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Abstract. The project captured a subset of the hydrological cycle for the tropical island of 
O‘ahu, linking precipitation to groundwater recharge and aquifer storage. We determined 
seasonal storm events contributed more to aquifer recharge than year-round baseline 
orographic trade wind rainfall. Hydrogen and oxygen isotope values from an island-wide rain 
collector network with 20 locations deployed for 16 months and sampled at 3-month interva ls 
were used to create the first local meteoric water line for O‘ahu. Isotopic measurements were 
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influenced by the amount effect, seasonality, storm type, and La Niña, though little elevation 
control was noted. Certain groundwater compositions from legacy data showed a strong 
similarity with collected precipitation from our stations. The majority of these significant 
relationships were between wet season precipitation and groundwater. A high number of 
moderate and heavy rainfall days during the dry season, large percentage of event-based 
rainfall, and wind directions outside of the typical NE trade wind direction were characterist ics 
of the 2017-2018 wet season. This indicates that the majority of wet season precipitation is 
from event-based storms rather than typical trade wind weather. The deuterium-excess values 
provided the strongest evidence of a relationship between groundwater and different 
precipitation sources, indicating that this may be a useful metric for determining the extent of 
recharge from different rain events and systems.  
 
1 Introduction 
Establishing hydrologic connections between precipitation and groundwater is necessary in 
island environments like Hawai‘i, where 99% of domestic water supply is from groundwater 
(Gingerich & Oki, 2000). All groundwater in Hawai‘i originates as precipitation (Hunt, 1996; 
Nichols, Shade, & Hunt, 1997) or fog (Scholl, Gingerich, & Tribble, 2002). Climate change 
threatens to disrupt precipitation patterns and thus alter groundwater recharge processes in 
Hawai‘i (Diaz, Giambelluca, & Eischeid, 2011; Garza, Chu, Norton, & Schroeder, 2012; 
Kagawa-Viviani & Giambelluca, 2019; Norton, Chu, & Schroeder, 2011). It is increasingly 
important for O‘ahu, the most populous Hawaiian Island (U.S. Census Bureau, 2017), to 
understand relationships between precipitation, recharge, and groundwater storage to predict 
future water security. 
 
Variations in the isotopic composition of water serve as naturally occurring tracers in 
precipitation, groundwater, and surface water, allowing us to connect groundwater in aquifers 
to its origins as rainfall. Due to regional variations in these parameters, a local meteoric water 
line (LMWL) can be created to represent the relationship between δ2H and δ18O values in the 
precipitation of a region, creating a subset of the global meteoric water line (GMWL) 
(Dansgaard, 1964). LMWLs are particularly important for coastal volcanic settings where 
regional microclimates experience distinct, localized weather, including O‘ahu, Costa Rica 
(Rhodes, Guswa, & Newell, 2006), Hawai‘i Island (Scholl, Ingebritsen, Janik, & Kauahikaua, 
1996), Maui (Scholl et al., 2002; Scholl, Giambelluca, Gingerich, Nullet, & Loope, 2007), and 
Puerto Rico (Scholl & Murphy, 2014). The δ2H and δ18O values of precipitation have high 
potential in constraining the hydrological cycle in the tropics, and our work attempts to meet 
some of the challenges this field currently faces, such as distinguishing the influence of the 
amount effect, utility of deuterium excess (d-excess), and diagnosing sources of atmospheric 
moisture (Vuille, 2018). 
 
The goal of this project is to capture a subset of the hydrological cycle for the tropical island 
of O‘ahu, linking precipitation events to groundwater recharge and aquifer storage. 
Specifically, the objective is to determine what precipitation events contribute most to O‘ahu’s 
recharge: baseline year-round trade wind rainfall, or isolated seasonal storm events. Currently, 
Engott et al. (2015) provide one of the most recent and comprehensive investigations of 
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recharge on O‘ahu, however they estimated annual and not seasonal recharge. While that study 
incorporated a range of parameters like evapotranspiration, soil, and runoff, our study uses an 
isotopic approach to identifying recharge patterns. This allows for a unique chemical tracer in 
precipitation that provides information on precipitation events, rainfall origin, and groundwater 
recharge, rather than relying solely on volumetric water budgets. In addition, our sampling 
allowed determination of seasonality in groundwater recharge that was not produced in Engott 
et al. (2015). 
 
In this study, an island-wide network of 20 rain collectors was deployed for 16 months and 
sampled at 3-month intervals to establish a record of precipitation δ2H and δ18O values. Many 
characteristics for Hawaiian precipitation have been well-documented, but little is known about 
the isotopic composition of O‘ahu’s rainfall. We use our isotope data to determine seasonality, 
spatial distribution, and event type to better quantify the characteristics of the precipitat ion 
events, which is the primary source of groundwater recharge, for O‘ahu. To link precipitat ion 
as recharge to groundwater, δ2H and δ18O values of precipitation were compared to a 
comprehensive record of existing stable isotope measurements in groundwater across O‘ahu 
(e.g., Scholl et al., 1996; Scholl et al., 2002). To our knowledge, this established O‘ahu’s first 
LMWL and isotopically derived recharge estimates for O‘ahu (IAEA/WMO, 2020). 
 
2 Background 
2.1 O‘ahu Groundwater 
Groundwater on O‘ahu is impounded and compartmentalized at both a minor scale within 
aquifers and at a major, island-wide scale, delineating principal aquifers defined by 
lithographic (i.e. dikes and ponded lavas) or surficial (alluvial fills of deep valley cuts) flow 
barriers (Hunt, 1996). O‘ahu has 6 major aquifer systems (Wai‘anae, North, Central, Pearl 
Harbor, Windward, and Honolulu) and 23 minor aquifer units (Figure 1) that will be used for 
calculations presented in this study. 
 
Dikes in Wai‘anae and Windward Aquifers provide poorly permeable structures that trap and 
compartmentalize groundwater as elevated dike-impounded water, while low permeability 
volcanic deposits create smaller perched aquifers to develop the highest hydraulic head values 
on O‘ahu (Takasaki, Hirashima, & Lubke, 1969; Takasaki & Mink, 1981); this is referred to 
as high-level groundwater. Central Aquifer is also impounded to high hydraulic head values, 
although it lacks the significant compartmentalization of dike-impounded waters found in 
Wai‘anae and Windward aquifers. A poorly constrained low-permeability unit impedes 
groundwater flow out from the Central Aquifer. North, Pearl Harbor, and Honolulu Aquifers 
are basal freshwater lens systems subdivided regionally into minor aquifers based on valley-
fill flow barriers. These basal freshwater lenses float above denser saturated saltwater and the 
majority are unconfined, barring the presence of sedimentary caprock (Hunt, 1996; Nichols et 
al., 1997). 
 
Deep, dense saltwater flow underlying shallow, fresh groundwater flow are the two 
overarching groundwater flow regimes on O‘ahu. Freshwater flow is faster than saltwater flow, 
leading to a lower residence time for fresh groundwater from the point of recharge as 
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precipitation through to discharge (Hunt, 1996). Hunt (2004) used chlorofluorocarbons 
(CFCs), sulfate hexafluoride (SF6), and bomb-sourced tritium (3H) to estimate both basal 
freshwater and high-level groundwater on O‘ahu originated mostly in the 1950s to 1980s with 
an overall date range of roughly 1940-2000. A separate study using radiocarbon (14C), carbon-
13 (13C), and 3H confirm this age range while also estimating some of the basal groundwater 
of southern O‘ahu in Pearl Harbor and Honolulu regions to be hundreds of years old (Hufen, 
Eyre, & McConachie, 1980). This study focused on freshwater flow components of O‘ahu’s 
groundwater system. 
 
Current projections of freshwater flow systems rely heavily on topographic divides and 
geohydrologic barriers. All regional freshwater flow systems originate at higher elevations with 
the dike-impounded waters of high hydraulic head of Wai‘anae and Windward Aquifers, with 
gravity-driven groundwater flow downgradient to lower coastal elevations, ultimately to the 
sea (Hunt, 1996; Nichols et al., 1997). Thus, on the landward side of O‘ahu’s mountain ranges, 
fresh groundwater will first flow towards the Central Aquifer before flowing out towards the 
sea. While each watershed on O‘ahu has unique controls on localized fresh groundwater flow, 
this project focuses more broadly on the island-wide flow regime of O‘ahu’s 6 aquifer systems 
and their major subdivisions. 
Daily recharge estimates for O‘ahu increased or stabilized for each aquifer under urban 
development conditions, with Pearl Harbor, North, and Windward aquifers receiving the most 
recharge (Shade & Nichols, 1996). Wai‘anae and Honolulu aquifers receive an order of 
magnitude less in daily recharge than those aquifers. Recharge on O‘ahu consists primarily of 
precipitation and in some regions, irrigation water. Primary discharge patterns for O‘ahu’s 
groundwater include springs and submarine groundwater discharge. 
 
2.2 O‘ahu Precipitation 
Rainfall varies seasonally and spatially across O‘ahu and is strongly influenced by E/NE trade 
winds (Nichols et al., 1997). Trade winds are strongest in the warm, “dry” summer of May-
September, blowing 80-95% of the time and accounting for the majority of summer rainfa ll 
variability, but decrease to 65-80% of the monthly average in the cool, “wet” winter from 
October-April (Blumenstock, 1961, Lyons, 1982; Schroeder, 1993; Giambelluca & Sanderson, 
1993). Cloud height for trade wind rainfall on Hawaiian Islands is limited to 3000 m by the 
inversion layer occurring between 1800-2400 meters above sea level (Scholl et al., 2002). 
Average daily orographic precipitation increases under stronger trade wind cycles (Hartley and 
Chen, 2010) meaning most dry season rainfall is due to showers caused by orographic lift ing 
of trade winds (Chu and Chen, 2006). The majority of O‘ahu’s rain falls on east O‘ahu over 
the Ko‘olau Range (Giambelluca et al., 2013), with the island-wide maximum just west of the 
Ko‘olau ridgeline (Giambelluca & Sanderson, 1993). Wai‘anae Range of west O‘ahu receives 
significantly less rain, lying in the trade wind shadow of the Ko‘olau Mountains (Hunt, 1996; 
Giambelluca et al., 2013) (Figure 1). Island-wide minimum rainfall occurs in southwestern 
lowlands (Hunt, 1996; Nichols et al., 1997). Diurnal land-sea breezes help further diversify 
microclimates caused by trade winds (Leopold, 1949), especially on west O‘ahu (Hartley & 
Chen, 2010). 
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Mid-latitude frontal rain band storms and extratropical, subtropical, and tropical cyclones 
comprise O‘ahu’s other precipitation sources (Blumenstock, 1961; Schroeder, 1993). Most wet 
season rainfall is from these systems. All these storm events develop clouds above the local 
Hawaiian inversion layer. In winter, mid-latitude frontal rain bands, or cold fronts, bring storms 
(Blumenstock, 1961), but many frontal patterns pass north of the Hawaiian Islands and miss 
O‘ahu (Chu, Nash, & Porter, 1993). A typical winter season will see no more than 8 such cold 
front storms. Systems known as Kona Lows, a type of subtropical cyclone, are non-frontal low-
pressure systems with deep convection, bringing precipitation lasting days or weeks during 
winter months (Chu et al., 1993). Intermittent periods of intensified precipitation can interrupt 
the pattern of prolonged, moderate rainfall characteristic of Kona Lows (Blumentsock, 1961). 
Tropical cyclones and tropical storms form off the west coast of Central America, arriving in 
Hawai‘i from July to December (Blumenstock, 1961; Schroeder, 1993). Trade wind rainfa ll 
increases in intensity proportional to ridgeline proximity (Stidd & Leopold, 1951; Mink, 1960), 
thus leaving a large portion of O‘ahu with low-intensity rainfall for most of the year. In such 
areas of O‘ahu, approximately two-thirds of annual rainfall comes from several winter storms 
(Riehl, 1949; Simpson, 1951; Norton et al., 2011), which are typically more intense and 
irregular than trade wind rainfall (Hunt, 1996). 
 
2.3 ENSO climatic variability 
El Niño Southern Oscillation System (ENSO) is the principal mode of interannual variability 
for Hawai‘i rainfall and it contributes to Hawai‘i’s climate variability (Chu, 1995; Chu & 
Wang, 1997; Chu & Chen, 2005; O’Connor, Chu, Hsu, & Kodama, 2015). The Pacific Decadal 
Oscillation is another important mode of variability, although it tends to operate on interdecadal 
timescales. From 1956-1982, the Hawaiian Islands typically received above average wet season 
rainfall under La Niña conditions; from 1983-2010, however, they received below average wet 
season rainfall under weak La Niña conditions (O’Connor et al., 2015). O‘ahu’s 2017 dry 
season was ENSO-normal and the 2017-2018 wet season had weak La Niña conditions. Under 
these conditions, leeward O‘ahu is typically wetter than its historical average. While erratic, 
this wet season was the 5th wettest in 30 years for Hawai‘i, a return to La Niña bringing above-
average wet season rainfall. While it is difficult to define “typical” Hawaiian rainfall due to 
strong interannual and interdecadal variations (Chu & Chen, 2005), this study can generally be 
considered representative of Hawaiian rainfall for a La Niña wet season. 
 
2.4 Historical precipitation 
We compared our results to previous observations of the isotopic composition of Hawaiian 
rainfall (e.g., Scholl et al., 1996; Scholl et al., 2002; Scholl et al., 2007; Fackrell, Glenn, 
Thomas, Whittier, & Popp, 2020), although previous studies were at relatively coarse 
resolutions and over short time intervals. For a longer record of stable isotope values in 
Hawaiian precipitation, the Global Network of Isotope in Precipitation (GNIP) station at Hilo 
on the windward side of Hawai̒ i Island has monthly isotopic data for 1962-1969. That station 
was at an altitude of 6 m, so large differences due to altitude effects between our dataset and 
GNIP results are not anticipated (not shown). Importantly, values collected over Oʻahu during 
our study from 2017-2018 are within the range of those observed at Hilo from 1962-1970, 
strengthening confidence in our dataset. 
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We compare the Hilo GNIP time series of δ18O and δ2H values against a time series of d-excess 
and sea surface temperature (SST) in the Niño 3.4 region, which is typically used as an index 
for ENSO. There appears to be little correlation between NINO3.4 SSTs and isotope 
abundances over Oʻahu. The strong El Niño events (1963, 1965-6, 1968-9) appear to be 
associated with precipitation having higher δ18O and δ2H values, although there seems to be a 
lag of approximately 9-12 months between NINO3.4 SSTs and δ18O or δ2H values. This 
suggests the relationship between ENSO and isotopic composition of Hawai̒ i’s rainfall may 
not be simple to interpret. 
 
2.5 Effects on isotopic composition in Hawai‘i rain 
While the amount effect (Dansgaard, 1964) can be difficult to quantify, a growing body of 
work has been produced on its role in the tropics (Aggarwal et al., 2016; Bony, Risi, & Vimeux, 
2008; Conroy, Cobb, & Noone, 2013; Lawrence et al., 2004; Risi et al., 2008, Tharammal, 
Bala, & Noone, 2017; Torri, Ma, & Kuang, 2017). In Hawai‘i, there are many factors that can 
influence the isotopic composition of rainfall beyond amount effect and temperature, though 
effect of temperature is lessened in the Tropics. Some of these other effects include formation 
of clouds above the inversion layer, in colder air, substantial rainout before the system reaches 
a landmass, (Scholl et al., 1996; Scholl et al., 2002; Scholl et al., 2007) and different origin of 
air masses. These different factors mean different precipitation systems raining the same 
amount of water, such as Kona low vs. heavy trade wind shower, could have different isotopic 
values. Thus, isotopic compositions can provide more information about systems bringing 
rainfall than simply using rainfall amount measurements. 
 
3 Materials and Methods 
3.1 Precipitation collection and analysis 
A network of 20 precipitation collectors was deployed across O‘ahu for 16 months (Table 1). 
Precipitation collectors used in this study are approximately 1-m by 0.5-m, consisting of 20-L 
HDPE bucket and 110-mm diameter plastic Buchner funnel on a small stand (e.g. Scholl et al., 
1996). 1-cm thick layer of mineral oil prevented evaporation of the sample. Samples were 
collected every 3 months over 16 months beginning at the start of the dry season in April 2017 
and lasting through the middle of the dry season in July 2018. Of 20 deployed precipitat ion 
collection stations, 12 provided annual coverage; 2 were vandalized and recorded no data; 2 
were vandalized and recorded the first 3-months of data; 3 were added after 6-months; 1 site 
was added with 3-months remaining (Appendix 1). 
 
Rainwater from each collector was drained into a 2000-mL graduated cylinder with a precision 
of 20-mL to measure total collected volume. A 60 mL subsample was poured through a 
standard bleached paper filter and refrigerated (4ºC) in a HDPE bottle prior to laboratory 
analysis. A propagated error was calculated for each 3-month sampling period, ranging from 
20.0 to 63.2 mL; annual propagated error for total annual volume of each sample site ranges 
from 20.0 to 114.9 mL. 
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Stable isotopic ratios were measured using a Picarro L2130-i WS-CRDS. δ2H and δ18O values 
are expressed in per mil notation (‰) against VSMOW. Sample precision calculated from 
duplicate pairs (n = 19) at 1 standard deviation was 0.39‰ for δ2H values and 0.12‰ for δ18O 
values.  
 
Volume weighted average (VWA) δ18O and δ2H values for each sample site were calculated 
using Eq. (1) after Jaeschke et al. (2011) as 
 
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑊𝑊𝑉𝑉𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑉𝑉𝑡𝑡 𝐴𝐴𝐴𝐴𝑉𝑉𝐴𝐴𝐴𝐴𝑊𝑊𝑉𝑉= ∑ (𝑃𝑃𝑖𝑖 ∗𝛿𝛿𝑖𝑖)

𝑛𝑛
𝑖𝑖=1
∑ 𝑃𝑃𝑖𝑖
𝑛𝑛
𝑖𝑖=1

       (1) 
 
where δ i represents the sample’s δ18O or δ2H value (‰), P is sample volume (mL), and n is 
total number of samples utilized in the summation. Propagated error for VWA calculated from 
4 samples over 12-months is 0.79‰ δ2H and 0.24‰ δ18O; for 7 samples over 12-months, this 
increases to 1.03‰ δ2H and 0.32‰ δ18O. 
 
3.2 Local meteoric water line 
A LMWL was created for O‘ahu. For Lyon Arboretum stations, to maintain consistency, we 
calculated VWA for each 3-month sampling window if the station was subsampled during that 
interval. Altering the analytical window for determining slope and y-intercept of O‘ahu’s 
LMWL using data from 16 months did not greatly affect the resulting equation (not shown). 
Thus, we use all data to increase the robustness of the LMWL equation. 
 
3.3 Identifying different seasonal precipitation systems 
We analyzed data provided by estimates of the Climate Prediction Center Morphing Method 
(CMORPH; Joyce, Janowiak, Arkin, & Xie, 2004), which have a horizontal resolution of 0.25º. 
This quantified the number of synoptic scale precipitating systems and trade wind showers 
from 01 April 2017 to 31 March 2018; total accumulated rainfall over this period appears in a 
rectangle drawn around the Hawaiian Islands. A comparison with the Hawai‘i Rainfall Atlas 
(Giambelluca et al., 2013) suggests CMORPH captures the precipitation on the archipelago 
reasonably well considering the relatively coarse resolution and large gradients of rainfall on 
the Hawaiian Islands due to steep topography. While there are limitations to this approach, 
first-order subdivision of synoptic systems vs. trade wind showers is appropriate for our 
purposes. 
 
In the CMORPH dataset, we considered a point of coordinates (21.43ºN; 158ºW) to represent 
Oʻahu. Every time precipitation at that point exceeded 0.01 mm/day, we used a breadth-first 
search algorithm to count the number of grid cells connected to the precipitating one on Oʻahu. 
The population of clusters counted at the end of the process had a quasi-binomial distribut ion 
with a relative minimum at 10,000 grid cells. Assuming that trade wind showers cover a smaller 
area than large-scale systems, we used the above value to separate the two systems: clusters of 
points smaller than 10,000 were assumed to be trade wind showers, while those that were 
bigger were assumed to be large-scale storm systems. The sensitivity of the results to this 
threshold was tested by changing the particular value chosen, but no qualitative differences 
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were noticed. Some limitations are associated with this approach. For example, what is 
recorded as a small-scale system may be in fact be the remnant of a large-scale system that has 
decayed and reached the Hawaiian Islands. Alternatively, small-scale systems may originate 
from air masses experiencing a lot of condensation before, and therefore have lower δ18O and 
δ2H values than expected. Thus, we utilize this division between small- and large-scale systems 
as a simple tool to provide a first-order understanding of the precipitation system. 
 
To track prevailing wind direction to help identify NE trade wind patterns, we considered the 
Integrated Global Radiosonde Archive (IGRA; Durre, Vose, & Wuertz, 2006) version 2, which 
consists of a number of radiosonde and balloon observations at various stations worldwide. 
The closest station to Oʻahu is Līhue, Kaua‘i, and we analyzed the direction of surface winds 
for the same period the isotopic composition of rainfall was determined. 
 
Groundwater recharge in the tropics is estimated to favor intense rainfall events (Jasechko et 
al. 2014; Jasechko and Taylor, 2015). To count intense precipitation events, we use data from 
49 NOAA National Centers for Environmental Information (NCEI) stations’ daily precipitat ion 
summaries from the Global Historic Climate Network (GHCN-daily) on O‘ahu for 01 April 
2017 to 31 March 2018. Thresholds for moderate and heavy rainfall were 13 mm/day (0.5 
inches) and 26 mm/day (1 inch), respectively. 
 
3.4 Calculating Deuterium excess 
The GMWL is closely related to d-excess, which has been widely used in studies of 
paleoclimate and atmospheric dynamics (e.g., see Galewsky et al., 2016, and references 
therein). Deuterium-excess was calculated for all rainfall and groundwater samples with Eq. 
(2), defined as: 
 
𝑡𝑡 = 𝛿𝛿 𝐻𝐻2 − 8 ∗ 𝛿𝛿 𝑂𝑂18           (2) 
 
where d represents d-excess. Changes in sample d-excess arise as a result of different 
diffusivities of 1H2H16O and 1H218O water molecules in air and is known to be related to 
moisture source and kinetic isotope fractionation processes, such as rain evaporation, that 
happen during the history of the parcel (Clark & Fritz, 1997). 
D-excess of water vapor at the moisture source is hypothesized to be strongly influenced by 
large-scale variables, such as relative humidity (RH) and sea surface temperature (SST), which, 
in turn, experience seasonal variations. In order to check the consistency of this hypothesis, we 
invoke a formula first proposed by Uemura et al. (2008), Eq. (4), stating: 
 
𝑡𝑡 = 0.45𝑆𝑆𝑆𝑆𝑆𝑆 − 0.42𝑅𝑅𝐻𝐻∗ + 37.9,        (3) 
 
where 𝑅𝑅𝐻𝐻∗ is relative humidity at 15 m above sea level rescaled to the value of SST (Guan et 
al., 2013). In order to estimate d-excess of water vapor over the ocean, we consider values of 
SST and RH taken from ERA-Interim reanalysis (Dee et al., 2011) from April 2017 until March 
2018. 
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3.5 Calculating aquifer recharge and interannual variation 
To estimate δ2H and δ18O values representative of the isotopic composition in O‘ahu’s 23 
minor aquifers, we use legacy groundwater isotopic composition data from U.S. Geologica l 
Survey National Water Quality Assessment Program (USGS NAWQA, 1991-present), Dores 
(2018), the Hawai‘i Department of Health (2020), and Tachera (2018). 
 
Combining annual recharge, annual precipitation, and annual VWA of precipitation isotopic 
composition with seasonal VWA and median composition of groundwater, we can estimate the 
fraction of precipitation (P) that becomes recharge (R) at each station (e.g., Jasechko et al., 
2014, equations 10 and 11) for wet and dry seasons. These were completed using our measured 
δ2H and δ18O values, NCEI rainfall measurements, and collected volumes of rainfall from our 
precipitation stations. Annual recharge data was extracted from the USGS 2010 coverage 
(Engott et al., 2015). Median isotopic composition of groundwater is calculated from all 
groundwater points within a minor aquifer. Stations placed in aquifers without groundwater 
data rely on the adjacent aquifer’s groundwater isotopic composition. 
 
A single sample t-test was used to verify if the isotopic composition of rain at a precipitat ion 
station matched that of the local groundwater. Groundwater population consisted of all wells 
within the minor aquifer housing the collector as designated by the Hawai‘i Department of 
Land and Natural Resources (DLNR). For those collectors with no groundwater data availab le, 
adjacent minor aquifer population was used. The Palolo Aquifer had only one groundwater 
sample, suitable for recharge calculation but unfit for single sample t-test. 
 
Collected data from April – June 2017 and April – July 2018 assessed interannual variation in 
Hawai‘i’s precipitation. Percent difference is calculated across ten stations for precipitat io n 
volume, δ18O, δ2H, d-excess, and relative humidity. 
4 Results 
4.1 Precipitation collection 
From 12 annual stations (Figure 1), Station Lyon Arboretum had greatest total volume of 
collected precipitation (58.91 ± 0.11 L); Station HIG UH Mānoa (10.99 ± 0.06 L) had lowest 
total volume. Station Wai‘anae Kai was also low (10.98 ± 0.05 L), but partially vandalized and 
possibly lost a fraction of collected sample. Overall, volume collected during individua l 
quarterly sampling intervals ranged from 0.85 L (± 0.02 L) at Station Haleiwa Wells in October 
– December 2017 to 18.36 L (± 0.06 L) at Station Lyon Arboretum from April – June 2017. 
δ18O values ranged from -4.1‰ to -1.2‰ (± 0.12‰) across quarterly sampling stations, while 
δ2H values ranged from -22.8‰ to 0.7‰ (± 0.39‰) for the same sequence. March 2017 
samples were preliminary 30-day deployments to test collector design and construction and are 
not included in annual analyses. 
 
Wet season (2017 October – 2018 March) had highest volume of collected precipitation in 
annual collectors. Of 12 annual collectors, five show 60-71% of annual precipitation during 
this interval, and another three show 52-56% accumulation during this time. Of the remaining 
4 locations, the individual window with greatest volume of rain is April – June 2017, implying 
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residual wet season weather lasting through April, the last month of O‘ahu’s winter, could 
possibly contribute significantly to rainfall in these regions. 
 
For 12 annual collectors, each rainfall station generally became more depleted in both 2H and 
18O as the climatic year continued from dry to wet season (Table 2). Annual minimum values 
for δ2H and δ18O values in rainfall occur at the end of the wet season, from January – March 
2018 (Figure 2). On average, annual maximum follows immediately at the start of the dry 
season from 2017 April to 2017 June. 
 
4.2 Local meteoric water line 
δ18O and δ2H values of precipitation from 17 locations across O‘ahu are significantly positive ly 
correlated (Figure 3, n = 67, F < 0.001, P < 0.001). All samples from all seasons and sites are 
incorporated into the following LMWL: 
 
𝛿𝛿 𝐻𝐻2 = 7.22 ∗  𝛿𝛿 𝑂𝑂18 + 10.31 R2 = 0.89      (4) 
 
Based on a Modell II regression (Deming Regression, SigmaPlot v.13.0), LMWL slopes for 
Hawai‘i (Scholl et al., 1996; Fackrell et al., 2020), Maui (Scholl et al., 2002), and O‘ahu are 
not significantly different. West Hawai‘i (Fackrell et al., 2020) and East Maui (Scholl et al., 
2002) do not have different intercepts. East Hawai‘i (Scholl et al., 1996) and O‘ahu do not have 
different intercepts. However, intercepts for West Hawai‘i (Fackrell et al., 2020 and East Maui 
(Scholl et al., 2002) are significantly different than intercepts for East Hawai‘i (Scholl et al., 
1996) and O‘ahu. Intercept for East Hawai‘i at Hilo GNIP station is different from all others. 
 
4.3 Precipitation trends 
To compare isotopic composition of collected rainfall on O‘ahu with orographic and storm 
precipitation, we look at two parameters: (1) isotopic composition of rainfall averaged over all 
stations, and (2) systematic differences between stations. Figure 2 shows δ2H and δ18O values 
averaged over all stations, weighing each term by associated rainfall amount, while bars 
represent average precipitation amount during observational windows. Differences between 
wet (October-March) and dry season (April-September) are quite apparent, as rainfall tends to 
be more enriched in 2H and 18O during the former and depleted in 2H and 18O during the latter. 
Results show two distinct features with regards to d-excess: first, d-excess values at each station 
appear to experience seasonal variation; second, within each collection window, there is 
appreciable inter-station differences for O‘ahu. 
 
We attributed observed annual differences to rainfall associated with predominantly E/NE wind 
direction during summer months. Air parcels that reach Oʻahu from that direction are lifted by 
the Koʻolau mountain range, resulting in rainfall with lower δ18O and δ2H values. Using data 
from CMORPH, we selected those days when precipitation at Līhue exceeds 0.1 mm/day, and 
recorded all wind directions for those days (we consider IGRA’s values at 00Z and 12Z for 
each day) (Figure 4). A second maximum in the distribution appears in the wet season for W 
winds. 
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Median wet season moderate or higher precipitation days (≥13 mm/day) across 49 NCEI 
stations was 13, with a maximum of 52 and minimum of 2 (Table 3). For the dry season, these 
were 3, 31, and 0, respectively. Median wet season heavy precipitation days (≥26 mm/day) 
median was 6; maximum was 25 and minimum was 1. Dry season has a median of 1 heavy 
precipitation day, with a maximum of 9 and minimum of 0. 
 
On a global scale, the four panels of Figure 5 represent 3-month means of water vapor d-excess 
near the surface as predicted by Eq. (3). The anomalies with respect to the average over the 12-
month period were plotted to compare different 3-month periods. 
 
4.4 Aquifer recharge and variation 
For stations with only one season of rainfall data, fraction of recharge from precipitation (R/P) 
could not be calculated. Calculations used each combination of NCEI data, collected 
precipitation volume, δ2H, and δ18O data (Table 4a). Under each scenario, R/P was greater in 
wet season than dry season. In certain cases, R/P exceeded 100% for the wet season; R/P was 
also negative under some conditions. 
 
Aquifer to groundwater pairings for single sample t-tests are the same as recharge calculat ions 
(Table 4); Nanakuli Station, not listed in Table 4, was matched to Lualualei groundwater data. 
Palolo Aquifer could not be tested with only 1 groundwater sample. Results were considered 
significant if p value > 0.05 and the absolute value of the t-statistic is < 2. Eighteen precipitat ion 
collection stations were tested against groundwater samples in the station’s host minor aquifer. 
Deuterium-excess, δ18O, and δ2H values for annual, dry, and wet season are used (Table 5, 
Appendix 3), providing 45 relationships because certain stations missed appropriate data. 
Deuterium-excess exhibited the most significant relationships between precipitation and 
groundwater (49%). For each parameter, wet season has the most significant relationships, 
followed by annual and then dry season. 
 
Interannual variation between April – June 2017 and April – July 2018 based on percent 
difference equations is largest in δ2H values, and smallest in d-excess (Table 6). Volume is 
expected to vary slightly, as there was an additional month in the 2018 collection. δ18O values 
are moderately stable, with an absolute median difference of 21%. 
 
5 Discussion 
Connecting precipitation sources and groundwater is important in determining regional 
recharge. Precipitation volume, intensity, RH, and wind direction were used to different iate 
O‘ahu’s baseline trade wind precipitation and storm events. δ18O and δ2H values of 
precipitation were compared to groundwater to determine geographic and temporal 
characteristics of precipitation as recharge, with d-excess explored as a more reliable metric 
for such purposes. 
 
5.1 O‘ahu’s local meteoric water line 
Y-intercept of O‘ahu’s LMWL is statistically different from certain Hawaiian LMWLs but it 
is important to note that previous LMWLs are based on data collected over shorter timesca les 
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and different years. In the Hawaiian Islands, ENSO is also a possible controlling factor for 
these variations, hence data collection in a La Niña year might not be comparable to other 
Hawaiian LMWL. Looking for interannual variation in our own data, comparing our results 
showed that δ2H values from April – June 2017 are different from April – July 2018, whereas 
δ18O values were more stable. The interannual stability of d-excess values may make it a more 
reliable tracer in the hydrologic cycle, explored below. 
 
5.2 Seasonality of precipitation 
While characteristics of O‘ahu’s seasonal climate are well-established, little is known about 
the resulting influence of these seasons on precipitation isotopic composition. Differences 
between wet and dry season precipitation is due to the different character of the main 
precipitating systems affecting Oʻahu, their climatology, and dynamics. Different origins of air 
masses could also play an important role, as water vapor in parcels of air at midlatitudes are 
more depleted in 2H and 18O than those in the tropics, as described by the temperature/latitude 
effect (Yurtsever, 1975; Rindsberger, Magartiz, Carmi, & Gilad, 1983). Due to their origin, 
extratropical cyclones partially inject colder and drier air, which has lower δ18O and δ2H values 
than tropical air masses because of the temperature effect. Furthermore, extratropical cyclones 
last much longer than a trade wind shower, which could potentially lead to precipitation even 
more depleted in 2H and 18O because of downdraft recycling (Risi, Bony, & Vimeux, 2008). 
 
Based on our interpretation of the CMORPH dataset, the ratio of rainfall due to trade wind vs. 
large-scale events was evaluated for each sampling period. More than 90% of the rainfa ll 
delivered to Oʻahu during the wet season is due to large-scale systems such as extratropica l 
cyclones. This is reversed during the dry season, with trade winds being responsible for 74% 
of rainfall during Jul-Sep and 49% during Apr-Jun. 
 
A peculiar feature emerging from Figure 2 is that rainfall in Jul-Sep has lower δ2H and δ18O 
values than Apr-Jun, despite a greater fraction of trade wind events compared to large-scale 
events. Given the large sampling window, this is hard to explain. One possibility is that in July 
2017, the remnants of hurricane Fernanda reached the islands and brought significant amounts 
of rainfall from deep convection. Hurricanes have been shown to give rise to rainfall with low 
δ18O and δ2H values (e.g., Lawrence, Gedzelman, Zhang, & Arnold, 1998; Lawrence, 
Gedzelman, Gamache, & Black, 2002; Lawrence et al., 2004), suggesting condensation of 
vapor remaining from hurricane Fernanda could be responsible for observed isotopic values 
during Jul-Sep sampling period. Greater temporal resolution and/or event-based sampling is 
recommended to understand these results in more detail. 
 
5.3 Spatial variability of precipitation 
To check if isotope signals are homogeneous across Oʻahu, we correlate isotope abundances 
and volume with distance from the eastern shore of Oʻahu. Results for 12 annual sites volume 
vs. distance have R2 = 0.51 at P < 0.01; each 3-month window had a range of linear correlation 
coefficients near 0.40. This relationship corroborates a decrease in precipitation volume as 
trade winds carry moisture across O‘ahu from east to west. 
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O‘ahu’s relevant feature that may give rise to appreciable isotopic variations is topography, 
which does not have an East-West orientation. Thus, we draw a line through the Koʻolau 
mountains, and measure stations’ distance perpendicular to this line. In order to appreciate 
distance effects on isotopic composition of this rainfall, we have plotted the isotopic 
composition of rainfall in the panels of Figure 6 for each sampling period, as a function of the 
station’s distance from the line (x-axis) and elevation (y-axis). Because different sampling 
periods have different abundances, for easier visualization of results, from each panel we have 
removed the mean. Even though the results present some noise, it appears stations within the 
first 10 km from the line display precipitation enriched in 2H and 18O during the dry period 
relative to stations farther away. This difference can be appreciated also during the wet period, 
although in a less clear fashion. 
 
Figure 4 shows the probability distribution function of wind directions for each sampling period 
as recorded at the nearest IGRA station. Dry season months have predominantly NE/E winds, 
leading to precipitation from orographic lift over the Koʻolau mountains which generally 
depletes in volume across O‘ahu. The second maximum in wet season distribution corresponds 
to W winds. Given O‘ahu’s orientation, precipitating systems coming from the West are less 
likely to give rise to differences in isotopic compositions like NE trade winds. 
 
From our results, there is no significant relationship between δ2H, δ18O, or volume with 
elevation across O‘ahu. Other Hawaiian regions, including East Maui (Scholl et al., 2002), 
windward Hawai‘i (Scholl et al., 1996), and leeward Hawai‘i (Fackrell et al., 2020) show 
elevation controls on δ2H and δ18O values. Cloud base height below the inversion layer is most 
relevant to orographic effects and elevation-based changes in isotopic composition of 
precipitation. Ka‘ala (1227 m) is O‘ahu’s tallest peak and remains under the 1800-2400 m 
inversion layer. For our stations, the orographic effects are likely small, potentially smaller 
than isotopic measurements’ standard deviation. 
 
5.4 Deuterium excess 
Figure 5 shows calculated values of d-excess in the North Pacific following a variation not 
dissimilar to the one in our samples, with dry season vapor having a relatively low d-excess 
and vice versa for wet season vapor. Existence of a seasonal cycle of d-excess in rainfall has 
been observed before (Uemura, Matsui, Yoshimura, Motoyama, & Yoshida, 2008; Guan, 
Zhang, Skrzypek, Sun, & Xu, 2013; Pfahl & Sodemann, 2014), and interpreted through various 
lenses. For O‘ahu, we hypothesize changes in d-excess of water vapor—and therefore large-
scale conditions—play a key role in determining Oʻahu rain d-excess, although a detailed 
investigation of this is beyond the scope of our work. 
 
Figure 7 shows considerable variations in rainfall d-excess across Oʻahu. In particular, rainfa ll 
collected on windward stations of the Ko‘olau Mountains—and Wai‘anae Mountains to some 
extent—appear to have an almost systematically greater d-excess compared to leeward stations. 
Given prevailing wind direction from E/NE, this could be due to orographic effects: on the 
windward side, air rising over the Koʻolau mountain range condenses and forms rain that falls 
on the peak and in the leeward side, where, being exposed to subsaturated air, it would also 
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experience evaporation from falling raindrops, which is known to decrease the d-excess. 
However, it is difficult to clarify this point completely with a 3-months sampling resolution. 
 
Deuterium-excess may be a more stable interannual metric then δ2H, providing a more reliable 
value to compare groundwater and precipitation compositions. Interannual variability in d-
excess across 10 stations was lowest of all parameters with 6% median absolute difference, 
followed by δ18O (21%), volume (42%), and δ2H (468%). GNIP data is the only study to 
provide interannual measurements in standard windows for these parameters. It provides 
monthly data for 8 years at 1 station on windward Hawai‘i Island from 1962-1969. Median 
standard deviation from timeseries for each month (n=6-8 for each parameter in a given month 
across 8 years) is lowest for δ18O at 0.89, d-excess at 4.41, with δ2H reaching 6.90. The 
comparison of d-excess in groundwater and precipitation may provide a reasonable estimate of 
groundwater recharge by better accounting for interannual variability. 
 
5.5 Application to aquifer recharge 
Our island-wide precipitation sampling lasted 1-3 years, making recharge zones for the 
groundwater sample collection points difficult to predict when the residence time of O‘ahu’s 
groundwater is estimated to be 20-60 years (Hunt, 2004) or older (Hufen et al., 1980). However, 
20-60 years is relatively rapid “turnover” time for groundwater by normal standards, and so the 
connection between seasonal recharge and observed isotopic compositions in groundwater 
should be moderate; the mixing and homogenization of water along the decadal timescales in 
which it flows within the aquifers will lead to attenuation of the signal. While difficult to 
establish “typical” characteristics for Hawaiian precipitation, if the collected precipitation data 
are considered representative of average recharge values, they can be used to estimate general 
spatial variability and seasonality of groundwater recharge for O‘ahu (Figure 8). While our 
data supports the concept of local recharge through precipitation to these aquifers as described 
below, the authors do not discount the effects of higher elevation recharge and ensuing 
groundwater flow to lower elevations in the aquifer or recharge through irrigation. These 
conditions could be accounted for in future studies with high elevation precipitation collectors, 
age-dating of groundwaters, or high elevation groundwater samples. 
 
On O‘ahu, recharge is predicted to increase with both intensity and duration of rainfall events 
(Nichols et al., 1997). O‘ahu’s wet season has over 4 times as many median days (13 days) of 
moderate rainfall (≥13 mm/day) than the dry season (3 days). Median wet season heavy 
precipitation days (≥26 mm/day) (6 days) was 6 times the median dry season precipitation days 
(1 day). Recent studies conclude increased rainfall intensity in the tropics lead to higher 
groundwater recharge (Owor, Taylor, Tindimugaya, & Mwesigwa, 2009; Jasechko & Taylor, 
2015), with Owor et al. (2009) citing 10 mm/day rates. While models predict rainfall too intense 
will limit groundwater recharge at extreme rates of 75 mm/h, they show substantial aquifer 
recharge at 45 mm/h (Wang et al., 2015). This suggests greatest infiltration and resulting 
aquifer recharge on O‘ahu in periods of moderate to intense rainfall during the wet season. This 
most likely occurs during winter storms such as Kona Low events where sustained rainfa ll 
favors recharge while runoff and evapotranspiration are reduced. 
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Wet season VWA isotopic compositions are most similar to groundwater in the minor aquifer 
hosting the collector based on single sample t-tests for each collector-aquifer pairing. 18 
collector-aquifer pairings were tested with 3 parameters, δ18O, δ2H, and d-excess, on 3 
timescales of annual, wet, and dry season VWA (Appendix 3). For δ18O and δ2H, 13% of 
collector-aquifer pairings showed a significant relationship in the wet season, compared to 2% 
in the dry season and 4% annually (Table 5). When collector-aquifer pairings were tested with 
d-excess, 18% showed a significant relationship in wet season, another 18% for annual VWA, 
but only 13% for dry season (Table 5). While this test is limited by low-density groundwater 
sampling coverage, it provides reasonable estimations of precipitation-groundwater dynamics. 
It also suggests d-excess may be a reliable indicator when estimating recharge via isotope 
measurements, highlighting relationships otherwise undetected. Results are consistent with the 
concept that localized groundwater recharge does not occur for every minor aquifer, and 
groundwater recharge may occur at higher elevations before flowing downgradient.  
 
Wet season R/P ratios exceed dry season R/P under all conditions, including NCEI data vs. 
collected rainfall and δ18O vs. δ2H values (Table 4a). Higher R/P ratios suggest greater recharge 
on O‘ahu during the wet season. Based on the locations of the 49 NCEI stations, not all our 
collector network is covered. Annual percent difference calculations suggest δ18O values are 
much more stable year-to-year than δ2H values, although this is a small sample size. Thus, R/P 
ratios calculated using δ18O values and collected volume are recommended as most reliable. 
Certain ratios exceed 1 or are negative. This is most likely due to low density of groundwater 
samples near each collector, as well as recharge from other sources such as irrigation or fog. 
The study operated with sparse groundwater sample coverage within a large spatial extent of 
each minor aquifer. 
 
Engott et al. (2015) estimate 36% of precipitation, including fog, becomes recharge on O‘ahu, 
and that rainfall distribution is the dominant factor in determining recharge areas. When 
excluding values >1, our estimates of percentage of wet season rainfall that becomes recharge 
(Table 4a) are 50% (NCEI, δ18O), 24% (collected, δ18O), 42% (NCEI δ2H), and 37% (NCEI 
δ2H). Given the point-source nature of our data, it appears to still align with island-wide 
projections of Engott et al. (2015). We are also confident in our use of precipitation data as a 
primary indicator of recharge. 
 
5.6 Amount effect 
Our results allow us to use amount effect to interpret isotopic compositions of precipitation due 
to large temporal and spatial scales encompassed by our island-wide, 3-month sampling 
resolution. Amount effect, seasonality, and storm type appear to be interconnected in their 
impact on O‘ahu’s rainfall as they were in previous results for Hawaiian Islands (Scholl et al., 
1996; Scholl et al., 2002; Scholl et al., 2007; Fackrell et al., 2020). These three factors are also 
related to rainfall intensity, which is used to define precipitation events contributing to aquifer 
recharge. 
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A high number of intense wet season rainfall events responsible for most groundwater recharge 
were from winter storm events on O‘ahu during 2017-2018. This conclusion is supported by 
high volume of rainfall collected at our stations, large total of moderate and heavy wet season 
precipitation days from the NCEI records, high percentage of event-based precipitation in wet 
season interpreted in CMORPH dataset, and W wet season wind directions outside the normal 
NE trade wind pattern. 
 
With no evidence of elevation controls on isotopic compositions of precipitation in our study 
and a correlation between lower δ2H and δ18O values with increased distance from O‘ahu’s 
Ko‘olau Mountains in NE trade wind direction, amount effect appears to exhibit some control 
on both orographic and event-based precipitation. Amount effect does not effectively describe 
all precipitation, however: April – June 2017 precipitation is among the highest of any sampling 
window, while δ2H and δ18O values were also highest (Figure 2). 
 
6 Conclusion 
We found that wet season precipitation is responsible for most groundwater recharge on O‘ahu 
as has been found for other tropical locations. Wet season precipitation on O‘ahu is mainly 
from mid-latitude frontal rain band storms, extratropical, subtropical, and tropical cyclones 
whereas dry season precipitation is mainly associated with trade wind rainfall. Many 
groundwater compositions showed significant relationships with collected precipitat ion, 
particularly wet season rainfall. D-excess offered a reliable indicator of identifying these 
precipitation-groundwater recharge relationships across O‘ahu. Seasonality and storm type 
appear to be dominant controls on isotopic composition of O‘ahu rainfall and groundwater 
recharge, with amount effect having a supplemental role. Studies of historic Hawaiian climate 
and projections of future climate show two major trends: a general drying trend, particularly in 
leeward areas as windward regions get wetter (Diaz et al., 2016; Frazier and Giambelluca, 
2016; Timm et al., 2015), and an increase in the storm frequency and intensity (Graham, 2001; 
Norton et al., 2011; Zhang et al., 2016). However, it is possible that O‘ahu will not see an 
increase in storm intensity (Chen and Chu, 2014). If O‘ahu experiences more wet season rain 
and diminished dry season precipitation due to climate changes, as well as increased storm 
frequency, an exaggerated seasonal trend and shifting spatial distribution pattern for O‘ahu’s 
recharge could develop.  
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Tables with Titles and Footnotes. 
 
Table 1: Deployment dates and locations for all rainfall collectors, as well as dates removed due to 
vandalism where applicable. Elevation and distance from the coast are also displayed in reference to known 
GPS coordinates for each location in UTM Zone 4. 

Location Deployment Removal UTM Easting UTM Northing Elev. (m) 
Kahalu‘u Ridge 27-Feb-2017  619516 2371546 100 
Waiāhole F.R. 27-Feb-2017  616351 2375013 160 
Ewa Poamoho 20-Mar-2017 21-Mar-2017 610052 2370111 291 

HIG UH Mānoa 20-Mar-2017  622760 2355609 22 
Honolulu F.R. 20-Mar-2017 7-Jul-2017 618954 2365377 188 
Wahiawa B.G. 20-Mar-2017  602113 2378146 309 
Ewa Waimano 21-Mar-2017  605044 2378810 375 
Hau‘ula F.R. 21-Mar-2017 15-Apr-2017 612189 2389867 25 

Hawai‘i Ag. Center 21-Mar-2017  628197 2362396 111 
Ho‘omaluhia B.G. 21-Mar-2017  623417 2365502 65 
Lyon Arboretum 21-Mar-2017  624183 2359481 152 
Waimea Valley 21-Mar-2017  597896 2392848 4 
Ka‘ena Point 22-Mar-2017  577713 2383945 11 
Mokuleia F.R. 22-Mar-2017  585481 2383615 167 
Nanakuli F.R. 22-Mar-2017 16-Oct-2017 589090 2365463 51 

Wai‘anae Kai F.R. 22-Mar-2017 20-Mar-2018 587481 2375570 262 
Kamehameha Hwy. 11-Sep-2017  621325 2373115 6 

Haleiwa Wells 23-Oct-2017  593961 2386342 64 
Kunia III Wells 23-Oct-2017  601295 2366681 98 
Mokuleia F.R. 2 16-Jan-2018  583448 2382783 610 
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Table 2: O‘ahu precipitation annual, dry, and wet season VWA for δ18O and δ2H values for one climatic 
year (March 2017 – March 2018). 

 Year VWA Dry VWA Wet VWA 

Sample Name δ18O (‰) δ2H (‰) δ18O (‰) δ2H (‰) δ18O (‰) δ2H (‰) 
Ewa Waimano -2.7 -9.1 -2.0 -5.1 -3.1 -11.5 

Hawai‘i Ag. Center -2.5 -6.2 -2.1 -2.5 -2.8 -8.1 
HIG UH Mānoa -2.7 -11.5 -1.5 -2.9 -3.2 -15.0 
Honolulu F.R. -1.8 -2.7 -1.8 -2.7   

Ho‘omaluhia B.G. -2.4 -5.6 -1.9 -1.7 -3.1 -10.4 
Kahalu‘u Ridge -2.9 -9.0 -2.1 -3.4 -3.1 -10.6 
Ka‘ena Point -2.5 -8.2 -1.9 -5.0 -2.8 -9.7 

Lyon Arboretum -1.9 -3.7 -1.5 -1.1 -2.3 -5.9 
Mokuleia F.R. -3.4 -14.1 -3.3 -14.0 -3.5 -14.2 
Nanakuli F.R. -2.1 -5.9 -2.1 -5.9   
Waiāhole F.R. -2.8 -7.4 -2.4 -4.3 -3.0 -9.2 
Wai‘anae Kai -2.5 -9.4 -2.4 -8.3 -2.7 -11.4 
Wahiawa B.G. -2.6 -8.3 -2.0 -4.6 -3.2 -12.3 

Waimea Valley -2.0 -4.7 -1.6 -2.1 -2.6 -8.8 
Kamehameha Hwy. -3.4 -14.5   -3.4 -14.5 

Kunia III Wells -3.5 -16.9   -3.5 -16.9 
Haleiwa Wells -3.8 -18.8   -3.8 -18.8 

Mokuleia F.R. 2 -3.9 -16.6   -3.9 -16.6 
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Table 3: Summary of recharge days calculated from the NCEI rainfall data from 49 stations. 

Station 
Rain ≥0.5 inch days Rain ≥1 inch days 

Wet Season Dry Season Wet Season Dry Season 

Mean 13.96 5.06 6.90 1.61 

Median 13 3 6 1 

Max 52 31 25 9 

Min 2 0 1 0 
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Table 4a: Recharge from precipitation (R/P) calculated using the median isotopic composition of 
groundwater samples within an aquifer and a rain collector located within that aquifer, based both on the 
NCEI GHCN-daily data and the collected volumes from this study. Values of R/P were determined using 
equations 10 and 11 of Jasechko et al. (2014). Palolo Aquifer only had 1 groundwater sample. Those 
aquifers with an * signify those aquifers did not have any groundwater data, and the nearest aquifer to the 
collection site was used in its stead for the calculation. 
Table 4b: Number of groundwater samples per aquifer for those that do not have a year of precipitation 
data. 

Station Minor 
Aquifer 

Number of 
Groundwater 

Samples in 
Minor Aquifer 

δ18O  of H2O  δ2H of H2O  

Note NCEI Collected NCEI Collected 
Wet 
R/P 

Dry 
R/P 

Wet 
R/P 

Dry 
R/P 

Wet 
R/P 

Dry 
R/P 

Wet 
R/P 

Dry 
R/P 

Ewa Waimano Waimalu 10 0.41 0.10 0.23 0.05 0.46 0.02 0.26 0.01  

Hawaii Ag. Center Waimanalo* 0 0.54 -0.44 0.18 -0.15 0.45 -0.27 0.15 -0.09 
Koolaupoko 
groundwater 

HIG Building Palolo 1 0.06 0.02 0.04 0.01 0.04 0.05 0.03 0.04  
Hoomaluhia B.G. Koolaupoko 8 0.61 -0.07 0.32 -0.03 0.55 -0.02 0.29 -0.01  

Kaena Point Keaau* 
0 

NaN NaN 0.23 -0.24 NaN NaN 0.29 -0.38 

No NCEI, 
Mokuleia 

groundwater 

Kahaluu Ridge Koolaupoko 8 0.12 -0.06 0.06 -0.03 0.10 -0.01 0.05 0.00  
Lyon Arboretum Nuuanu 2 1.33 -0.78 0.76 -0.44 1.23 -0.66 0.70 -0.38  

Mokuleia F.R. Mokuleia 2 NaN NaN 0.14 -0.08 NaN NaN 0.87 -1.00 No NCEI 

Wahiawa B.G. Wahiawa 7 0.54 0.19 0.10 0.04 0.70 0.04 0.14 0.01  
Waiahole F.R. Koolaupoko 8 0.79 -0.44 1.25 -0.69 0.66 -0.27 1.04 -0.42  

Waianae Kai Waianae* 0 5.99 -2.61 1.54 -0.67 3.71 -1.45 0.95 -0.37 
Lualualei 

groundwater 

Waimea Valley Kawailoa 2 0.96 -0.24 0.34 -0.09 1.04 -0.29 0.37 -0.10  
 

Aquifer Ewa-Kunia Kalihi Lualualei Moanalua Nuuanu Waipahu-Waiawa 
Number of Samples 3 2 6 4 2 16 
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Table 5: Summary of results from the single sample t-test between groundwater samples within an aquifer 
and a rain collector located within that aquifer. Aquifer to groundwater pairings are the same as listed in 
Table 4. Palolo Aquifer only had 1 groundwater sample and therefore could not be used to complete the 
test. Nanakuli precipitation collection station was matched to Lualualei groundwater data. A full list of t-
test results is found in Appendix 3. 

  

Parameter paired with Groundwater Data 

D-Excess δ18O  of H2O  δ2H of H2O  

Number Percent Number Percent Number Percent 

Significant Relationships 22 49% 9 20% 9 20% 

Significant Relationships: Annual 8 18% 2 4% 2 4% 

Significant Relationships: Dry Season 6 13% 1 2% 1 2% 

Significant Relationships: Wet Season 8 18% 6 13% 6 13% 

Total Number of Relationships 45  45  45  
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Table 6. Interannual variation between summer sampling windows. 
Location Vol % Diff δ18O % Diff δ2H % Diff D-excess % Diff 

Ewa Waimano 234.27 46.67 280.00 13.33 

Hawaii Ag. Center 120.40 19.05 545.45 -17.83 

HIG, UH Manoa 65.40 80.00 375.00 6.25 

Hoomaluhia B.G. -19.22 23.53 1850.00 -3.73 

Kahaluu Ridge 24.28 10.00 720.00 -12.90 

Lyon Arboretum 20.06 64.17 -805.71 5.05 

Mokuleia F.R. 45.64 0.00 -3.03 2.56 

Wahiawa B.G. 7.88 9.52 23.21 2.68 

Waiahole F.R. 38.73 9.09 390.91 -16.36 

Waimea Valley -46.69 40.00 733.33 3.51 

Absolute Mean 234 30 573 8 

Absolute Median 42 21 468 6 
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Figure Legends 
 
 
Figure 1: 4-panel map of deployed precipitation collector network, minor aquifers on O‘ahu, seasonal rainfall, 
and groundwater recharge. Groundwater recharge coverage (top right) is from Engott et al., 2015. Annual, dry, 
and wet season rainfall are interpolated from NCEI stations across O‘ahu to create an island-wide coverage. The 
name of each minor aquifer with groundwater data is displayed. 
 
Figure 2: (Left): rainfall-weighted δ2H values averaged over all the stations (dots) and accumulated rainfall (bars) 
for each sampling interval. (Right): Same as left but for δ18O values. 
 
Figure 3: Local meteoric water line (LMWL) of O‘ahu derived from April 2017 – July 2018, compared to those 
values in groundwater with calculated water line. 
 
Figure 4: Probability distribution functions (PDF) of wind directions for days in each sampling period in which  
Līhue experiences rainfall higher than 0.1 mm/day. Data from the nearest IGRA station in Līhu‘e, Kaua‘i. 
 
Figure 5: From top left in clockwise order: 3-month anomaly of water vapor d-excess computed with respect to 
the mean over the period from April 2017 to March 2018. The Oʻahu study site location is shown by the black 
dot. 
 
Figure 6: Deviations from sampling averages of isotopic composition of rainfall for each sampling period and for 
each station displayed as a function of stations’ elevations and distances the red Ko‘olau Mountains. 
 
Figure 7: 4-panel map of annual, dry, and wet season d-excess calculated for all precipitation collection stations 
on O‘ahu for 2017-2018, as well as groundwater d-excess. The median d-excess calculated for groundwater 
samples was applied to each minor aquifer, and was appropriately color-scaled. 
 
Figure 8: 2-panel map of O‘ahu’s groundwater interpolated to show an island-wide coverage of δ2H (top) and 
δ18O (bottom) values in groundwater. Solid outlines show the major aquifers; dashed outlines show the minor 
aquifers. Bold italics display the median groundwater composition for a minor aquifer, whose groundwater 
samples are color-coded. Smaller text displays the VWA for each collector. 
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Appendix 1. 
 
 
Data Availability 
 
The data that support the findings of this study are openly available at: 
Dores, D.: 2017-2018 Oahu Precipitation Isotopes and Ions, Zenodo, 10.5281/zenodo.3566069, 2019. 
 
A summary of the data can be found in the table below. 
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Appendix 1: Isotopic composition of samples collected every 3-months. Volume-weighted average (VWA) calculation 
determined the isotopic composition of precipitation at that location (March 2017 – July 2018).
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Location Period 
Vol. 
(mL) 

δ18O 
(‰) 

δ2H 
(‰) 

Ewa Waimano Apr-Jun 17 2320 -1.50 -1.50 
Hawai‘i Ag. Center Apr-Jun 17 7060 -2.10 -1.10 

HIG, UH Mānoa Apr-Jun 17 2240 -1.50 -2.40 
†Honolulu F.R. Apr-Jun 17 3420 -1.80 -2.70 

Ho‘omaluhia B.G. Apr-Jun 17 12380 -1.70 -0.20 
Ka‘ena Point Apr-Jun 17 2820 -1.30 -0.20 

Kahalu‘u Ridge Apr-Jun 17 8010 -2.00 -0.50 
Lyon Arboretum Apr-Jun 17 18357 -1.20 0.70 

Mokuleia F.R. Apr-Jun 17 2980 -2.70 -9.90 
Nanakuli F.R. Apr-Jun 17 1410 -2.10 -5.90 
Wahiawa B.G. Apr-Jun 17 4820 -2.10 -5.60 
Waiāhole F.R. Apr-Jun 17 9940 -2.20 -1.10 
Wai‘anae Kai Apr-Jun 17 2490 -1.70 -4.00 

Waimea Valley Apr-Jun 17 12755 -1.50 -0.60 
Ewa Waimano Jul-Sep 17 4445 -2.30 -7.00 

Hawai‘i Ag. Center Jul-Sep 17 5050 -2.00 -4.50 
HIG, UH Mānoa Jul-Sep 17 912 -1.60 -4.00 

Ho‘omaluhia B.G. Jul-Sep 17 5400 -2.20 -5.10 
Ka‘ena Point Jul-Sep 17 1270 -3.10 -15.70 

Kahalu‘u Ridge Jul-Sep 17 7200 -2.30 -6.70 
Lyon Arboretum* Jul-Sep 17 8730 -2.00 -5.00 

Mokuleia F.R. Jul-Sep 17 2090 -4.10 -19.80 
Wahiawa B.G. Jul-Sep 17 3345 -1.90 -3.10 
Waiāhole F.R. Jul-Sep 17 10500 -2.60 -7.40 
Wai‘anae Kai Jul-Sep 17 3998 -2.90 -11.00 

Waimea Valley Jul-Sep 17 2580 -2.30 -9.80 
Ewa Waimano Oct-Dec 17 5650 -3.60 -13.90 
Hale‘iwa Wells Oct-Dec 17 845 -4.00 -22.80 

Hawai‘i Ag. Center Oct-Dec 17 12780 -2.80 -7.70 
HIG, UH Mānoa Oct-Dec 17 4940 -3.10 -15.50 

Ho‘omaluhia B.G. Oct-Dec 17 4995 -3.30 -11.00 
Ka‘ena Point Oct-Dec 17 2280 -2.20 -5.30 

Kahalu‘u Ridge Oct-Dec 17 15890 -2.90 -8.50 
Kamehameha Hwy. Oct-Dec 17 4850 -2.80 -9.40 

Kunia III Wells Oct-Dec 17 1175 -3.90 -20.90 
Lyon Arboretum* Oct-Dec 17 16150 -2.46 -6.22 

Mokuleia F.R. Oct-Dec 17 4380 -3.50 -13.90 
Wahiawa B.G. Oct-Dec 17 4240 -3.30 -13.00 
Waiāhole F.R. Oct-Dec 17 7695 -2.50 -4.20 
Wai‘anae Kai Oct-Dec 17 3300 -2.70 -11.40 

Waimea Valley Oct-Dec 17 3340 -2.70 -8.10 

(Continued.) 

Location  Period 
Vol. 
(mL) 

δ18O 
(‰) 

δ2H 
(‰) 

Ewa Waimano Jan-Mar 18 5790 -2.70 -9.20 
Hale‘iwa Wells Jan-Mar 18 3080 -3.80 -17.70 

Hawai‘i Ag. Center Jan-Mar 18 9770 -2.70 -8.70 
HIG, UH Mānoa Jan-Mar 18 2895 -3.40 -14.20 

Ho‘omaluhia B.G. Jan-Mar 18 9400 -3.00 -10.10 
Ka‘ena Point Jan-Mar 18 6470 -3.00 -11.30 

Kahalu‘u Ridge Jan-Mar 18 11405 -3.40 -13.60 
Kamehameha Hwy. Jan-Mar 18 7390 -3.80 -17.80 

Kunia III Wells Jan-Mar 18 1690 -3.30 -14.20 
Lyon Arboretum* Jan-Mar 18 15670 -2.03 -5.66 

Mokuleia F.R. Jan-Mar 18 1950 -3.50 -15.00 
Mokuleia F.R. 2 Jan-Mar 18 3250 -3.90 -16.60 
Wahiawa B.G. Jan-Mar 18 3515 -3.10 -11.50 
Waiāhole F.R. Jan-Mar 18 16765 -3.20 -11.50 
Waimea Valley Jan-Mar 18 6275 -2.60 -9.10 
Ewa Waimano Apr-Jul 18 7755 -2.20 -5.70 

Hawai‘i Ag. Center Apr-Jul 18 15560 -2.50 -7.10 
HIG, UH Mānoa Apr-Jul 18 3705 -2.70 -11.40 

Ho‘omaluhia B.G. Apr-Jul 18 10000 -2.10 -3.90 
Kahaluu Ridge Apr-Jul 18 9955 -2.20 -4.10 

Lyon Arboretum* Apr-Jul 18 22040 -1.97 -4.94 
Mokuleia F.R. Apr-Jul 18 4340 -2.70 -9.60 

Mokuleia F.R. 2 Apr-Jul 18 6045 -3.30 -11.20 
Wahiawa B.G. Apr-Jul 18 5200 -2.30 -6.90 
Waiāhole F.R. Apr-Jul 18 13790 -2.40 -5.40 
Waimea Valley Apr-Jul 18 6800 -2.10 -5.00 

 
*Samples were collected at 6 week intervals during these three periods at 
Lyon Arboretum due to increased rainfall at  the station, putting the 
collector at risk of overflowing and losing sample. The isotopic 
compositions reported for these intervals are VWA of the two 6-week 
intervals comprising the 3-month sample window. 
†Due to the vandalism noted at the time of collection, sample could be 
contaminated or altered via evaporation. The sample from the collector at 
Honolulu Forest Reserve is not thought to have been greatly altered via 
evaporation from the Apr-Jun 2017 interval. 
The sample from the collector at Wai‘anae Kai Forest Reserve from Jan-
Mar 2018 is thought to have vastly altered data due to evaporation, and is 
therefore not included in the dataset.
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Appendix 2. 
 
 
Figure A2-a: Accumulated rainfall from 1 April 2017 to 31 March 2018 estimated from CMORPH. 
 
 
Figure A2-b: Total volume of rainfall for each quarter interpolated across the O‘ahu Island as taken from NOAA 
NCEI data records. 
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Appendix 3. 
 
Table A3-a: Results of the single sample t-test. Rainfall from a station was paired as the single sample to a population 
of groundwater samples from the minor aquifer that hosted the collector. There was only one groundwater sample 
from Palolo Aquifer, preventing the application of the test. 
*Koolaupoko Aquifer data was used because there was no Waimanalo groundwater data. 
**Mokuleia Aquifer data was used because there was no Keeau groundwater data. 
***Lualualei Aquifer data was used because there was no Nanakuli or Wai‘anae Aquifer data. 
 

Station Aquifer Rain Period D-Excess δ18O  of H2O  δ2H of H2O  
T-Stat P-value T-Stat P-value T-Stat P-value 

Ewa Waimano Waimalu Annual 0.49 0.64 -5.39 0.00 -3.63 0.01 
  Dry Season 3.50 0.01 -16.10 0.00 -9.32 0.00 
  Wet Season -1.29 0.23 0.89 0.40 -0.26 0.80 

Haleiwa Wells  Waialua Annual -3.15 0.05 4.93 0.02 3.44 0.04 
  Dry Season NaN NaN NaN NaN NaN NaN 
  Wet Season -3.15 0.05 4.93 0.02 3.44 0.04 

Hawai‘i Ag. Center Waimanalo* Annual 2.58 0.04 -8.98 0.00 -8.66 0.00 
  Dry Season 2.54 0.04 -14.63 0.00 -15.49 0.00 
  Wet Season 2.61 0.04 -5.84 0.00 -5.00 0.00 

HIG Building Palolo Annual NaN NaN NaN NaN NaN NaN 
  Dry Season NaN NaN NaN NaN NaN NaN 
  Wet Season NaN NaN NaN NaN NaN NaN 

Honolulu F.R. Moanalua Annual 7.82 0.00 -24.98 0.00 -99.67 0.00 
  Dry Season 7.82 0.00 -24.98 0.00 -99.67 0.00 
  Wet Season NaN NaN NaN NaN NaN NaN 

Hoomaluhia B.G. Koolaupoko Annual 3.13 0.02 -10.24 0.00 -9.75 0.00 
  Dry Season 4.52 0.00 -17.27 0.00 -17.04 0.00 
  Wet Season 1.40 0.20 -1.57 0.16 -0.73 0.49 

Kaena Point Keaau** Annual 0.35 0.79 -2.41 0.25 -5.22 0.12 
  Dry Season 1.15 0.46 -3.65 0.17 -7.11 0.09 
  Wet Season -0.02 0.98 -1.81 0.32 -4.33 0.14 

Kahaluu Ridge Koolaupoko Annual 2.49 0.04 -4.46 0.00 -3.46 0.01 
  Dry Season 3.14 0.02 -13.63 0.00 -13.79 0.00 
  Wet Season 1.83 0.11 -1.44 0.19 -0.32 0.76 

Kamehameha Hwy Koolaupoko Annual 5.41 0.00 2.20 0.06 6.87 0.00 
  Dry Season NaN NaN NaN NaN NaN NaN 
  Wet Season 5.41 0.00 2.20 0.06 6.87 0.00 

Kunia III Wells Waipahu-Waiawa Annual 2.69 0.02 6.24 0.00 5.94 0.00 
  Dry Season NaN NaN NaN NaN NaN NaN 
  Wet Season 2.69 0.02 6.24 0.00 5.94 0.00 

Lyon Arboretum Nuuanu Annual 36.54 0.02 -76.33 0.01 -31.35 0.02 
  Dry Season 46.92 0.01 -105.00 0.01 -44.30 0.01 
  Wet Season 27.71 0.02 -52.33 0.01 -20.30 0.03 

Mokuleia F.R. Mokuleia Annual -0.23 0.85 -0.60 0.65 -1.75 0.33 
  Dry Season 0.13 0.92 -0.84 0.55 -1.84 0.32 
  Wet Season -0.52 0.69 -0.41 0.75 -1.68 0.34 

Mokuleia F.R. 2 Mokuleia Annual -0.88 0.54 0.39 0.77 -0.29 0.82 
  Dry Season NaN NaN NaN NaN NaN NaN 
  Wet Season -0.88 0.54 0.39 0.77 -0.29 0.82 

Nanakuli F.R. Nanakuli*** Annual 1.35 0.24 -13.40 0.00 -16.29 0.00 
  Dry Season 1.35 0.24 -13.40 0.00 -16.29 0.00 
  Wet Season NaN  NaN NaN NaN NaN 

Wahiawa B.G. Wahiawa Annual -1.25 0.26 -3.85 0.01 -4.41 0.00 
  Dry Season 0.16 0.88 -11.60 0.00 -9.78 0.00 
  Wet Season -2.72 0.03 4.29 0.01 1.25 0.26 

Waiahole F.R. Koolaupoko Annual 0.77 0.47 -5.97 0.00 -6.45 0.00 
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Station Aquifer Rain Period D-Excess δ18O  of H2O  δ2H of H2O  
T-Stat P-value T-Stat P-value T-Stat P-value 

  Dry Season 0.22 0.83 -10.24 0.00 -12.09 0.00 
  Wet Season 0.88 0.41 -3.08 0.02 -2.99 0.02 

Wai‘anae Kai Wai‘anae*** Annual 1.38 0.22 -10.68 0.00 -12.69 0.00 
  Dry Season 1.04 0.34 -11.25 0.00 -13.77 0.00 
  Wet Season 2.06 0.09 -9.60 0.00 -10.55 0.00 

Waimea Valley Kawailoa Annual 2.32 0.26 -259.00 0.00 -27.03 0.02 
  Dry Season 3.70 0.17 -337.00 0.00 -34.29 0.02 
  Wet Season 0.11 0.93 -137.00 0.00 -15.43 0.04 
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