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[1] Probing the dynamics of the Earth’s hydrologic cycle benefits from the use of
isotope-equipped global climate models. However, isotope model simulations are not
often compared together, along with existing observations, to assess the distribution of
simulated stable isotope variability. Here we evaluate the spatial and temporal patterns
of tropical Pacific precipitation isotope variability in global climate models from the
second Stable Water Isotope Intercomparison Group experiment and in observations.
The tropical Pacific is home to many isotope-based proxies of paleoclimatic change, and
as such is an important target for such model-data comparisons. We find spatial and
temporal examples of precipitation-isotope mismatches, highlighting that factors beyond
the amount effect influence precipitation isotope variability across the tropical Pacific.
The models that best capture mean annual precipitation in the tropical Pacific are not
necessarily the models that best simulate the mean annual stable isotopic composition of
precipitation. Nudging with reanalysis winds has a small effect on precipitation d18O
values. Model performance and the strength of the relationship between precipitation
and precipitation d18O values varies between the western, central, and eastern equatorial
Pacific. In the majority of the simulations, western equatorial Pacific d18O values are
correlated with large-scale, but not local precipitation, whereas in the central and eastern
equatorial Pacific, d18O values are correlated most strongly with regional precipitation.
This comparison provides a cautionary note on using results from a single model to
assist in interpretation of paleoclimate proxy records.
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1. Introduction

[2] The stable isotope ratios of precipitation (D/H and
18O/16O) serve as important tracers of the hydrologic cycle
due to the atomic mass and vapor pressure differences that
drive isotopic fractionation during water phase changes. This
fractionation produces stable isotopic signatures that correlate
to climate variables such as temperature, precipitation amount,
and air mass history [Dansgaard, 1964; Rozanski et al., 1993;
Gat, 1996]. The origin of these climate-isotope correlations
lies in the dependence of both the stable isotopic composition
of precipitation and the climate variables on underlying
atmospheric physics. These relationships are of special

significance in paleoclimatic research, as they underpin many
of the interpretations of past climate change derived from
water isotope proxies such as ice cores, speleothems, trees,
corals, and sediment records [e.g., Thompson et al., 2006;
Partin et al., 2007; Anchukaitis et al., 2008; Tierney et al.,
2010]. Thus, it is of utmost importance that the climate
drivers of precipitation isotope variability are well defined
in the present day. To that end, isotope-equipped global
climate models (GCMs) can be used to enhance our under-
standing of the physical links between climate and water iso-
topes. Simulations of stable isotope ratios are particularly
important given the limited spatial and temporal coverage
of water isotope observations in many regions of the world.
Furthermore, as we turn to isotopic proxies of past water
cycle variability to understand the full range of hydroclimatic
variability in the Earth system, GCM simulations that include
water isotope tracers can help to identify past climatic
controls on water isotope variability, which may vary during
periods with different external forcing factors, such as the
Last Glacial Maximum and the mid-Holocene.
[3] In the tropical Pacific, large changes in both regional and

global hydroclimate are captured in numerous water isotope-
based climate proxies that are used to study past changes in
tropical Pacific climate, including the El Niño-Southern
Oscillation (ENSO). Such records are particularly valuable
in this region, where the instrumental record of climate is sparse
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in space and time prior to the mid-20th century. Direct observa-
tions of tropical Pacific precipitation isotopes, while rare, indi-
cate that the primary control on tropical precipitation isotope
variability is precipitation amount, particularly on a mean an-
nual and seasonal basis [Dansgaard, 1964; Rozanski et al.,
1993; Araguas-Araguas et al., 1998]. However, water isotope
variability on interannual to decadal time scales is poorly
constrained by the available observations, hampering the
interpretation of isotope-based records of tropical Pacific
paleoclimate. Thus, model simulations of isotopic variability
are key to elucidating the full range climate controls on water
isotopes in this region on seasonal and longer time scales,
controls which may include changing source regions, shifting
vapor trajectories, large-scale convergence and divergence,
evaporation, and interaction with subcloud vapor [Cole et al.,
1999; Cobb et al., 2007; Lee et al., 2007; Kurita et al., 2009;
Berkelhammer et al., 2012; Moerman et al., 2013].
[4] Following the first simulation of water isotopes in a

GCM [Joussaume et al., 1984], there have been numerous
simulations of water isotope variability inmany different atmo-
spheric, and more recently, coupled ocean-atmosphere GCMs
[e.g., Hoffmann et al., 1998; Cole et al., 1999; Mathieu et al.,
2002; Noone and Simmonds, 2002; Vuille et al., 2003; Brown
et al., 2006; Schmidt et al., 2006; Lee et al., 2007; Schmidt
et al., 2007; LeGrande and Schmidt, 2009; Sime et al., 2009;
Tindall et al., 2009;Risi et al., 2010;Kurita et al., 2011]. These
model simulations are used to investigate the hydrologic cycle
in both the past and present day, but there are few published
comparisons of water isotope simulations from different
GCMs [Jouzel et al., 2000; Vuille et al., 2003; Risi et al.,
2012]. For practical reasons, many diagnostic studies are based
on analysis of isotope output from one model. As such, there
are few intercomparisons of model isotope output with avail-
able observational data across a range of frequencies. To make
the best use of model isotope outputs in paleodata-model
intercomparison studies, robust metrics for comparing model
output with instrumental isotope data must be developed.
[5] The physical processes that govern isotopic fractionation

are well known, but individual model parameterizations of
fractionation processes are intimately coupled to the models’
precipitation schema, which differ appreciably [Dai, 2006;
Lee et al., 2009]. Model treatment of kinetic fractionation
or rain-vapor equilibration leads to further differences
between simulations [Stewart, 1975; Lee and Fung, 2007].
An intercomparison of precipitation isotope output from
GCMs, coupled with a rigorous comparison to existing
observational data, can be useful in quantifying and diag-
nosing model biases. Furthermore, assessing the degree of
intermodel spread with regard to isotopic variability at a
particular site can guide the choice of specific models for
the investigation of regionally-specific water isotope vari-
ability that might be captured in a given set of water
isotope-based paleoclimate reconstructions.
[6] Here we present a survey of twelve different model

simulations of modern-day tropical Pacific climate that include
water isotopes, and compare their output to observations from
across the tropical Pacific. Our goal is to identify the most
important climate processes governing water isotope variability
across the tropical Pacific, to inform the interpretations of water
isotope-based proxies in the region. Therefore, we primarily
focus on the d18O value of precipitation (henceforth d18Op)
and precipitation amount in each model simulation. We

investigate the relationship between d18Op and precipitation
variability across the tropical Pacific basin (25�S–25�N,
110�E–75�E) in each simulation on mean annual, seasonal
and interannual time scales. We also quantify the strength
of the tropical Pacific amount effect, the strong negative corre-
lation between precipitation amount and d18Op [Dansgaard,
1964]. In the second part of the paper, we assess d18Op

variability and its relationship to local and large-scale precipita-
tion variability at three sites (Palau, Kiritimati, and Galápagos)
where well-known water isotope reconstructions have been
generated. The motivation for this individual point-based
analysis is to explore, to the extent possible, what individual
proxy records of d18Op can tell us about large-scale
hydroclimatic variability across the tropical Pacific basin.

2. Models and Methods

[7] We evaluate 12 simulations from eight atmosphere-
only GCMs and one coupled ocean-atmosphere GCM (see
Table 1 for model information) that participated in the second
Stable Water Isotope Intercomparison Group (SWING2,
http://people.su.se/~cstur/SWING2) [Sturm et al., 2010]. All
atmosphere GCM simulations were forced with observed sea
surface temperature (SST). Precipitation and the stable isoto-
pic composition of total precipitation (the sum of large-scale
and convective precipitation for each grid), reported as d18O
and dD, are assessed in all the simulations. In the case of the
GENESIS3 simulation, model d18Op values were 6% too
low globally relative to observations and the results reported
inMathieu et al. [2002]. We corrected for this offset by adding
6% to each individual d18Op value in the data set. Of the
twelve model simulations, four were nudged with reanalysis
winds using methods similar to those described by [Noone,
2006] and [Yoshimura et al., 2008]. Three of the four nudged
simulations also have “free” simulations archived in the
SWING2 database, which allows evaluation of the impact of
nudging on tropical Pacific precipitation and d18Op. The anal-
ysis is based on monthly data from 1980 to 1999, to compare
the common period across all the archived model simulations.
For the one coupled model simulation in the SWING2 archive,
the Hadley Centre Coupled Model, version 3 (HadCM3), the
last 20 years of the simulation are considered. Although
HadCM3 is forced by top of the atmosphere radiative forcing
rather than observed SST, we consider it along with the
atmosphere-only simulations as it represents an equally valid
realization of the global hydrological cycle. However,
without being constrained by observed SST or reanalysis mete-
orology, the HadCM3 result is distinctive. Individual gridded
values of d18Op and precipitation are compared with gridded
Global Precipitation Climatology Project (GPCP) 2.2 precipita-
tion data [Adler et al., 2003], and monthly station values of
d18Op from the Global Network of Isotopes in Precipitation
(GNIP) and the Japan Agency for Marine-Earth Science and
Technology (JAMSTEC) databases [IAEA/WMO, 2006;Kurita
et al., 2009]. To investigate mean annual and seasonal variabil-
ity, only stations from 25�S to 25�N, 110�E to 75�W in the
GNIP and JAMSTEC database with a complete year of both
d18Op and precipitation values are considered. For investigation
of ENSO and the temporal amount effect, only those stations
with at least sixty months of observations are considered
(Table 2). During investigation of the spatial amount effect in
observations, only near ocean observations are evaluated, as
the amount effect is absent or damped in continental and
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high-elevation regions, which bias the observational record
from the tropical Pacific (Table 1). In comparing station
d18Op values to simulated d18Op values, it is important to note
that a single grid-box comprises a much larger area than an in-
dividual station.

3. Intermodel Comparisons

3.1. Mean Annual Isotope Variability and the
Amount Effect

[8] In model simulations, the amount effect is often consid-
ered the primary driver of d18Op variability in the tropical
Pacific on a mean annual basis [Noone and Simmonds, 2002;
Brown et al., 2006; Lee et al., 2007; Tindall et al., 2009].
Thus, lower mean annual d18Op values occur in regions of
greater mean annual precipitation. All the models simulate a
characteristic mean annual spatial pattern of tropical Pacific
isotope variability that includes higher d18Op values in dry re-
gions of the cold tongue and subtropical gyres and lower
d18Op values in the wetter regions of the west Pacific warm
pool, parts of the Intertropical Convergence Zone (ITCZ)
and the South Pacific Convergence Zone (SPCZ) (Figure 1).
[9] In Figure 1, the existing observational data are plotted

in the uppermost row of each column for comparison to the
simulations. Although the data are sparse, simulated mean
annual patterns of d18Op resemble observations, with lower
d18Op in the wetter western Pacific and higher d

18Op in drier
central and eastern Pacific, and in subtropical gyre regions.
A previous analysis of the global GNIP data set also
revealed higher d18Op in subtropical regions and lower
d18Op within the global ITCZ [Feng et al., 2009]. In most
simulations, d18Op is also lower over higher elevation
continental regions, such as the Andes, in accordance with
the altitude effect. Most models also simulate mean annual
patterns of precipitation similar to satellite precipitation
observations, but one common discrepancy is that precipita-
tion magnitude in the ITCZ and SPCZ is too high in many of
the model simulations. The largest offset from observed
precipitation and d18Op is found in the coupled ocean-
atmosphere HadCM3. HadCM3 has a double ITCZ, a com-
mon problem in coupled model simulations [Lin, 2007],
leading to a “U”-shaped area of increased precipitation
and lower d18Op values stretching from the western Pacific,
along 20�S in the central Pacific and up to 10�N–20�N in the
eastern Pacific.

[10] In all the model simulations, mean annual d18Op

patterns are negatively correlated with mean annual precipita-
tion patterns, with spatial correlation coefficients ranging from
–0.42 to –0.75 (Figure 1). This distribution contains the spatial
correlation coefficient of –0.48 (N=31) calculated from near-
ocean sites in the observational data set. The NCAR Commu-
nity Atmosphere Model (CAM2) produces the weakest spatial
amount effect (r= –0.42), most similar to observations,
whereas most of the other model simulations produce spatial
amount effects that are larger than observed. Unlike other
models, CAM2 includes an isotope equilibrium parameteriza-
tion that accounts for drop size, humidity, rain rate, and tem-
perature, which may play a role in reducing the strength of
the amount effect in this model [Lee and Fung, 2007]. This
suggests that accounting for variability in rain interaction with
subcloud vapor may act to reduce the cloud signal in precipi-
tation, although this cannot be confirmed with the existing
model output. Overestimation of the amount effect in other
simulations may be partly due to simplified equilibration pa-
rameterizations, such as the 95% equilibration for stratiform
rain and 45% equilibration for convective rain used in many
of the simulations [Hoffmann et al., 1998].
[11] Spatial correlation coefficients provide insight into the

range of modeled amount effects, but oversimplify the relation-
ship between d18Op and precipitation in some regions. Exam-
ples of more complex relationships between d18Op and
precipitation occur in the Goddard Institute for Space Studies
General Circulation Model (GISS) simulations, which show
spatial scatter in precipitation values in the western tropical Pa-
cific and Central America, yet isotopic values in these areas that
are more spatially coherent. This precipitation-isotope
mismatch is an indication that local precipitation amount is
not the sole driving force behind d18Op variability in precipita-
tion in these regions. A weak relationship between monthly
d18Op and local rainfall amount in the western tropical Pacific
has also been noted in observational studies [Cobb et al.,
2007; Kurita et al., 2009;Moerman et al., 2013]. Additionally,
sharp zonal andmeridional gradients exist in the tropical Pacific
precipitation fields plotted in Figure 1, yet in some simulations
d18Op values are more diffuse across these boundaries. For
example, the ITCZ is strongly defined in the mean annual pre-
cipitation fields in the CAM2, Model for Interdisciplinary Re-
search on Climate (MIROC), Laboratoire de Météorologie
Dynamique-Zoom (LMDZ), LMDZ nudged, GSM, and Global
SpectralModel (GSM) nudged simulations, but in these simula-
tions the ITCZ is not as prominently expressed in d18Op values.
[12] The lack of a strongly defined isotopic ITCZ in half of

the simulations could be due to similar rates of rain equilibra-
tion with ambient vapor both in and outside of the ITCZ
[Jouzel, 1986]. Equilibration during rainfall could also occur
with boundary layer vapor with similar isotopic values both in-
side and outside the ITCZ. For example, simulated vapor iso-
topes in CAM2 are nearly uniform across the tropics, due to
the greater importance of evaporative surface fluxes relative
to cloud processes, despite large changes in P-E [Lee et al.,
2007]. These types of precipitation-isotope mismatches high-
light the potential importance of understanding regional differ-
ences in the individual contributors to the amount effect,
which include the re-evaporation of falling rain, diffusive ex-
changes between raindrops and vapor in unsaturated down-
drafts, the recycling of the depleted vapor from downdrafts
back into the convective system [Risi et al., 2008, 2008b], rain

Table 1. Model Name, Key Reference, Resolution, and Simula-
tions Considered in This Publication

Model Key Reference Simulations
Grid

Resolution

CAM2 Lee et al. [2007] Free 2.8��2.8�
ECHAM4 Hoffmann et al.

[1998]
Nudged with ECMWF 2.8��2.8�

MIROC Kurita et al. [2011] Free 2.8��2.8�
GENESIS3 Mathieu et al. [2002] Free 3.75��3.75�
LMDZ4 Risi et al. [2010] Free and nudged with

ECMWF
2.5��3.75�

GISS Schmidt et al. [2007] Free and nudged with
NCEP

2��2.5�

GSM Yoshimura et al.
[2008]

Free and nudged with
NCEP

1.9��1.9�

HadAM3 Sime et al. [2009] Free 2.5��3.75�
HadCM3 Tindall et al. [2009] Free (no SST forcing) 2.5��3.75�
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drop size, temperature, and subcloud relative humidity [Lee
and Fung, 2007]. Additionally, vapor source region, moisture
transport, and lateral mixing likely also play a key role in de-
termining d18Op at a given location.
[13] Given the strong zonal differences and interannual

variability in mean tropical Pacific climate, particularly with
regard to many of the factors influencing the amount effect,
it is likely the strength of the temporal amount effect varies
across the tropical Pacific basin. Figure 2 shows the correla-
tion coefficients between d18Op and precipitation time series
for all months from 1980–1999 for each individual model
grid cell. There is a strong, negative temporal relationship

between d18Op and precipitation across much of the tropical
Pacific in all simulations and in observations. However,
the strength of the precipitation-d18Op relationship varies
between the eastern, central, and western Pacific. Drier
regions such as the eastern tropical Pacific, especially south
of the equator, consistently do not show a strong temporal
amount effect, as previously observed in other simulations
[Hoffmann et al., 1998; Noone and Simmonds, 2002; Vuille
et al., 2003]. Across all the simulations, the temporal
amount effect is strongest in the central equatorial Pacific
and in Northern Hemisphere subtropical regions. The tem-
poral amount effect is also weaker in the western equatorial

Table 2. List of Stations With Precipitation Stable Isotope Data Used in This Analysis

Site Name Lat Lon Elevation (m) N d18Op Years Sampled Source

Albania 3.44 –76.01 3000 24 2003–2004 GNIP
Alice Springs –23.8 133.88 546 155 1962–1987 GNIP
Alluriquin –0.32 –78.98 1378 25 1992–1996 GNIP
Amaluza –2.61 –78.57 2378 27 1992–1994 GNIP
Apia –13.8 –171.78 2 111 1962–1977 GNIP
Bacon Manito (averaged) 13.04 123.94 472 35 1990–1998 GNIP
Bellavista –0.42 –90.22 194 143 1995–2008 GNIP
Canton Island –2.77 –171.72 2 47 1962–1967 GNIP
Christmas Island 1.98 –157.46 3 23 1962–1964 GNIP
Corozal 9.34 –75.29 175 66 2002–2007 GNIP
Cuenca –2.89 –79 2536 24 1992–1996 GNIP
Darwin –12.43 130.87 26 241 1962–2000 GNIP
Dilman Quezon City 14.64 121.04 42 92 2000–2008 GNIP
El Jaral 14.94 –88.02 652 26 2007–2009 GNIP
Esmeraldas 0.95 –79.65 50 18 1992–1996 GNIP
Guangzhou 23.13 113.32 7 30 1986–1989 GNIP
Haikou 20.03 110.35 15 59 1988–2000 GNIP
Havana 23.17 –82.33 40 12 1989–1991 GNIP
Havana (CPHR) 23.05 –82.22 137 87 2002–2009 GNIP
Hilo 19.72 –155.07 9 87 1960–1974 GNIP
Hong Kong 22.32 114.17 66 442 1961–2008 GNIP
Howard Air Force Base 8.92 –79.6 13 231 1968–1997 GNIP
Izobamba –0.37 –78.55 3492 243 1968–2008 GNIP
Jayapura –2.53 140.72 3 309 1961–1991 GNIP
Johnston Island 16.73 –169.52 2 92 1962–1976 GNIP
La Concordia –0.22 –79.63 150 27 1992–1996 GNIP
Lago Agrio 0.08 –76.87 369 24 1992–1996 GNIP
Leyte (averaged) 11.14 124.65 567 12 1997–1998 GNIP
Machala 3.27 79.17 3 20 1992–1996 GNIP
Madang –5.22 145.8 4 125 1968–1982 GNIP
Makassar –5.07 119.55 14 43 2002–2006 JAMSTEC
Manado 1.53 124.92 80 45 2002–2006 JAMSTEC
Manila 14.52 121 14 48 1961–1976 GNIP
Marcapomacocha –11.4 –76.33 4477 34 2006–2009 GNIP
Mendez –2.72 –78.32 1826 23 1992–1994 GNIP
Mt Apo (averaged) 7.01 125.23 1354 12 1993–1998 GNIP
Palau 7 134.27 2 48 2002–2006 JAMSTEC
Panama Universidad 8.98 –79.53 5 28 2002–2006 GNIP
Papallacta –0.38 –78.14 3692 21 1992–1994 GNIP
Quito-Inamhi –0.17 –78.48 2789 106 1997–2009 GNIP
Rarotonga –21.2 –159.8 6 132 1979–1991 GNIP
Sacamento 10.108 –84.116 2260 21 1990–2004 GNIP
San Salvador 13.7 –89.12 615 98 1968–1984 GNIP
Santa Maria 10.77 –85.32 825 26 1990–1998 GNIP
Southern Negros (averaged) 9.29 123.18 738 21 1991–1998 GNIP
Taguac 13.55 144.83 110 112 1961–1977 GNIP
Tarawa 1.35 172.92 4 17 1990–1991 GNIP
Tawau (averaged) 4.37 117.91 286 12 2007–2008 GNIP
Truk 7.47 151.85 2 93 1968–1977 GNIP
Uzhcurrumi –3.33 –79.61 300 33 1992–1996 GNIP
Veracruz 19.2 –96.13 16 172 1962–1988 GNIP
Wake Island 19.28 166.65 3 151 1962–1976 GNIP
Yap 9.49 138.09 23 99 1968–1976 GNIP

Bold sites are those that are near-ocean and low elevation, which are assessed in the spatial amount effect scatter plots of Figures 1, 4–6.
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Pacific, with the relationship usually weakening west of the
dateline in many simulations. Using Spearman rank coeffi-
cients to allow for non-normal data distributions in some
arid regions produced comparable results for all the model
simulations as those plotted in Figure 2.

[14] The scatterplots in Figure 1 indicate the spatial
amount effect is much stronger in most simulations com-
pared to observations. Broadly, all models also simulate
temporal correlation coefficients between d18Op and precipi-
tation that are also stronger than observed correlation

Figure 1. Mean annual, amount weighted d18Op values (left column) and mean annual precipitation values (middle column) for
the tropical Pacific region from existing observations and model simulations. Scatterplots of gridded mean annual d18Op and
precipitation values are shown in right column, along with linear correlation coefficients. For scatterplot of observations, we only
assess station precipitation and d18Op at low elevation, near-ocean sites. We do not compare observed d18Op data and GPCP2.2
observations, as much of the isotope data predate GPCP2.2. Note colorbars are flipped between d18Op and precipitation here
and in subsequent figures, so wetter conditions/lower d18Op are blue, and drier conditions/higher d

18Op are red.
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coefficients. Previous studies have also noted this inflation
of amount effect correlation coefficients in model simula-
tions [Hoffmann et al., 1998; Cole et al., 1999; Mathieu
et al., 2002; Lee et al., 2007]. In Figure 2, the observed
correlation coefficients between monthly station measure-
ments of d18Op and precipitation range from –0.25 to –
0.71. In the SWING2 model simulations, LMDZ, LMDZ
nudged, Hadley Centre Atmospheric Model version 3
(HadAM3), and HadCM3 have the strongest d18Op–pre-
cipitation correlation coefficients, with values between –
1.0 and –0.9 in some regions. The CAM2, GISS, and
GISS nudged simulations contain smaller correlation
coefficients, especially in the western and eastern tropical
Pacific. There are several possible reasons for these model
differences in the strength of the amount effect. A stronger

simulated amount effect has been hypothesized to be due
to insufficient observed data over the open ocean, hinder-
ing validation of the isotopic simulations [Lee et al.,
2007]. Model deficiencies could include convective pre-
cipitation height that is too high [Hoffmann et al., 1998],
or, as we observe that one of the simulations with the
weakest temporal amount effect is CAM2, it could be
due to insufficient representation of raindrop interaction
with subcloud vapor, which would act to mute the cloud
process signal in the resulting precipitation.

3.2. Taylor Diagrams of Mean Annual
d18Op and Precipitation

[15] Taylor diagrams for both mean annual precipitation
and mean annual, amount-weighted d18Op values reveal

Figure 1. (continued)
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intermodel differences in mean annual d18Op and precipitation
and their similarity to observations (Figure 3). Most models
accurately simulate the spatial pattern of tropical Pacific
precipitation, with correlation coefficients between simulated
and observed GPCP2.2 precipitation ranging from 0.75

to 0.88. The HadCM3 spatial pattern of precipitation
diverges most from observations (r = 0.44), as apparent in
Figure 1. The standard deviation of modeled precipitation
fields ranges from 2.5–3.5mm/d, greater than the standard
deviation in GPCP2.2 observations, although model standard
deviations approach the mean CPC Merged Analysis of
Precipitation standard deviation for tropical Pacific precipita-
tion [Xie and Arkin, 1997]. All the simulations have root
mean square difference (RMSD) values between 1–2mm/d,
with the exception of HadCM3, which has a RMSD of

Figure 2. (continued)

Figure 2. Correlation coefficients of monthly d18Op values
and monthly precipitation values for each grid. For observed
d18Op, we only plot stations with more than sixty months of data.
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nearly 3mm/d. Figure 3a indicates the CAM2, ECMWF
Hamburg Model (ECHAM4) nudged, MIROC, GENESIS3,
LMDZ, and LMDZ nudged simulations produce mean
annual precipitation values that are closest to observed precip-
itation statistics.
[16] Although mean annual spatial patterns of d18Op are

relatively coherent with mean annual precipitation patterns
in the tropical Pacific, and several GCMs perform well with
respect to precipitation, there is more spread in model
d18Op performance (Figure 3b). Correlation coefficients be-
tween modeled and observed mean annual weighted d18Op

range from 0.12 to 0.65, much lower values compared to
the correlation coefficients between observed and modeled
precipitation. This is at least partly due to the problems of
comparing localized station data to the large areas that
comprise model grid cells, as well as the shorter length and
the varying time periods of the observational d18Op data.
GENESIS3 best captures the spatial pattern of observed
d18Op variability (r = 0.65), but underestimates the observed
standard deviation in d18Op. Model d18Op standard devia-
tions range from 1.0–2.4%, with GISS free and HadCM3
producing the standard deviations that are closest to the
observed standard deviation of 3.1%. RMSDs between
simulations and observations range between 2.4 and 3.2%.
[17] Although the greater spread in modeled d18Op versus

precipitation statistics could be a result of insufficient
observed d18Op data, the differences in model performance
for d18Op versus precipitation do suggest that model-
observed differences in d18Op are not just a result of incor-
rect precipitation simulations. The greater discrepancies in
d18Op could be due to inadequate incorporation of isotopic
physics into bulk-scale cloud parameterizations, especially
the treatment of fractionation in convective clouds, or
incorrect simulations of nonhydrologic variables, like wind
direction, that may play a crucial role in determining source
regions. Small-scale, high frequency hydrologic variability

that is not represented in GCMs, and may lead to organized
structure, such as the Madden-Julian Oscillation, may also
play a key role in determining mean monthly d18Op values.
Incorrect representation of this variability may contribute to
the modeled and observed d18Op differences [Kurita et al.,
2011; Berkelhammer et al., 2012].

3.3. Seasonal and Interannual Isotope Variability

[18] Seasonality in precipitation and d18Op values is depicted
in Figure 4 as the difference between mean June-July-August
(JJA) precipitation and d18Op values and December-January-
February (DJF) precipitation and d18Op values. The seasonal
patterns of precipitation and d18Op in most model simulations
are similar to observations. Both increased precipitation and
lower d18Op values are present north of the equator in JJA, as
the ITCZmaintains a northerly position. Precipitation increases
and d18Op values decrease in DJF south of the equator, espe-
cially within the SPCZ. In the near ocean observations, the
seasonal amount effect is stronger compared to mean annual
spatial amount effect (r= –0.73, n=31). We also find that the
seasonal spatial amount effect is stronger than the mean annual
spatial amount effect in 9 of the 12 simulations, with spatial
correlation coefficients ranging from –0.55 to –0.92 (Figure 4).
However, isotopic seasonality is strongest near the continents,
and weak in equatorial, open-ocean regions, despite strong
precipitation seasonality near the equator in some simulations.
This particular pattern of seasonal isotopic differences is
manifested most strongly in those simulations with a weak
isotopic expression of the mean ITCZ. Simulated d18Op

seasonality is also weak in the northern subtropical gyre and
in the southeastern tropical Pacific in all the simulations, with
the exception of HadCM3.
[19] Interannual variability in d18Op is manifested strongly

across the tropical Pacific in model simulations [Hoffmann
et al., 1998; Cole et al., 1999; Noone and Simmonds, 2002;
Vuille et al., 2003; Brown et al., 2006; Tindall et al., 2009]
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as ENSO influences precipitation amount, and other factors,
like atmospheric circulation patterns, that also impart an in-
fluence on d18Op [Vuille et al., 2003]. The interannual d

18Op

and precipitation signature in the tropical Pacific within the
SWING2 model simulations is shown by a composite of
average d18Op and precipitation values during El Niño
months minus the long-term mean and average d18Op and

precipitation during La Niña months minus the long-term
mean (Figures 5 and 6). El Niño months are defined as
months where surface temperature anomalies in the
NIÑO3.4 region (5�S–5�N, 170�W–120�W) are greater
than 0.5�C (less than 0.5�C for La Niña months). For
the observational data, we used ERSST v3b NIÑO3.4
Index values [Smith et al., 2008] and station precipitation

Figure 4. Mean, amount weighted d18Op (left column) and precipitation values (right column) for boreal
summer (JJA) minus boreal winter (DJF) across the tropical Pacific from existing observations and model sim-
ulations. Scatterplots of gridded JJA-DJF d18Op and precipitation values are shown in right column, along with
linear correlation coefficients. For scatterplot of observations, we only assess low elevation, near-ocean stations.

CONROY ET AL.: TROPICAL PACIFIC PRECIPITATION ISOTOPES

5875



observations to create the scatter plots in the right column of
Figures 5 and 6.
[20] The El Niño precipitation pattern of wetter conditions

over NIÑO3.4 and drier conditions over the Indo-Pacific
Warm Pool is present in all simulations. El Niño precipita-
tion and d18Op anomalies are more muted in the GISS
nudged and HadCM3 simulations. In the other simulations,
El Niño precipitation anomalies are generally too large,
and there is a stronger north-south contrast in wet and dry
anomalies in the simulations that is not as strongly
manifested in observed El Niño anomalies. The magnitude
of El Niño drought in the western tropical Pacific also varies
strongly from model to model. El Niño patterns of d18Op

variability are harder to evaluate against existing d18Op

observations, as there are no long time series of d18Op in
the region of the strongest isotopic response to ENSO-
related SST changes. The available, long (>60month) time
series of d18Op from the tropical Pacific reveal relatively
low interannual variability associated with temperature
anomalies in NIÑO3.4. However, this may reflect the
paucity of the data, as there are only 22 stations with long
d18Op time series in or near the tropical Pacific, and none
are located in the regions with the strongest simulated
El Niño anomalies (Table 2). Clearly more long time
series from ENSO-sensitive regions are required to evaluate
interannual d18Op variability.

Figure 4. (continued)
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[21] In the simulations, El Niño events are characterized
by lower d18Op values in a region centered on the equator
between 160�E and 150�W. Although the location of the
largest negative d18Op anomalies varies by ~10–20� longitu-
dinally, it is generally found at the western end of the
NIÑO3.4 region, or west of NIÑO3.4, in 9 of the 12 simula-
tions. This location is displaced to the west of the maximum
precipitation anomaly, reflecting systematic changes in the
water vapor as it is transported westward by the mean trade

winds. This model result is also reflected in contemporary
satellite observations [Noone, 2012], and underscores the
need for models to simulate both precipitation and large-
scale atmospheric transport correctly. d18Op values are also
higher over the SPCZ and West Pacific warm pool region
in 10 of 12 model simulations. In the eastern tropical Pacific,
the NIÑO3.4 d18Op signature is weak, except in GSM and
HadCM3, which have higher d18Op values, and HadAM3,
which has lower d18Op values in this region. Thus, the

Figure 5. Composite d18Op (left column) and precipitation values (right column) for averaged El Niño
months minus the long term average from existing observations and model simulations. Box indicates
NIÑO3.4 region. Scatterplots of gridded El Niño d18Op and precipitation anomalies are shown in right
column, along with linear correlation coefficients. For scatterplot of observations, we only assess low
elevation, near-ocean stations.
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strongest isotopic signal related to ENSO (as defined by
NIÑO3.4) is found just west of the central equatorial Pacific,
displaced westward from peak precipitation anomalies.
[22] This displacement of d18Op anomalies from precipi-

tation anomalies also occurs in the east, where positive pre-
cipitation anomalies extend east of negative d18Op

anomalies. Tindall et al. [2009] ascribed this isotope-
precipitation mismatch to relatively smaller increases in
precipitation in the drier eastern Pacific during El Niño
events (relative to the wetter NIÑO3.4 region). By
transforming precipitation anomalies into percentage depar-
tures from the mean, Tindall et al. [2009] found a much
stronger spatial relationship between d18Op and precipita-
tion in the eastern tropical Pacific. We find some of the sim-
ulations show similar changes in El Niño precipitation
magnitude east of NIÑO3.4 as within NIÑO3.4, indicating

that factors other than precipitation amount may be
influencing the d18Op values of precipitation in the central
and eastern equatorial Pacific on interannual time scales,
such as the balance between precipitation and evaporation
[Lee et al., 2007] or changes in moisture source regions
[Cole et al., 1999]. In fact, GSM and HadCM3 produce
positive d18Op anomalies in the eastern tropical Pacific
during El Niño events. Although HadCM3 also produces a
dry anomaly in this region, GSM has no large decrease in
eastern tropical Pacific precipitation that coincides with
higher d18Op values during El Niño events.
[23] La Niña precipitation anomalies are similar to observa-

tions across the simulations, except in GISS nudged, which
has low interannual variability, and HadCM3, which has a
stronger meridional pattern of wet and dry anomalies. The
isotopic signature associated with ENSO is asymmetric, in that

Figure 5. (continued)
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during La Niña events, the largest central equatorial Pacific
d18Op anomaly is west of the peak El Niño d18Op anomaly
in every model except GSM (Figure 6). The magnitude of
the La Niña d18Op anomaly in the western Pacific varies from
model to model and is largest in MIROC, LMDZ nudged, and
GISS. In the far eastern equatorial Pacific, the d18Op response
to La Niña is strongest in GSM, GSM nudged, and HadCM3.
In the simulations, region-wide La Niña precipitation
anomalies are negatively correlated with d18Op anomalies

(r= –0.61 to –0.92). However, in the observations, the near-
ocean La Niña d18Op and precipitation anomalies are not
significantly correlated (r= –0.13, N=17). Similarly, the
correlation coefficients representing the spatial amount effect
during El Niño periods ranges from –0.45 to –0.93 in the
model simulations, but near ocean observations have a
d18Op-precipitation correlation coefficient of –0.33 (N=17),
also falling outside of the model distribution. This may
suggest a limitation in all models with regard to the simulation

Figure 6. Composite d18Op (left column) and precipitation values (right column) for averaged La Niña
months minus the long term average from existing observations and model simulations. Box indicates
NIÑO3.4 region. Scatterplots of gridded La Niña d18Op and precipitation anomalies are shown in right
column, along with linear correlation coefficients. For scatterplot of observations, we only assess low
elevation, near-ocean stations.
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of moisture convergence versus convection. However, the
lower correlation coefficients in observations may be because
of data scarcity, or because the stations are not optimally
situated to capture ENSO variability.

3.4. Impact of Nudging on Isotopic Variability

[24] Spectral nudging with reanalysis winds can improve
d18Op simulations in some parts of the world, particularly the
midlatitudes [Yoshimura et al., 2008; Risi et al., 2010].
However, in the tropics, where sea surface temperatures and
cloud processes (the latter being poorly simulated by climate
models) are the predominant influence on atmospheric dynam-
ics and precipitation, improving the simulation of large-scale
atmospheric circulation is hypothesized to have a limited effect
on modeled d18Op [Yoshimura et al., 2008; Risi et al., 2010].
We find that the spatial standard deviations of nudged tropical

Pacific precipitation fields are lower (Figure 3a, arrows).
Nudged simulations also have reduced precipitation magnitude
in the ITCZ and SPCZ (Figure 1). Changes in correlation coef-
ficients and RMSDs of precipitation are distinct to each nudged
model, and are not always improved with nudging.
[25] Turning to d18Op values, we find that nudged model

simulations of d18Op do diverge from “free” simulations,
but are not necessarily improved. Correlation coefficients
and RMSDs between mean annual simulated d18Op and
observed d18Op are improved in the LMDZ and GISS
nudged simulations, but not in the nudged simulation of
GSM (Figure 3b). Mean annual standard deviations of
d18Op are reduced in GISS and GSM to values lower than
observed, but not in LMDZ. Nudged simulations also
do not consistently change the strength of d18Op-precipita-
tion correlations on seasonal or interannual time scales

Figure 6. (continued)
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(Figures 4–6), although the magnitude of precipitation and
d18Op response to ENSO is reduced in the nudged model
simulations compared to free simulations of the same model
(Figures 4 and 5). The nudged model simulations do not have
drastically different temporal correlation coefficients between
monthly d18Op and precipitation (Figure 2), but the nudged
simulations tend to have larger areas with more negative

correlation coefficients compared to free simulations. The
nudging approach introduces an artificial forcing tendency to
the wind and temperature fields in the model. Because the
tropical precipitation of the nudged simulations is not clearly
superior to that of the free simulations, this higher amount
effect may simply reflect changes in the behavior of parame-
terized convection that are acting to return the model state
back to a balanced state in a manner akin to geostrophic
adjustment. Therefore, it is unclear if a stronger amount effect
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in nudged simulations is a model artifact associated with the
nudging approach, or if the nudged simulations indicate more
profound problems in the treatment of clouds once the wind
fields are better constrained.

4. Isotopic Variability in the Eastern, Central,
and Western Equatorial Pacific

[26] There is considerable zonal variability in tropical
Pacific climate on mean annual, seasonal, and interannual

time scales. To investigate how these zonal climate differ-
ences translate into stable isotope space, the stable water
isotope and precipitation variability at three grid cells across
the tropical Pacific that correspond to the Galápagos archi-
pelago, the island of Kiritimati, and Palau are examined.
These locations represent the zonal differences in eastern,
central, and western equatorial Pacific climate, respectively,
and contain well-known proxy isotope records [Dunbar
et al., 1994; Evans et al., 1998; Morimoto et al., 2002;
Nurhati et al., 2009; Sachs et al., 2009; Wu and Grottoli,
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2010]. Figure 7 shows the mean climatology of precipitation
and d18Op for each site. In both the average model climatol-
ogy and observations, the Galápagos are driest of the three
sites, with a wet season that peaks in February-April and
little rain during the rest of the year. The simulations
overestimate Galápagos precipitation, particularly the ampli-
tude of the wet season. GNIP station precipitation is much
higher than GPCP precipitation for the Galápagos, partly
because the GNIP station is located at a higher, relatively
moister elevation (194m); the highlands of the Galápagos
receive more precipitation due to orographic penetration of
the stable inversion layer and associated stratocumulus cloud
deck [Colinvaux, 1984]. Along with overestimating wet
season precipitation, on average, models simulate d18Op

values that are also too negative in the wet season. Generally,
Galápagos d18Op values are lowest in observations and sim-
ulations from February to April, indicating a climatological
amount effect. February and March are the wettest months
in the averaged model simulation and in observations, but
April has the lowest d18Op values in observations, and the
models simulate the lowest d18Op values in March and April.
[27] Like the Galápagos, Kiritimati is also a relatively dry

site, but precipitation is higher in the dry period from June to
December, reducing the amplitude of the seasonal cycle of
precipitation compared to the Galápagos. The climatology of
GNIP d18Op from Kiritimati also shows a smaller amplitude

seasonal cycle compared to the Galápagos, with the lowest
values in January-April, when precipitation peaks, again
indicating a climatological amount effect. On average the
simulations overestimate precipitation for Kiritimati through-
out the year. Along with simulating too much precipitation,
the models simulate d18Op values that are too negative. The
models also produce a d18Op climatology with a more pro-
nounced seasonal cycle than the limited GNIP data for the site.
[28] Palau, the westernmost and wettest of the three sites,

has a wet season coinciding with early boreal summer, from
May to July, as it is located at 6�N, the northernmost of
the three sites. The model average underestimates the ampli-
tude of the seasonal cycle of precipitation at Palau, and
shows the driest months occurring in April and August,
while observations show the driest months are March-April
and November-December. Like precipitation, average model
d18Op values also have a lower amplitude seasonal cycle
compared to observed d18Op values. Modeled d18Op values
are lowest from June to December, despite the May-July
peak in precipitation, highlighting the reduced importance
of local precipitation amount on d18Op values at this site.
[29] The strength of the amount effect varies across model

simulations at the three tropical Pacific sites considered here,
and is generally overestimated by all simulations. Figure 8
shows the correlation coefficient between monthly d18Op
and precipitation values and the linear regression coefficient
between monthly d18Op and precipitation values (in %/mm/
d), at Galápagos, Kiritimati and Palau for each model
simulation and observations. Correlation and regression
coefficients from station observations are similar for the
three sites, with regression coefficients of ~ –0.2% /mm/d,
and correlation coefficients that range between –0.4 and –
0.6. However, the correlation and regression coefficients
vary widely from simulation to simulation, and are too
strong overall, as apparent in Figures 1 and 2. Many models
simulate the strongest amount effect magnitude for the
Galápagos, whereas the weakest modeled amount effect is
at Palau.
[30] The relationships between dDp and d18Op at each site

can provide additional information on the relationship
between water isotopes and climate, particularly the impact
of kinetic effects related to evaporation [Gat, 1996]. Figure 9
shows the meteoric water lines and deuterium excess values
derived from the linear regression lines of both simulated
and observed monthly d18Op and dDp values. Simulated mete-
oric water lines (MWLs) and d-excess values for Palau, Kiriti-
mati, and Galápagos overlap one another and cluster around
the global average values of 8 and 10 for the MWL and deute-
rium excess (d-excess), respectively. Simulated MWL slopes
and d-excess values for the Galápagos are lower compared
to values for Palau and Kiritimati. Compared to observations,
the simulations underestimate MWL and d-excess values in
the Galápagos. At Palau, simulated MWL and d-excess values
also diverge from observations, with the simulations
overestimating MWL and d-excess values. Simulated MWL
and d-excess values for Kiritimati diverge most strongly from
observations, and are much higher than observed values.
[31] Lower local MWL and d-excess values, such as those

at Kiritimati, may indicate a stronger evaporative influence
on falling rain [Jouzel, 1986; Gat, 1996]. The simulations of
higher MWL and d-excess values, compared to the observed
values at Kiritimati, suggests the models do not produce
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Figure 12. Map of correlation coefficients between monthly anomalies of precipitation and monthly
anomalies of d18Op values at the grid cell representing Kiritimati (black star) and monthly anomalies
of precipitation across the tropical Pacific. (left) Kiritimati d18Op and gridded precipitation. (right)
Kiritimati precipitation and gridded precipitation. Only values that are significant at the two-tailed
95% confidence interval are plotted.

CONROY ET AL.: TROPICAL PACIFIC PRECIPITATION ISOTOPES

5885



enough rain evaporation in the central tropical Pacific. The
same model deficiency occurs in Palau, where simulated local
MWL and d-excess values are higher than those observed. In
the Galápagos, simulated local MWL and d-excess values are
lower than observed values, suggesting the models may
produce too much evaporation in this region. However, the
Galápagos GNIP station is located in a higher-elevation, more
humid site that may have reduced evaporation compared to
sea level. An additional time series of precipitation isotopes

from near sea level in the Galápagos would be useful to
explore altitude-induced evaporative effects in the islands.

4.1. Local d18Op Variability: Local or Regional
Hydroclimate Proxy?

[32] Recent analyses of precipitation and d18Op values in
the western tropical Pacific and parts of monsoon Asia have
demonstrated that local d18Op and local precipitation amount
often do not share a strong relationship [Cobb et al., 2007;
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Figure 13. Map of correlation coefficients between monthly anomalies of precipitation and monthly anomalies of d18Op

values at the grid cell representing Galápagos (black star) and monthly anomalies of precipitation across the tropical Pacific.
(left) Galápagos d18Op and gridded precipitation. (right) Galápagos precipitation and gridded precipitation. Only values that
are significant at the two-tailed 95% confidence interval are plotted.
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Kurita et al., 2009; LeGrande and Schmidt, 2009; Dayem
et al., 2010; Moerman et al., 2013]. Rather, vapor transport
history and the degree of vapor parcel distillation are impli-
cated as the main controls on d18Op variability, such that
western tropical Pacific and east Asian d18Op are variables
that reflects aspects of regional-scale atmospheric circulation,
rather than just local rainfall amount [Cobb et al., 2007;
Kurita et al., 2009; LeGrande and Schmidt, 2009; Dayem

et al., 2010;Moerman et al., 2013]. In this section, we inves-
tigate monthly anomalies of d18Op and precipitation variabil-
ity at each site to assess how local d18Op and precipitation
values relate to precipitation variability across the entire trop-
ical Pacific basin.
[33] Given recent observations and modeling results for

other parts of the western tropical Pacific, we hypothesize
that simulated d18Op at Palau will be better correlated to
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regional, rather than local precipitation [Kurita et al., 2009].
Palau precipitation, on the other hand, will likely only cor-
relate with local precipitation, rather than basin-wide
precipitation anomalies. We find that the relationship
between Palau d18Op, Palau precipitation, and tropical
Pacific precipitation is not consistent among model simula-
tions (Figure 10). In the 7 of out the 12 simulations and 3 out of
the 4 nudged simulations—CAM2, ECHAM4, MIROC,
GISS nudged, GSM, GSM nudged, and HadAM3—the
relationship between Palau d18Op and basin-wide precipita-
tion is stronger than the relationship between Palau precipi-
tation and basin-wide precipitation, especially in the central
and eastern tropical Pacific. In GENESIS, GISS, and
HadCM3, both Palau d18Op and precipitation are only corre-
lated with local precipitation. In LMDZ and LMDZ nudged,
both d18Op and precipitation at Palau have strong relation-
ships with precipitation across the tropical Pacific. None
of the simulations accurately reproduce the observed lack
of relationship between Palau d18Op anomalies and local,
as well as large-scale, precipitation anomalies. Palau is
located near the eastern edge of the warm pool and provides
a particular challenge for models to capture precipitation
and transport processes near steep gradients in SST. Indeed,
the lack of a relationship between large-scale tropical
Pacific precipitation and Palau d18Op in the observational
data suggests the model simulations broadly fail to capture
the hydrology of the region.
[34] Recent analysis of a 4 year data set of monthly d18Op

from Palau demonstrates that local d18Op is correlated with
regional (rather than local) precipitation and large-scale
convergence and divergence associated with the seasonal
march of the ITCZ [Kurita et al. 2009]. However, as seen
in Figure 10, observed monthly anomalies of d18Op at Palau
are also not correlated with regional precipitation anomalies;
overall correlations are generally weak across the western
Pacific. Strong correlations are observed when we include
the seasonal cycle in the d18Op data, correlating monthly
d18Op and monthly tropical Pacific precipitation, rather than
the monthly anomalies (see Figure S1 in the supporting
information). In this case, we find that Palau d18Op is nega-
tively correlated with precipitation north of the equator
across the tropical Pacific, and positively correlated with
precipitation south of the equator across the tropical Pacific.
All model simulations also capture this north-south pattern
of correlations when the seasonal cycle is included in the
precipitation and d18Op time series, with the exception of
the “free” simulations of GISS and GSM.
[35] The reason for the stronger relationship between

monthly Palau d18Op and regional, rather than local, precipita-
tion is thought to relate to changes in large-scale convergence
and divergence [Kurita et al. 2009]. These atmospheric
variables share a relationship with d18Op as they can influence
water vapor isotope values through changes in the degree of
vapor parcel distillation, and upwind rain evaporation
[Lawrence et al., 2004; Risi et al., 2010]. As divergence and
convergence are highly seasonal in this region, they likely
impart a stronger seasonal cycle to Palau d18Op values,
whereas precipitation lacks strong seasonality and is defined
by interannual variability (Figure 11).
[36] Both d18Op and precipitation anomalies at Kiritimati

are strongly correlated with precipitation across the central
and eastern equatorial Pacific in every model simulation

except HadCM3, in which case only local precipitation, not
d18Op, is correlated with central equatorial Pacific rainfall
(Figure 12). Although both d18Op and precipitation at
Kiritimati are highly correlated with precipitation across a
broad swath of the central and eastern equatorial Pacific,
the relationship between d18Op and precipitation at Kiritimati
and western tropical Pacific precipitation varies more from
model to model. There is a strong relationship, with increased
precipitation and lower d18Op values at Kiritimati coinciding
with decreased precipitation and higher d18Op values in the
western tropical Pacific, in CAM2, MIROC, LMDZ, LMDZ
nudged, and HadAM3. In ECHAM4 nudged, GENESIS,
GISS, GISS nudged, GSM, GSM nudged, and HadCM3
there is no relationship between either Kiritimati d18Op or
Kiritimati precipitation and western tropical Pacific precipi-
tation, suggesting controls on d18Op are related more to pre-
cipitation than atmospheric circulation.
[37] The observed spatial relationship between Kiritimati

precipitation anomalies and monthly precipitation anoma-
lies across the tropical Pacific includes positive correlation
coefficients across the central and eastern tropical Pacific
and negative correlations in the western equatorial Pacific.
As the Kiritimati GNIP d18Op time series is from the early
1960s, prior to the period of satellite observations, we are
unable to compare observed d18Op values with GPCP2.2
data. However, based on our comparison to observed pre-
cipitation, CAM2, MIROC, LMDZ, LMDZ nudged, and
HadAM3 seem to best simulate the relationship between
local Kiritimati precipitation variability and precipitation
across the tropical Pacific. These simulations all have a neg-
ative correlation between Kiritmati precipitation anomalies
and western equatorial Pacific precipitation anomalies. Given
the strong coherence between modeled precipitation and
d18Op in Kiritimati, we conclude d18Op in the central equato-
rial Pacific is a proxy for local rainfall amount. Yet, as ob-
served by the strong correlation coefficients between both
d18Op and precipitation at Kiritimati with basin-scale precipi-
tation in the simulations, both d18Op and precipitation may
be considered proxies for large-scale atmospheric variability
as well. This is because interannual variability in local precip-
itation amount at Kiritimati is driven by changes to horizontal
convergence associated with large-scale Walker Circulation,
which also modulates hydroclimate across much of the
tropical Pacific.
[38] Galápagos precipitation and d18Op values are corre-

lated with precipitation in the eastern equatorial Pacific in all
model simulations. However, the relationship between both
Galápagos precipitation and d18Op and west-central to western
tropical Pacific precipitation is generally weak, and
completely absent in GENESIS3, GISS, GSM, GSM nudged,
and HadCM3. In MIROC, LMDZ, LMDZ nudged, GISS
nudged, and HadAM3, Galápagos precipitation has a stronger
relationship with western Pacific precipitation compared to
Galápagos d18Op. Furthermore, in GENESIS3, GSM, and
GSM nudged, there are stronger correlation coefficients
between Galápagos precipitation and precipitation further
west relative to the correlation coefficients between Galápagos
d18Op and gridded precipitation. That is, the relationship
between Galápagos d18Op and large-scale precipitation is
more confined to the far eastern equatorial Pacific, compared
to the relationship between Galápagos precipitation and
basin-wide precipitation. Thus, in the eastern tropical Pacific,
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model simulations suggest precipitation, rather than d18Op,
may be a better indicator of basin-scale hydroclimatic variabil-
ity, while d18Op reflects regional precipitation.
[39] Galápagos precipitation observations from the GPCP2.2

data set indicate a strong, positive relationship between
Galápagos precipitation anomalies and eastern to central
equatorial Pacific precipitation anomalies (Figure 13).
Galápagos precipitation anomalies also have a significant neg-
ative correlation with precipitation in the western-central equa-
torial Pacific, centered around 150�E. A similar spatial pattern
of significant correlation coefficients is also found between
monthly anomalies of GNIP Galápagos d18Op data and precip-
itation. The relationship between Galápagos precipitation and
tropical Pacific precipitation is slightly stronger in the western
equatorial Pacific and SPCZ compared to the relationship
between Galápagos d18Op and precipitation in these regions.
Thus, there is a stronger relationship between Galápagos
precipitation and remote tropical Pacific precipitation in eight
of the twelve model simulations that is also weakly expressed
in observations. Thus, in the eastern equatorial Pacific, direct
proxies of precipitation amount, rather than proxies for
d18Op, may serve as more robust indicators of large-scale trop-
ical Pacific precipitation.

5. Conclusions

[40] The distribution of simulated precipitation and d18Op

values is useful for assessing the climatic factors that drive
d18Op variability in the tropical Pacific, especially as this
region lacks long, continuous observations of d18Op. An
assessment of the 12 model simulations archived in the
SWING2 database shows those simulations with the most
accurate mean annual precipitation patterns across the tropi-
cal Pacific are not the simulations with the best mean annual
d18Op, patterns, indicating factors beyond precipitation
amount wield a large influence on d18Op across this region
in model simulations. Simulations nudged with reanalysis
winds have improved precipitation magnitude and reduced
mean annual standard deviations of precipitation across the
tropical Pacific to values closer to observations. However,
the impact of nudging on mean annual d18Op is small. There
is evidence that overall model simulations may underesti-
mate evaporation of falling rain in the western and central
equatorial Pacific, and may produce too much rain evapora-
tion in the eastern equatorial Pacific. Furthermore, a more
detailed isotopic parameterization for raindrop equilibration
with subcloud vapor may impart a much reduced amount
effect, in closer agreement with observations.
[41] The similarity or dissimilarity of precipitation and

isotope distributions inform the nature of hydroclimate signal
archived in site-specific d18Op records from across the tropical
Pacific. Model simulations support the observational conclu-
sion that in the western tropical Pacific, monthly d18Op anom-
alies are not driven by local precipitation anomalies. Across
the simulations, simulated d18Op in Palau has a strong sea-
sonal cycle, whereas precipitation is dominated by interannual
variability, causing a weak local amount effect. In many
model simulations, Palau d18Op anomalies are correlated with
precipitation throughout the western, central, and eastern
equatorial Pacific, whereas Palau precipitation anomalies are
not. However, other simulations only show a weak local rela-
tionship between Palau d18Op anomalies and precipitation

anomalies. Furthermore, a strong relationship between Palau
d18Op anomalies and basin-scale precipitation anomalies is
not observed in the 4 year data set of monthly d18Op anomalies
from Palau. These results highlight the inadequacy of simply
attributing d18Op variability in the western equatorial Pacific
purely to local or large-scale precipitation variability.
[42] In the central equatorial Pacific, Kiritimati d18Op is

strongly correlated with local precipitation amount, both
seasonally and interannually. Local precipitation is strongly
influenced by interannual changes in the large-scale Walker
Circulation, rendering both precipitation and d18Op proxies
for precipitation variability across the tropical Pacific. How-
ever, across the model simulations, the strongest and most
consistent precipitation signal reflected in Kiritimati d18Op

is confined to the central and eastern equatorial Pacific.
Although model agreement regarding the strong relationship
between Kiritimati d18Op and large-scale precipitation
variability is promising, we still lack long, continuous
d18Op data to adequately validate d18Op simulations.
[43] In the eastern equatorial Pacific, both Galápagos

d18Op and precipitation have a strong seasonal cycle and
the strongest climatological correlation of the three sites.
On interannual time scales, Galápagos precipitation anoma-
lies have a stronger, more spatially extensive relationship
with precipitation anomalies in the central and western trop-
ical Pacific compared to Galápagos d18Op anomalies in
many simulations and more subtly in observations. Thus,
model simulations would suggest that in the Galápagos,
direct proxies for precipitation may better reflect large-
scale tropical Pacific precipitation patterns, whereas d18Op

will more closely reflect regional, eastern equatorial Pacific
precipitation variability.
[44] Although model agreement lends insight into the lo-

cal and regional drivers of d18Op variability in the tropical
Pacific, ultimately we require improved observations to test
these hypotheses. Unfortunately, the tropical Pacific still
lacks the decades-long, continuous time series of d18Op

needed to understand the isotopic response to key elements
of the climate system, especially ENSO. Furthermore,
limited or nonexistent ultra-high-resolution records of daily
d18Op and d

18O vapor values hinders our quantitative under-
standing of the underlying physics of the amount effect, or
the other variables that drive d18Op variability. Future devel-
opment of such data sets and rigorous hypothesis testing of
the conclusions drawn from the model distributions
presented here is essential to advance our quantitative under-
standing of the factors that drive d18Op variability in the
tropical Pacific.
[45] Finally, insights into the relationship between climate

and d18Op in the tropical Pacific are useful for assessing
paleoclimatic proxy potential, but they are not the only
factors to consider when interpreting water isotope-based
paleoclimate proxies across the tropical Pacific. Most water
isotope proxies are influenced not only by the d18O value
of rainfall, but other important variables, such as residence
time and evaporation in the case of lake water, and advection
of water masses in the case of coral records. When assessing
the hydroclimate proxy potential of water isotope-based
paleoclimate records, all these influences must be taken into
account, which may serve to enhance or degrade the
hydroclimate signal archived in the water isotope proxy.
This work only addresses one aspect of the complex history
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of water isotope-based proxies, but it is an essential first step
toward developing accurate climate-water isotope relation-
ships for the past and the present.
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