall depths
corresponding to more negative d18O and
d2H values, the Makai site does not. In
October 2018, event-based samples were
collected at the Makai site for a total of six
24 hr periods (Table 1; Figures 7 and 8).
During the first four, and the very last, of these
24 hr periods, the heaviest shower accumu-
lated 7.1 mm/min for 30min, and the longest
shower lasted for 80min with a peak rate of
17.8 mm/min. A total of 4 mm was collected
and d18O and d2H values ranged from�4.7‰
itation and (B) rainfall depth for event based samples over
er and single-shower precipitation events, respectively,

ower and single shower precipitation events, respectively,



FIGURE 8. Isotopic composition: (A) d18O, (B) d2H, and (C) d of event based samples over the sampling period. “▲” and
“△” indicate multiple-shower and single-shower precipitation events, respectively, coming from the South. “▼” and
“▽” indicate multiple shower and single shower precipitation events, respectively, coming from the North.
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to 2.3‰ and �27.3‰ to 16.4‰, respectively
(Table 1; Figures 7B, 8A, and 8B). Despite the
high rainfall intensity of these showers, a
uniform relationship between isotopic com-
position and rainfall rate was not present for
the Makai site.

The majority of the precipitation from
October 2018 comes from a single 24 hr
period on October 30, during which 57mm
was collected. The collective rainfall depth of
precipitation events from 30 October 2018 is
15mm more than the monthly sample. The
d18O and d2H values from the two samples
collected from this 24 hr period are more
negative than most of the samples from that
d From: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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month (Table 1; Figures 8A and 8B). The high
rainfall depth for this precipitation event
corresponds to more negative d18O and d2H
monthly values, demonstrating the amount
effect for this sample period (Figure 7B).

Local Meteoric Water Line

Previous similar studies (Scholl et al. 1996,
Scholl et al. 2002, Dores et al. 2020, Fackrell
et al. 2020, Tachera et al. 2021) have derived
the LMWL from the VWA of d18O and d2H
values for the duration of the sampling period
for each collection site. These other studies on
Hawai#i Island, Maui, and O#ahu covered
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elevation changes up to 3,500m, while the
present transect is highly localized and covers
an elevation change of only 322 m. While the
smaller geographic resolution and limited
number of sample collection sites of this study
does not allow for the creation of a standard
LMWL, we can use the GMWL (Craig 1961)
as a tool to evaluate the environmental
variables defining our data.

The HIG-UHMa-noa sampling location of
Dores et al. (2020) was located 1.5 km due
north of our Makai site and 1 km due west of
our Mauka 1 site (highly proximal) and
collected precipitation on O‘ahu from April
2017 to July 2018, thus in partial overlap with
this study. As such, this station provides a good
reference for the data collected in our study. It
is important to note that (1) the HIG-UH
Ma-noa station is located at the base of a valley
whereas all three stations from this experi-
ment are positioned along a ridgeline, and (2)
the Dores et al. (2020) stations were sampled
once every three months in contrast to the
high resolution monthly and event-based
scale described herein. While the difference
in resolution between the two studies makes
results difficult to interpret, the studies do
appear to show strong agreement during the
Ho‘oilo months of December 2017 and
February–March 2018. January 2018, as well
as the transition month of April 2018 and Kau
months of May–July 2018, show greater
variance across the two studies (Table 3).
This result supports the hypothesis that large
convective storm systems reaching O‘ahu—
which bring large amounts of rainfall to broad
geographic regions in a short period of time—
have a more uniform isotopic composition in
precipitation than stratiform or orographic
rainfall—which travels from its original
moisture source across a more localized
region of the island. The large convective
storms, such as Kona Lows, are more typical
in the Ho#oilo months, and appear to
homogenize the precipitation chemistry dur-
ing this period of analyses for both studies.
The more localized stratiform or orographic
precipitation typical of the Kau months has
more variable isotopic compositions both (i)
with each event and (ii) within each event at
each specific location, as evaporative and
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moisture recycling conditions change. Geo-
graphically, such trade wind-based stratiform
and orographic precipitation is common on
the ridgelines of O‘ahu (Mink 1960, 1962),
where the collectors were deployed for the
duration of our study.

Where the GMWL is a standard for the
relationship between d18O and d2H, a slope of
<8 suggests that precipitation of a region
experiences faster evaporation characteristic
of drier air (Dansgaard 1964). Applying this
concept to a comparison of our data to the
slopes of the other LMWLs from Hawai#i,
further consequences of study site resolution
are observed. The sampling transect is
representative of the leeward face of the
Ko#olau Range and is therefore inherently
drier than the windward face of O#ahu and the
mountainous high elevations sites on Maui
and Hawai#i island (Chu et al. 2010, Giam-
belluca et al. 2013). The data collected in
this study reflects the relatively drier climate
found in leeward facing Kona districts
(Figure 2).

Isotopic fractionation through moisture
recycling and loss to evaporation is evident
along the sampling transect as more negative
d18O and d2H values lie above the GMWL
and less negative d18O and d2H values lie
below the GMWL (Figure 2). Furthermore,
the influence of the change in RH with
elevation on d is apparent when the
monthly sample data are compared to the
GWML and d gradient (Figure 2). Data for
samples from the Mauka 2 site are typically
above the GMWL and data for samples from
theMakai site are typically below the GMWL.
Direction of the storm does not show any
influence on d.

The intensity and duration of precipitation
over the monthly sampling intervals are
evident in the comparison of monthly rainfall
depths and placement along the GMWL.
Samples with lower rainfall depth tend to have
less negative d18O and d2H values, and
samples with greater rainfall depths tend to
have more negative d18O and d2H values,
indicative of amount effect (Dansgaard 1964)
(Figure 2). Again, elevation and seasonal
variations related to storm type, including
stratiform and orographic precipitation of
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trade wind rainfall vs. convective precipitation
of Kona storms, have observed influence on
isotopic composition. Storm direction has not
been identified as a useful metric in this study,
although further research may provide a
better understanding between moisture
source, storm track, and isotopic composition
of precipitation.

Influence of Elevation and Distance from
Marine Moisture Source

While this study focuses on precipitation
types through low-cost, low-infrastructure
volumetric measurements, and storm track
analysis, moisture source is still an important
factor to consider. The continental effect can
be easier to classify on larger land masses, but
the island environment makes it challenging
to identify a principal metric to describe the
distance of a moisture source to a precipita-
tion event. Typically, temperature and RH
have an inverse relationship with each other
over elevation gradients. As elevation
increases, temperature decreases to meet the
dew point temperature and create conditions
that support precipitation. Both moisture
recycling and loss to evaporation are subject
to temperature and RH at the time of
precipitation.Higher temperatures encourage
evaporation, and preferentially push 16O and
1H of water into the vapor phase, one of the
processes through which water molecules
undergo isotopic fractionation (Dansgaard
1964). In this study, results suggest that
elevation gradient and distance inland can
control the evaporative conditions that influ-
ence precipitation towards moisture recycling
or loss to evaporation, which in turn influ-
ences the d18O, d2H, and d values of
precipitation at each collection site, as well
as rainfall depth (Figure 9).

The conditions that support the evapora-
tion of land-based moisture sources conducive
to moisture recycling (high T, high RH)
typically occur at the Mauka sites. Conversely,
conditions that support the evaporation of
falling moisture sources (high T, low RH)
typically occur at theMakai site. The resulting
d18O and d2H values show how isotopes of
each element respond to the effects of
d From: https://bioone.org/journals/Pacific-Science on 16 Apr 2024
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conditions that support the evaporation of
different moisture sources. Monthly d18O
values are typically more negative with
increased elevation (Figure 9A). Monthly
d2H values are highly variable and show no
particular trend along the elevation gradient
(Figure 9B). However, the response of the 1H
and 2H isotopes is evident in d values at each
collection site. Where d = 10 represents
equilibrium between evaporation of land-
based moisture sources and falling moisture
sources, d values >10 indicate moisture
recycling of land-based sources and d values
<10 indicate loss to evaporation of falling
sources. At the Mauka 2 site d values are
regularly >10 (Figure 9C), indicating that
evaporative conditions at this elevation sup-
port moisture recycling. Outliers of this trend
are observed in April 2018 and May–August
2018, during Kau when temperatures are
higher. At the Makai site d values are regularly
<10 (Figure 9C), indicating that evaporative
conditions at this elevation support loss to
evaporation. Outliers of this trend occur in
December 2017, October 2018, and February
2019, during Ho#oilo when conditions are
more humid. At theMauka 1 site, d values show
themost variation, suggesting that evaporation
at this site is sensitive to seasonal influences.

Volume-weighted averages of d18O and
d2H from monthly samples at each site
suggest that over time there is little difference
between the isotopic composition of precipi-
tation falling over the transect (Figures 9A and
9B). The influence of elevation on evaporative
conditions that give rise to the resulting
monthly d18O and d2H values are evident in
the VWA d values, which reinforced the
observation of moisture recycling of land-
based sources at higher elevations and loss to
evaporation of precipitate at lower elevations
along the transect (Figure 9C). Again, the
resulting VWA d18O and d2H values can be
attributed to the resolution of the study site.
While the relationship between isotopic
composition and elevation has been studied
on Maui and Hawai#i Island (Scholl et al.
1996, Scholl et al. 2002, Scholl et al. 2007,
Fackrell et al. 2020), this work is the first to
investigate this in detail on the island of
O#ahu.



FIGURE 9. Volume-weighted average: (A) d18O, (B) d2H, (C) d, and (D) average rain depth at each site, from monthly
values. In figures A, B, and C, “●,” “■,” and “▲” represent values at the Makai, Mauka 1, and Mauka 2 site,
respectively.
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CONCLUSION

The isotopic composition of precipitation
along the sampling transect shows how
elevation gradient, distance from the ocean
(as a moisture source), and seasonal and
climatic variations can control the evaporative
conditions and give rise to the d18O, d2H, and
d values of precipitation at each collection site.
The VWA of d18O for the duration of the
sampling period show that there is very little
difference between the isotopic composition
of precipitation at each. However, when the
average d value for the duration of the
sampling period is calculated, the evaporative
conditions that control the isotopic composi-
tion of precipitation at each site can be
explained. The low d value at the Makai site is
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indicative of loss to evaporation, while the
higher d value at the Mauka 2 site is indicative
of moisture recycling. The amount effect is
another driver of the isotopic composition of
precipitation along the transect. For the
monthly samples, more negative d18O and
d2H values were typical for greater rainfall
depths. Amount effect was not observed for
the event-based precipitation samples.

Event-based precipitation samples give
unique insight into how individual storms
and precipitation events can contribute to
monthly precipitation. Examination of d18O,
d2H, and d, for specific precipitation events
showed atypical relationships where more
negative isotopic values corresponded with
low d values. Many of these events corre-
sponded with both high temperature and high
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RH, where the relatively higher than average
temperatures caused loss to evaporation
despite the high RH.

Comparison of the LMWL produced for
the sampling transect with the GMWL and
LMWLs from other studies in Hawai#i
further suggest that enhanced moisture recy-
cling drives the isotopic composition of
precipitation at highest elevation in a transect,
while loss to evaporation the driver at the
lowest elevation. Differences in the slopes and
y-intercepts can be attributed to the sample
resolution and elevation gradient of the
sampling transect. This study demonstrates
a potential for large isotopic variability of
precipitation at sites in close proximity to one
another, ultimately illustrating the reality of
microclimates and potential for extreme
heterogeneity within Hawaiian watersheds.
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