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Abstract The origin of stable isotopic variability in precipitation over time and space is critical to the
interpretation of stable isotope-based paleoclimate proxies. In the eastern equatorial Pacific, modern
stable isotope measurements in precipitation (δ18Op and δDp) are sparse and largely unevaluated in the
literature, although insights from such analyses would benefit the interpretations of several regional
isotope-based paleoclimate records. Here we present a new 3.5 year record of daily-resolved δ18Op and
δDp from Santa Cruz, Galápagos. With a prior 13 year record of monthly δ18Op and δDp from the island,
these new data reveal controls on the stable isotopic composition of regional precipitation on event to
interannual time scales. Overall, we find Galápagos δ18Op is significantly correlated with precipitation
amount on daily and monthly time scales. The majority of Galápagos rain events are drizzle, or garúa,
derived from local marine boundary layer vapor, with corresponding high δ18Op values due to the local
source and increased evaporation and equilibration of smaller drops with boundary layer vapor. On
monthly time scales, only precipitation in very strong, warm season El Niño months has substantially lower
δ18Op values, as the sea surface temperature threshold for deep convection (28°C) is only surpassed at
these times. The 2015/2016 El Niño event did not produce strong precipitation or δ18Op anomalies due to
the short period of warm SST anomalies, which did not extend into the peak of the warm season.
Eastern Pacific proxy isotope records may be biased toward periods of high rainfall during strong to very
strong El Niño events.

1. Introduction

The intricacy of processes regulating El Niño–Southern Oscillation (ENSO), combined with limited observa-
tions, translates into sizeable uncertainties in future climate projections (Cai et al., 2015). A more complete
understanding of ENSO requires quantitative reconstructions of ocean and climate variables spanning the
tropical Pacific basin across time spans that extend beyond instrumental observations. In the eastern equa-
torial Pacific (EEP), several studies have provided the foundation for evaluating the history of ENSO through-
out the Holocene and last glacial period using δ18O values from corals or mollusks (Carré et al., 2014; Dunbar
et al., 1994), marine foraminiferal assemblages and δ18O values (Koutavas et al., 2002; Koutavas et al., 2004;
Koutavas et al., 2006; Lea et al., 2000; Loubere et al., 2003), and other lacustrine mineralogical, sedimentolo-
gical, and biological analyses (Conroy et al., 2008; Conroy et al., 2009; Moy et al., 2002; Riedinger et al., 2002).
More recent Galápagos lacustrine sediment records of biomarker hydrogen isotope ratios derived from aqua-
tic algae, cyanobacteria, and dinoflagellates have provided information on the nature of past Galápagos
precipitation (Atwood & Sachs, 2014; Nelson and Sachs, 2016; Sachs et al., 2009; Zhang et al., 2014). Such
records are interpreted to reflect past rainfall amount partly due to the well-known manifestation of the
isotopic “amount effect”: the inverse correlation between precipitation amount and the ratio of heavy to light
oxygen and hydrogen isotopes in tropical precipitation (Dansgaard, 1964; Rozanski et al., 1993). As increased
sea surface temperature (SST) in the EEP during canonical El Niño events spurs large, positive rainfall anoma-
lies (Johnson, 2013; Kug et al., 2009), such proxies therefore hold great promise as indicators of ENSO varia-
bility. However, the mechanisms contributing to variations in the stable isotopic composition of precipitation
remain relatively unexplored in the EEP.

In this study, we assess the stable oxygen and hydrogen isotopic ratios of Galápagos precipitation, expressed
in the delta notation relative to Vienna Standard Mean Ocean Water (VSMOW):
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We investigate the relationship between precipitation δ18O values (hereafter δ18Op) and δD values (hereafter
δDp) and EEP climate. In particular, we focus on the expression of the isotopic amount effect. The amount
effect has been attributed to a combination of regional and local atmospheric processes, and to date there
appears to be no universal singular cause. Rayleigh distillation, the progressive rainout of the heaviest water
molecules during the evolution of a storm, gradually decreases residual vapor and subsequent precipitation
δ18Op and δDp values as a storm progresses (Dansgaard, 1964). Evaporation of falling rain also contributes to
the amount effect (Dansgaard, 1964; Gat, 1996; Stewart, 1975). When precipitation drop size and rate
increase, the evaporation rate decreases, reducing diffusion of lighter isotopologues associated with the
evaporation of liquid water. The isotopic amount effect is also significantly influenced by cloud convective
processes, namely rain re-evaporation and recycling of water vapor via downdrafts and updrafts, and equili-
bration of falling rain with isotopically lighter subcloud vapor as atmospheric convection and precipitation
rates strengthen (Kurita et al., 2009; Kurita, 2013; Risi et al., 2008; Yapp, 1982). Additionally, other tropical
amount effect investigations attribute decreasing δ18Op with increasing rain rate to the colder temperatures
of higher-elevation convective cloud systems (Permana et al., 2016; Scholl et al., 2009). Moisture source and
pathway may also influence the relationship between precipitation amount and its stable isotopic value
(Cobb et al., 2007; Lawrence et al., 2004). These mechanisms have been studied in detail in the western
Pacific (Berkelhammer et al., 2012; Cobb et al., 2007; Conroy et al., 2016; Kurita et al., 2009; Moerman et al.,
2013); however, similar investigations of processes controlling the isotopic composition of precipitation are
lacking at tropical island sites in the EEP.

In this study, we present a daily-resolved record of δ18Op and δDp from the Galápagos Islands, located in the
EEP. Analysis of 3.5 years of daily-resolved rainwater samples from Santa Cruz Island allows us to explore the
atmospheric processes driving stable isotopic variability in EEP precipitation on event to seasonal time scales.
We also assess the relationship between ENSO and δ18Op with this new data set, which captures the
2015/2016 El Niño event. Additionally, we analyze the 1995–2008 monthly record of Santa Cruz Island
δ18Op and δDp from the International Atomic Energy Agency (IAEA)-operated Global Network of Isotopes
in Precipitation (GNIP) database (IAEA/WMO, 2016; http://www.iaea.org/water), which captures strong La
Niña to very strong El Niño events. This comprehensive examination of processes controlling stable isotope
ratios in precipitation from the EEP provides critical empirical support for work citing the amount effect as a
primary driver of isotopic variability in past precipitation. Our results also add clarity to the spatial and
temporal scope of climate variability recorded in δ18O and δD-based paleoclimate proxies in the EEP.

2. Study Site and Methods
2.1. Study Site Climatology

The Galápagos Islands (1.5°S to 1.5°N, 92° to 89°W) lie 1,000 km west of the coast of South America (Figure 1).
Regional oceanic upwelling and large-scale atmospheric subsidence, due to the descending limb of the
Walker Circulation Cell over the EEP, combine to produce the relatively cool and dry climate of the
Galápagos. Seasonally, the Galápagos lowlands (sea level to 150 m) experience a warm, rainy season from
January to May, which produces 71% of the annual lowland rainfall. In June, a cool, dry season begins as
the southeasterly trade winds strengthen, upwelling is enhanced off the coast of South America, and regional
SST decreases (Trueman & D’Ozouville, 2010). The subsequent “dry” season in the lowlands lasts through
December. At this time, the majority of rain events are coastal drizzle derived from the marine boundary layer
stratus clouds (garúa). Cold surface temperatures and an inversion layer created by cooler SST limits convec-
tion in the lowlands during the dry season, although this inversion is penetrated by the highlands (>150 m
on the windward side of the islands), which have an overall wetter climate due to more garúa precipitation.
While the highlands share the same seasonality as the lowlands in terms of temperature, they receive 57% of
their annual rainfall during the cool season and 43% during the warm season, and over 500 mmmore rainfall
annually than the lowlands (Trueman & D’Ozouville, 2010). The position of the Intertropical Convergence
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Zone (ITCZ) regulates seasonality in the EEP. During the warm season in boreal winter and early spring, the
ITCZ is at its southernmost position, decreasing the strength of southeasterly trade winds around the
Galápagos (Pisias & Rea, 1988). This leads to a deeper thermocline, warmer SST and increased atmospheric
convection in the region (Mitchell & Wallace, 1992). Upon northward migration of the ITCZ in late spring,
southeasterly trade winds strengthen, bringing enhanced upwelling, cooler SST and air temperatures, and
reduced precipitation to the islands (Colinvaux, 1984).

ENSO is the first-order driver of interannual variability in Galápagos climate. During canonical or Eastern
Pacific-type El Niño events that develop off the coast of South America, the southeasterly trade winds
weaken, upwelling declines, the thermocline deepens, and the Galápagos experiences warmer than normal
SST (Kessler, 2006). Warmer SST leads to deterioration of the atmospheric inversion layer, jumpstarting
convection and increasing precipitation in the Galápagos (Trueman & D’Ozouville, 2010). During La Niña
events, the Galápagos experiences extremely arid conditions created by anomalously low SST, increased
southeasterly trade winds, and increased subsidence (Trueman & D’Ozouville, 2010).

2.2. Sampling Locations and Collection Procedures

A total of 354 event and 14 intraevent precipitation samples were collected from Santa Cruz Island. This island
is the second largest of the Galápagos (986 km2) and lies in the center of the archipelago (0.65°S, 90.35°W),
reaching nearly 850 m above sea level at its highest point. Daily precipitation samples were collected at
the Charles Darwin Research Station (0°44037.6″S, 90°50021.9″W, 2 m above sea level) on the southern coast
of the island from 5 October 2012 to 27 March 2016. The Charles Darwin Research Station (CDRS) lies within
the arid coastal region of the islands. Precipitation was collected daily, usually at 6:00, using a separatory
funnel and mineral oil to guard against evaporation, following IAEA protocols (http://www-naweb.iaea.
org), and sampled into 3.5 mL crimp-top vials. During rainier periods, additional samples were collected at
12:00 and 18:00. Amount weighted averages were calculated for days with multiple samples, resulting in
311 daily values. Six samples were excluded from analysis, as they plotted off the local meteoric water line,
with negative deuterium excess values 3σ below the mean, suggesting postcollection sample evaporation.

During a January 2015 sampling mission, we collected 19 intraevent precipitation samples at eight sites
across the island to assess the island’s spatial isotopic variability. The sites lie along the Santa Cruz Highway
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Figure 1. Map of Galápagos, with inset showing location of archipelago relative to South America. Sampling sites on Santa Cruz Island include Charles Darwin
Research Station (CDRS, black circle) and Bellavista. Spatial sampling pathway is also drawn on Santa Cruz, with sampling locations represented by diamonds.
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(Figure 1), a major roadway that bisects the island. In total, the range in
elevation among our sampling sites was 613 m, with the lowest site near
sea level. Of the eight sampling locations along the north/south trans-
ect, two were in the arid lowlands, three were in the transition zone
(one on the leeward side), and three were in the humid highlands
(Table 1). Each day, water from precipitation collectors, consisting of a
14.5 cm diameter funnel, graduated cylinder, and ping pong ball to
reduce potential evaporation, was collected, measured, and promptly
sealed into 3.5 mL crimp-top vials. Samples with sufficient volume were
taken in duplicate.

2.3. Precipitation Measurements

Samples from 2012 to 2016 were measured for δ18O and δD at the
University of Illinois Urbana-Champaign using a Picarro L2130-i cavity

ringdown isotopic analyzer. Calibration of the measurements used NIST-VSMOW, NIST-SLAP, and NIST-
GISP, with three additional internal standards (δ18O: 0.26‰, �6.81‰, and �10.15‰; δD: 0.6‰, �41.7‰,
and�72.3‰) to correct for drift as outlined in van Geldern and Barth (2012). Memory effects between injec-
tions of samples during analysis were corrected using empirically derived memory coefficients. No memory
effect between samples is attributed to the sampling apparatus because funnel and collector had ample
time to dry completely between rain events and collection. Lab experiments recreating field conditions sug-
gest a slight memory effect, less than instrumental precision, may be present in samples collected at the
same location in 1 day during our spatial sampling mission due to incomplete drying of collector between
sampling times (Conroy et al., 2016). The average standard deviation for duplicate δ18O measurements of
the same sample is 0.04‰ and 0.3‰ for δD. Total instrument uncertainty is <0.1‰ for δ18O and <1.0‰
for δD. Individual samples yielding standard deviations of >0.1‰ and >1.0‰ for δ18O and δD, respectively,
were discarded. To assess monthly values in the data set, the daily 2012–2016 samples were converted to
amount-weighted monthly averages. No precipitation occurred in April 2013, so a total of 41 monthly values
are assessed.

2.4. Climate and GNIP Isotopic Data

Monthly precipitation isotope data from the Galápagos spanning 1995–2008 (N = 140) were obtained from
the International Atomic Energy Agency’s GNIP database (IAEA/WMO, 2016; http://www.iaea.org/water).
The GNIP station operated continuously in Bellavista (0.71°S, 90.3 W), a small village 180 m above sea level.
Bellavista lies within the transition zone between the arid lowland and humid highland climates, with a med-
ian annual rainfall of 813 mm. Three GNIP values (October 1999, August 2005, and December 2005) were
excluded as they fell substantially below the local meteoric water line, with negative deuterium excess values
3σ below the mean, suggesting postcollection evaporation.

We assess the relationship between δ18Op and both regional and local climate data (Figures 2 and S3 in
the supporting information). For “regional” data we use spatially averaged SST, precipitation, and outgoing
longwave radiation (OLR) within the NIÑO1+2 area (0°–10°S, 90°–80°W). We selected NIÑO1+2 as the ENSO
index for assessment based on the strong relationship between Galápagos ocean and climate variables and
NIÑO1+2 SST (Conroy et al., 2008). Galápagos SST anomalies over the period of investigation are
most strongly correlated with NIÑO1+2 SST relative to NIÑO3, NIÑO3.4, and NIÑO4 SST, as these regions
are located much farther west of the extreme eastern equatorial Pacific, the location of the Galápagos
(Figure S1). Regional daily and monthly SST and precipitation data used are the Climate Prediction Center
Optimally Interpolated SST v2 (Reynolds et al., 2007), Global Precipitation Climatology Project (GPCP) 2.3
monthly precipitation (Adler et al., 2003), and CMOPRH 1.0 global precipitation (Joyce et al., 2004), accessed
via Koninklijk Nederlands Meteorologisch Instituut (KNMI) Climate Explorer (Trouet & Van Oldenborgh,
2013). We use NOAA interpolated daily and monthly OLR values for the period prior to January 2014
(Liebmann & Smith, 1996), and NOAA uninterpolated daily OLR values, averaged to monthly resolution,
following the cessation of NOAA’s interpolated product, provided online by the NOAA/OAR/ESRL PSD,
Boulder, Colorado, USA. Local climate data are derived from the weather stations where isotopic data were
collected. Monthly and daily weather station data were acquired from the Charles Darwin Research
Foundation weather data archive (http://www.darwinfoundation.org/datazone/climate/) for Bellavista and

Table 1
Site Information for Spatial Precipitation Sampling, 10–18 January 2015

Site Latitude (°S) Longitude (°W) Elevation (m) Climate zone

0 0.743 90.304 10 Arid
1 0.719 90.326 126 Arid
2 0.694 90.333 200 Transition
3 0.686 90.365 246 Transition
4 0.649 90.405 455 Humid
5 0.641 90.398 539 Humid
6 0.626 90.385 623 Humid
7 0.607 90.367 492 Transition
8 0.490 90.281 21 Arid

Note. No rain was collected at site 8, on the leeward side of Santa Cruz,
during the period of collection.
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Puerto Ayora, Santa Cruz Island, for the time period overlapping the
isotope data. We use these data to assess relationships between local
climate and the isotopic composition of precipitation. Station vari-
ables assessed are air temperature, precipitation amount, and rela-
tive humidity.

Backward atmospheric moisture trajectories from 36 days that
produced precipitation at CDRS were modeled using the NOAA Air
Resource Laboratory Hybrid Single-Particle Lagrangian Integrated
Trajectory trajectory model using Global Data Assimilation System
0.5° meteorology (Stein et al., 2015). Three events from each month,
consisting of the events with the median, maximum, and minimum
daily δ18Op values over the period of measurement, were selected
for analysis. The coordinates 0.73°S, 90.3°W served as the starting
point for each 72 h back trajectory. Initial altitudes of 500 m and
2,000 m were used to capture the movement of air below and above
the boundary layer en route to the Galápagos Islands.

3. Results
3.1. Daily Rainfall δ18Op, δDp, and D-Excess

Daily δ18Op values ranged from�4.5 to 1.1‰, averaging�1.1 ± 0.9‰
(1σ, N = 311). The average daily δDp value was �0.4 ± 6.4‰ (1σ,
N = 311) and ranged from�26.9 to 18.2% over the period of measure-
ment. Daily rainfall deuterium excess (d-excess) had a mean value of
8.4 ± 2.6‰ (1σ, N = 311), ranging from�0.3‰ to 15.6‰. The meteo-
ric water line (MWL), which describes the line of best fit through the
daily-resolved δ18Op and δDp values, is defined by
δDp = 6.3 ± 0.2 × δ18Op + 6.6 ± 0.4, 2σ (Figure 4).

3.2. Monthly Averaged δ18Op and δDp

Monthly GNIP δ18Op values from Bellavista range from �8.20‰ to
0.74‰ (δDp from �55.7‰ to 12.7‰), with a mean of
�1.91 ± 1.15‰, 1σ (δDp = �5.0 ± 8.9‰, 1σ). Mean d-excess was
10.3‰ ± 1.6‰ (1σ) and ranged from 6.3‰ to 15.5‰. The Bellavista
MWL is defined by δDp = 7.6 ± 0.2 × δ18Op + 9.6 ± 0.5‰, 2σ
(Figure 4). From February through April, during the height of the
wet season, Bellavista precipitation had lower δ18Op values, although
the standard deviation was also greater in these months (Figure 3a).
δ18Op was higher in the relatively drier months from May to
January. December 1997 to June 1998 exhibited the lowest continu-
ous period of δ18Op values (average δ18Op = �4.94 ± 2.32‰, 1σ)
coinciding with the strong 1997–1998 El Niño event (Figure 2).
D-excess during this same time period averaged 11.8 ± 1.8‰ (1σ).

The 2012–2016 data set of amount-weighted monthly δ18Op from CDRS ranged from�4.1‰ to�0.1‰ (δDp

from �22.5‰ to 5.7‰), with a mean value of �1.3 ± 0.9‰ (δDp = �1.7 ± 6.5‰, 1σ). Mean d-excess was
8.8 ± 1.7‰ (1σ) and ranged from 5.2‰ to 13.4‰. The monthly MWL at CDRS is
δDp = 7.0 ± 0.5 × δ18Op + 7.5 ± 0.8, 2σ (Figure 4). Monthly averaged data from CDRS show a seasonal cycle,
with lower δ18Op fromMarch through May, and higher δ18Op from June to February (Figure 3b). The period of
low δ18Op at CDRS extends later in the warm/wet season, into May, relative to the Bellavista data. The
2015/2016 El Niño event is not defined by large deviations in precipitation amount or δ18Op relative
to the 1997/1998 event, although the lowest observed mean monthly δ18Op value at CDRS did occur during
the 2015 wet season, at the beginning of the event in March 2015 (�2.9–4.1‰).
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(black). Data are derived from uninterpolated NOAA OLR after December 2013.
(c) Local precipitation (colored, mm/d) and GPCP2.3 precipitation averaged over
the NIÑO1+2 region (black, mm/d). (d) Precipitation d-excess values (‰ VSMOW)
and (e) δ18Op values (‰ VSMOW). In Figures 2a, 2d, and 2e, long-term means
are horizontal lines. Blue color in Figures 2c–2e indicates Bellavista data, red
indicates CDRS data. Red shading indicates 1997–1998 and 2015–2016 El Niño
events.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027380

MARTIN ET AL. STABLE ISOTOPES IN GALÁPAGOS RAINFALL 265



3.3. Spatial Variability in δ18Op and D-Excess

Precipitation sampled at altitudes ranging from 10 m to 623 m from
10 to 18 January 2015 (Figure 5) shows a significant negative relation-
ship between altitude and δ18Op (R =�0.85, N = 19, p< 0.001). Values
of δ18Op ranged from a low of �1.5‰ in the highlands to a high of
0.1‰ near sea level during this 9 day period. D-excess ranged from
5.0‰ to 10.5‰. A linear regression indicates a �0.2 ± 0.03‰ (1σ)
change in δ18Op for every 100 m of elevation gain, while d-excess
increased 0.5 ± 0.1‰ (1σ) per 100 m altitude gain (R = 0.70,
N = 19, p < 0.001).

3.4. Air Mass Trajectory Analysis

Boundary layer air masses coincident with measurable precipitation
at CDRS predominantly originate from the southeast while air masses
from above the mixed layer, or free atmosphere, come primarily from
the northeast (Figure 6). There is no clear relationship between rain
events with high or low δ18Op and moisture trajectory direction.
There is also no clear seasonal change in moisture source trajectories,
with both the warm/wet season (blue lines in Figure 6) and the
cool/dry season (red lines in Figure 6) showing similar moisture path-
ways. Only 1 month during the warm/wet season, March, shows
different trajectories, with air masses coincident with precipitation
arriving from the east and west (cyan lines in Figure 6).
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4. Discussion
4.1. Amount Effect

How the amount effect is manifested throughout the tropical Pacific
basin has implications for its underlying mechanisms. Here we
analyze the strength of the relationship between both regional and
local precipitation amount and Galápagos δ18Op to determine the
capacity of Galápagos δ18Op to record local (station) and regional
(i.e., EEP, assessed as the NIÑO1+2 region) precipitation rates. Such
spatial differences in the strength of the amount effect are important
to consider as they influence the stationarity of δ18Op-climate rela-
tionships over space and time. To that end, inspection of the amount
effect at different temporal scales (daily, monthly, seasonal, and inter-
annual) yields useful information about the spectrum of climate
processes contained within time-averaged, isotope-based paleocli-
mate proxies (Moerman et al., 2013).

A similar exercise in northern Borneo (western equatorial Pacific
(WEP); 4°N, 115°E) demonstrated that the relationship between local
precipitation amount and δ18Op was more robust at the monthly time
scale (R = �0.56, p < 0.01) than at the daily time scale (R = �0.19,
p< 0.05) (Moerman et al., 2013). Stronger correlations between regio-

nal precipitation and site δ18Op versus regional precipitation and local (site) precipitation were also observed
in northern Borneo (Moerman et al., 2013). These observations and additional data from other islands and
cruises suggest that the WEP amount effect is a product of regional, rather than local atmospheric processes
(Kurita, 2013; Kurita et al., 2009). Large-scale climate phenomena like ENSO and theMadden-Julian Oscillation
drive the amount effect in the WEP as increases in moisture convergence, convection, and regional precipita-
tion associated with these phenomena can all cause δ18Op to decrease downstream.

We find the strength of the amount effect also varies temporally and spatially in the Galápagos. When
assessed using the Pearson product moment correlation coefficient (R), local Galápagos precipitation and
δ18Op show significant, similar negative correlations on both monthly and daily time scales (Table 2).
However, the relationship between regional (NIÑO1+2) precipitation and δ18Op is higher for monthly
Bellavista and monthly CDRS δ18Op than for daily CDRS δ18Op (Table 2). This result is similar to the
time-transgressive nature of the amount effect in Borneo, where the amount effect was also stronger at
monthly versus daily time scales.
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Although the amount effect is often assessed using the Pearson product moment correlation coefficient (R),
as discussed above (e.g., Cobb et al., 2007; Conroy et al., 2013; Lachniet & Patterson, 2006; Moerman et al.,
2013; Rozanski et al., 1993), the Galápagos Islands are a relatively arid location, and the precipitation distribu-
tion is skewed by rare, large precipitation events (Figure S2). The distribution of monthly and daily precipita-
tion stable isotope data are also nonnormal (Table S1). Thus, assessment of the relationship between δ18Op

and precipitation requires the nonparametric Spearman Rank correlation coefficient (ρ), which mitigates the
impact of outliers. Spearman’s ρ values are presented in comparison to R values for precipitation amount ver-
sus δ18Op in Table 2. Precipitation and δ18Op ρ values remain statistically significant but are lower than R
values, showing a weaker amount affect. For example, monthly regional precipitation and δ18Op at
Bellavista are highly correlated using Pearson’s R (R = �0.78, p < 0.001, N = 140). Assessment with
Spearman’s ρ reduces the strength of the monthly amount effect (ρ = �0.42, p < 0.01, N = 140). With
Spearman’s ρ, the amount effect is similar at both sites, on monthly and daily time scales, and for local and
regional precipitation time series. Given that we do not observe a scaling of amount effect strength with
increasing time period (day to month), we cannot make a strong case for the amount effect as only a
manifestation of large-scale, time-integrated atmospheric processes, as in the WEP. Rather, the drivers of
the daily amount effect observed Galápagos precipitation may be partly related to mechanisms at work
during individual storms, such as rainout or increased rain evaporation and exchange with boundary layer
vapor at lower rain rates (Dansgaard, 1964).

Correlation maps of Galápagos δ18Op and precipitation across the tropical Pacific show that the daily CDRS
δ18Op has a smaller region of weaker negative correlations closer to (and mainly to the south of) the
Galápagos relative to monthly correlation maps (Figure 7a), suggesting the daily-resolution amount effect
is driven by more local processes. However, a broader region of stronger correlation coefficients along the
equatorial cold tongue region occurs when monthly δ18Op from both CDRS and Bellavista are correlated with
monthly precipitation (Figures 7b and 7c). This pattern attests to the ability of monthly Galápagos δ18Op to
represent large-scale atmospheric processes, such as the Walker Circulation. The band of positive correlations
to the north of the equator also suggests that ITCZ migration is linked to seasonal isotopic variability in the
Galápagos, although the ITCZ does not pass over the site. When the seasonal cycle is removed from the
longer Bellavista data set, the observed correlation pattern is more evocative of ENSO, with a region of nega-
tive correlations in the cold tongue region and positive correlations in the WEP warm pool (Conroy et al.,
2013, Figure 13).

4.2. OLR Versus δ18Op

Lower OLR values, indicating increased cloud cover, occur during periods of intense convection in the EEP, as
seen during the 1997–98 El Niño event (Figure 2). In the western Pacific, one study found a stronger relation-
ship between δ18Op and OLR as compared to δ18Op versus precipitation (Permana et al., 2016). This relation-
ship may indicate that lower δ18Op values record integrative convection rather than local precipitation rates,
partly due to the higher cloud top heights and thus colder condensation temperatures that occur during
periods of low OLR values (Permana et al., 2016, Scholl et al., 2009). In the Galápagos, we also find significant,
positive correlations between OLR and δ18Op at daily and monthly time scales. However, using Spearman’s ρ,
we do not observe a stronger relationship between OLR and δ18Op compared to precipitation and δ18Op, with
the exception of monthly CDRS δ18Op versus NIÑO1+2 OLR. OLR in the EEP does not solely reflect convective
clouds, as the low-lying stratus clouds that produce little precipitation at sea level also coincide with lower

Table 2
Assessment of the Strength of the “Amount Effect:” Pearson Correlation (R) and Spearman’s Rank Correlation (ρ) Coefficients Between δ18Op, Local (Bellavista and Puerto
Ayora Weather Stations), and Regional (NIÑO1+2 Area, 0–10°S, 80–90°W) Precipitation and OLR

NIÑO1+2 precipitation Local precipitation NIÑO1+2 OLR Local OLR

R ρ R ρ R ρ R ρ

Bellavista Monthly �0.78 �0.42 �0.55 �0.37 0.70 0.39 0.68 0.28
CDRS Monthly �0.50 �0.32 �0.57 �0.45 0.51 0.48 0.42 0.22
CDRS Daily �0.31 �0.38 �0.51 �0.45 0.29 0.27 0.39 0.31

Note. “Local” OLR is represented by the values from the 2.5° × 2.5° grid containing Santa Cruz. Bold values are significant at 95% confidence level accounting for
autocorrelation via effective sample size (Dawdy & Matalas, 1964).
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OLR values. Indeed, as observed in Figure 3, there is a weaker seasonality in OLR compared to precipitation
and δ18Op, which may be due to the low OLR values coincident with cool-season stratus clouds as well as
warm season convective clouds.

4.3. Elevation Influences on Isotope Values

Monthly δ18Op and δDp values from the higher-elevation Bellavista site and the near sea level CDRS site over-
lap (Figure 4), and the slopes of the local meteoric water lines defined bymonthly averaged isotope data from
both sampling locations appear similar (7.6 versus 7.0). However, the two slopes are statistically different
(t = 2.68, p < 0.01, DF = 177). The Bellavista data set contains several months of lower isotope values from
the very strong 1997/1998 El Niño event. These low values are likely due to convective processes that have
been found to produce lower isotope values in WEP precipitation. However, removing the 10 lowest values,
the slope of the MWL is similar (δDp = 7.1 ± 0.4 × δ18Op + 8.8 ± 0.7, 2σ). The majority of the rain events
recorded at CDRS are marine boundary layer drizzle (garúa) or light rain, with precipitation rates <1 mm/d
or between 1–10 mm/d, respectively (Figure 8). Garúa and light rain also occur in the highlands, so we
hypothesize that differing evaporation rates of falling raindrops in the two different climate zones—the arid
lowlands and humid highlands—explain the two distinct MWL slopes. A decrease in MWL slope of an increas-
ingly evaporated body of water (in this case falling raindrops) has been demonstrated empirically (Friedman
et al., 1962; Gat, 1996; Gonfiantini, 1986; Stewart, 1975). Therefore, the lower slope at CDRS may be a product
of subcloud rainfall evaporation, given the higher aridity in the boundary layer through which precipitation
must fall in the lowlands (Friedman et al., 1962; Gat, 1996; Jouzel, 1986).

D-excess values are lower at CDRS relative to Bellavista in both the local MWLs and temporally (Figures 2
and 4). D-excess values are often interpreted in the context of moisture source humidity, temperature, and
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wind speed as these variables drive evaporation and isotopic fractionation (Benetti et al., 2014; Lewis et al.,
2013; Masson-Delmotte et al., 2005; Merlivat & Jouzel, 1979; Pfahl & Sodemann, 2014). However, d-excess
values in precipitation may also be controlled by conditions or processes during condensation (Risi et al.,
2013), with lower d-excess values in precipitation occurring with increased rain evaporation (Conroy et al.,
2016). Thus, the lower d-excess values at CDRS relative to Bellavista also support a role for rain evaporation
in determining the different stable isotopic composition of precipitation at the two sites.

A 0.2 ± 0.03‰ decrease in δ18Op every 100m in elevation is observed across Santa Cruz (Figure 5) and is com-
parable to a gradient (~0.21‰/100m) observed in the Ecuadorian Andes (Poage & Chamberlain, 2001). There
is also an increase in d-excess with elevation (Figure 5). The elevation-δ18Op and elevation d-excess relation-
ships may be due to two processes: progressive condensation from low to high elevations, associated with
island orography, leading to lower δ18Op at higher altitudes (i.e., the altitude effect), as well as the previously
discussed decrease in rain evaporation in the humid highlands. Spatially, there is not a significant relationship
between air temperature and δ18Op (R = 0.35, N = 19, p = 0.14). Although we only have near surface tempera-
ture measurements from the time of collection, the lack of a spatial temperature-δ18Op relationship, despite
the strong elevation-δ18Op relationship, suggests decreasing condensation temperature with elevation is not
producing lower δ18Op in this data set. Rather, in the humid highlands, increased relative humidity, frequent
garúa and cloud cover, and a shorter distance from cloud to ground may reduce evaporation of falling rain,
leading to lower δ18Op and higher d-excess values.

The significant difference in slope of the MWL at Bellavista and CDRS and the presence of δ18Op and d-excess
elevation gradients in precipitation demonstrates the spatial variability in the stable isotopic composition in
precipitation on the island, which is less than 1,000 km2 in total area and only reaches a maximum elevation
of 850 m. These findings emphasize the necessity for understanding local meteorological and geographic
influences on the isotopic composition of precipitation. Processes such as altitude-dependent rainout of
heavy isotopes and differential evaporation rates affecting falling rain may differ significantly over relatively
small distances; this is important to consider if isotope-based proxy records from multiple locations
are compared.

4.4. Seasonal Variation in Isotope Values

Seasonal changes in moisture source regions in the tropics due to the movement of the ITCZ and related
directional shifts in the trade winds can be manifested in δ18Op. In Borneo, a seasonal δ18Op shift of 6‰ is
a result of changes in the distance traveled by moisture parcels, and a varying orographic effect dependent
on prevailing wind direction, which changes seasonally (Cobb et al., 2007). The long-term seasonal δ18Op

variability at Bellavista and CDRS is ~2‰ (Figure 3), with lower δ18Op occurring in the height of warm/wet
season, from February to April in the Bellavista data set and from March to May in the CDRS data set, when
precipitation rates are highest. Assessment of atmospheric trajectories leading to precipitation events in the
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Galápagos Islands from 2012 to 2016 fails to substantiate a clear seasonal relationship between δ18Op and
moisture source region on seasonal time scales or based on high or low δ18Op (Figure 6). Air mass
trajectories are consistently from the southeast in the boundary layer and from the northeast above the
boundary layer in both the warm/wet and cool/dry seasons. Only 1 month, March (cyan colored lines in
Figure 6), has different air mass trajectories, with air parcels arriving from the east and west. March falls
within the peak of the warm/wet season, when winds are typically weak, and on average more easterly,
near the surface (Trueman & D’Ouzeville, 2010).

Although lower δ18Op values in March may be partly attributable to different source regions, overall we
hypothesize that seasonal changes in the magnitudes and character of precipitation likely control the
observed seasonal δ18Op shifts. Throughout most of the year in both locations, excluding the peak of the
warm season, precipitation rates are low, dominated by garúa and light rain, which are derived from marine
stratus clouds (Trueman & D’Ouzeville, 2010). This type of precipitation likely has relatively high δ18Op values
due to a more local, marine boundary layer source of the vapor, as well as increased rain evaporation and rain
exchange with boundary layer vapor due to the lower rain rates (Figure 8). During larger convective precipi-
tation events in the peak of the warm season, δ18Op likely decreases due to processes that are hypothesized
to lower δ18Op in other marine regions with convective precipitation, such as increased moisture conver-
gence, rain evaporation, and moisture recycling (Risi et al., 2008), occurring both locally and upstream
(Conroy et al., 2016).

4.5. ENSO Influences on Isotope Values

How δ18Op varies during different phases of ENSO is critical information for assessment of how isotope-based
proxy records reflect past ENSO variability (Atwood & Sachs, 2014; Sachs et al., 2009; Zhang et al., 2014).
Correlation patterns between Galápagos δ18Op and tropical Pacific precipitation (Figure 7) demonstrate an
association between δ18Op variability and large-scale tropical Pacific circulation. However, it is unclear if
δ18Op values are distinctive during different ENSO periods. A scatterplot of monthly δ18Op from both
Bellavista and CDRS versus NIÑO1+2 SST (Figure 9a) shows a range of δ18Op values across a large range of
NIÑO1+2 SST anomalies. Median Galápagos δ18Op values calculated within NIÑO1+2 ENSO categories of
strong to very strong El Niño events (NIÑO1+2 SST > 1.5°C), weak to moderate El Niño events (NIÑO1+2
SST<1.5°C and>0.5°C), “neutral” conditions (NIÑO1+2 SST between�0.5°C and 0.5°C), weak La Niña events
(NIÑO1+2 SST > �1°C and < �0.5°C), and moderate to strong La Niña events (NIÑO1+2 SST < �1°C) show
median δ18Op varies with ENSO categories in warm season months only (Table S2). From January to May,
δ18Op is higher during La Niña periods and lower during El Niño periods. In cold season months, median
δ18Op does not vary with ENSO category (Table S2). The results of a nonparametric Wilcoxan rank-sum test
for significant differences between δ18Op distributions for these ENSO phase categories also show that
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cool season δ18Op values are not significantly different in different
ENSO categories (Table S3). However, even during the warm season,
median δ18Op is not significantly different in weak to moderate El
Niño periods, neutral, and La Niña periods. Thus, a large portion of
the ENSO spectrum may not be identified in the Galápagos based
on δ18Op values alone.

The magnitude of SST is important in determining whether deep
convection can occur (Graham & Barnett, 1987). We find that an SST
threshold must be surpassed to produce the lowest δ18Op values
measured in the Galápagos. Substantially lower δ18Op values
(<�5‰) occur only when SST is above 28°C (Figure 9b). During the
1997/1998 El Niño event, sustained high SST anomalies extended into
the 1998 warm season months, increasing SST above the deep
convection threshold and producing abundant rainfall with low
δ18Op values during this event (Figure 10). The 2015/2016 El Niño
event, expressed in the NIÑO1+2 metric, began similarly and is the
only El Niño event since 1997/1998 where SST anomalies reached
similar, sustained, high levels (Figure 2). Even so, during the
2015/2016 El Niño, SST abruptly cooled in the beginning of the warm
season, and no large precipitation events occurred. Thus, the

2015/2016 El Niño, one of the largest El Niños recorded, did not manifest itself in eastern Pacific precipitation
or in the stable isotopic composition of Galápagos precipitation.

Precipitation d-excess can provide additional insight into atmospheric processes at work during ENSO events.
In a daily-resolved data set from Costa Rica, the 2015/2016 El Niño event was not strongly manifested in
δ18Op or δDp values but was associated with decreasing d-excess values in precipitation, attributed to
changing moisture flux convergence in this area (Sánchez-Murillo et al., 2016). In the Galápagos, monthly
d-excess at CDRS reached its maximum value during the 2015/2016 El Niño (Figure 2). D-excess was also high
relative to the long-term mean at Bellavista during the 1997/1998 El Niño (Figure 2). The period of lowest,
sustained, monthly d-excess values in the Galápagos occurred from 1999 to 2000, a La Niña period following
the strong 1997–1998 El Niño (Figure 2). We also observe significant, positive correlations between
Galápagos precipitation and d-excess and monthly and daily time scales (Table S4). However, d-excess corre-
lations with air temperature, relative humidity, NIÑO1+2 SST, and NIÑO1+2 precipitation are weaker, and
insignificant for OLR, suggesting that conditions during local condensation modifies precipitation d-excess
values in the Galápagos. During cool, dry periods, lower d-excess values may be a result of greater evapora-
tion of rain, whereas higher d-excess values (near or approaching the global mean value of 10) occur during
periods with greater precipitation.

4.6. Paleoclimate Implications

Recent efforts to constrain past hydroclimate using proxies for the stable isotopic composition of meteoric
waters in the Galápagos focus on an ENSO and ITCZ-driven amount effect signal (Atwood & Sachs, 2014;
Nelson and Sachs, 2016; Zhang et al., 2014). One appeal of proxy records of the stable isotopic composition
of precipitation, relative to other types of proxies for rainfall intensity and El Niño in the region, is that they
should capture a range of variability, including periods of high and low precipitation. In contrast, sedimento-
logical proxies for ENSO-related EEP precipitation often only show variability at the El Niño end of the ENSO
spectrum (Conroy et al., 2008; Moy et al., 2002; Riedinger et al., 2002). Figure 7 demonstrates that daily to
monthly variability in Galápagos δ18Op reflects large-scale tropical Pacific circulation. However, in
time-averaged, isotope-based proxy records where monthly variability is not preserved, there may be a bias
toward strong El Niño events, similar to the bias in other sediment-based ENSO proxies. That is, since median
δ18Op in weak to moderate El Niño periods cannot be distinguished from median δ18Op in La Niña or neutral
periods (Table S3), it may be challenging to identify all but the strongest El Niño events in time-averaged
isotope proxy records. Additionally, records from the Galápagos highlands, which can receive substantial
precipitation in cool season months, may have a more muted ENSO signal, given that cool-season δ18Op does
not vary across the ENSO spectrum (Tables S2 and S3). Yet processes affecting the stable isotopic
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composition of water other than the stable isotopic composition of precipitation are also important to con-
sider. For example, the balance of precipitation/evaporation and groundwater inputs can amplify or attenu-
ate the precipitation amount signal in lake water δ18O/δD. This places an increased importance of hydrologic
modeling for studies that interpret isotope-based proxy records of precipitation.

From site to site across the Galápagos, different mechanismsmay have greater relative importance in control-
ling stable isotopic values of precipitation, which may affect how proxy records are interpreted site to site,
even across relatively small distances. As revealed by the assessment of MWLs and the altitude effect,
evaporation is more important in the arid lowlands versus the humid highlands. More broadly, we do not
see clear evidence for the amount effect to be interpreted as a result of shifting moisture source regions or
solely as a result of large-scale moisture convergence and organized convection, as observed in the WEP.
This is due to the lack of an observed relationship betweenmoisture trajectories and δ18Op as well as a strong
amount effect manifested on the single-event (daily) time scale. However, moisture convergence and
large-scale organized convection likely play a key role in determining δ18Op and the amount effect during
very strong El Niño events when EEP SST surpasses the deep convection threshold. The significant daily
amount effect in the Galapagos highlights the importance of local as well as regional influences on the
δ18Op-precipitation relationship.

5. Conclusions

This study provides the first daily-resolved record of stable isotopes in precipitation from an island site in the
EEP, allowing us to investigate the relationship between climate and stable isotopes in precipitation at both
daily and monthly time scales. Unlike the WEP, where no significant amount effect is apparent on daily time
scales (Moerman et al., 2013), Galápagos data reveal a significant negative correlation between daily as well
as monthly precipitation amount and δ18Op. Accounting for the nonnormal distribution of precipitation in
the Galápagos, the strength of the amount effect is similar at monthly and daily time scales. Analysis of
meteoric water lines and d-excess from the higher-elevation Bellavista site and the near sea level CDRS site
suggests that differences in aridity between the arid lowlands and humid highlands produce distinct isotopic
values in precipitation. The strength of the amount effect on daily time scales in the Galápagos may testify to
the role of varying rates of rain evaporation, equilibrium with boundary layer vapor, and rainout effects
during individual storms in shaping the precipitation-δ18Op relationship in the arid EEP. This stands in
contrast to the WEP warm pool, where a stronger amount effect at monthly versus daily time scales suggests
a greater influence of factors such as moisture convergence and moisture pathways.

In the Galápagos, precipitation characteristics vary with ENSO. The majority of rain events observed isotopi-
cally in the Galápagos during La Niña through strong El Niños are locally derived drizzle or light rain, (“garúa”),
with corresponding high δ18Op values. The significantly lower δ

18Op during very strong El Niños is a result of
warmer warm seasons, when regional SST surpasses the threshold for deep convection. During these periods,
convective processes produce low δ18Op. Onmonthly time scales, only rare months of high precipitation dur-
ing very strong El Niño events during the height of the warm season produce extremely negative δ18Op

values, a bias to consider when interpreting time-averaged stable isotope-based paleoclimate proxies in
the region. Although proxy records of δ18Op or δDp hold the potential to capture hydroclimatic variability
for this region throughout the Holocene, our findings indicate that stable isotope values of precipitation in
the Galápagos can vary across relatively small spatial scales, a result to consider when interpreting stable
isotope-based paleoclimate proxy records from multiple highland and lowland locations. Additionally, the
inability of δ18Op to separate weak to moderate El Niño periods from La Niña and neutral periods in warm
season precipitation, as well as the lack of a difference in δ18Op distributions across the ENSO spectrum in
cool seasonmonths, still necessitates the collection of multiple, diverse measurements to stitch together past
ENSO variability in the Galápagos.
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