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[1] The Melbourne University atmospheric general circulation model with stable water
isotope tracers is used to examine the variability of isotopic ratios of precipitation and
the surface ocean in the tropics for present-day (1950–1999) climate. Surface ocean
isotopic ratios are simulated interactively using a one-dimensional scheme that
reproduces key features of the observed tropical isotopic spatial distribution and seasonal
and interannual variability. The seasonal and interannual variability of modeled isotopic
ratios of tropical precipitation is strongly associated with changes in precipitation
amount, in agreement with previous isotopic modeling studies. Modeled isotopic ratios
of both precipitation and surface ocean water respond to El Niño–Southern Oscillation
(ENSO), although the spatial patterns of ENSO and monsoon isotopic responses
differ from observations because of biases in the simulated tropical climate. The model
captures the dependence of the interannual variability of precipitation isotopic ratios
over the tropical Andes on local temperature and precipitation variability and moisture
balance over the Amazon basin but fails to reproduce a significant ENSO precipitation or
isotope signal over this region. Modeled precipitation isotopic ratios are significantly
correlated with local precipitation amount but not with local or regional temperature at
Tibetan Plateau ice core sites on interannual timescales, in disagreement with the
interpretation of these ice core records as temperature proxies. Surface ocean isotopic
ratios are used to calculate modeled ‘‘coral,’’ isotopic ratios which are compared with
modern coral records, reproducing observed interannual variability where precipitation is
well simulated.

Citation: Brown, J., I. Simmonds, and D. Noone (2006), Modeling d18O in tropical precipitation and the surface ocean for present-

day climate, J. Geophys. Res., 111, D05105, doi:10.1029/2004JD005611.

1. Introduction

[2] Oxygen isotope ratios in climate proxy records such
as ice cores and coral and foraminiferal carbonate are used
to assist in the quantitative reconstruction of tropical climate
on a range of timescales. Continental and marine isotope
records hold information about tropical climate variability
prior to the instrumental record, and provide evidence of the
tropical sensitivity to past global climate change. Tropical
and subtropical ice cores provide records of precipitation
isotopic ratios from sites including Huascaran and Quel-
ccaya in Peru [Thompson et al., 1985, 1995, 2000a], Sajama
and Illimani in Bolivia [Thompson et al., 1998; Hoffmann et
al., 2003; Ramirez et al., 2003] in the South American
Andes; Dunde, Guliya and Dasuopu on the Tibetan Plateau

[e.g., Thompson et al., 1989, 1997, 2000b] and Mount
Kilimanjaro [Thompson et al., 2002]. Marine isotope
records are used to investigate tropical climate variability
such as El Niño–Southern Oscillation (ENSO) and the
Asian monsoon [e.g., Cole et al., 1993a; Tudhope et al.,
1995; Charles et al., 1997, 2003; Tudhope et al., 2001;
Cobb et al., 2003], as well as to estimate changes in sea
surface temperature (SST), ocean isotopic ratio and salinity
on glacial timescales [e.g., Koutavas et al., 2002; Stott et
al., 2002; De Deckker et al., 2003]. The oxygen isotopic
composition of tree cellulose is also used to reconstruct
climate trends [e.g., Saurer et al., 2002] and tropical climate
variability [e.g., Poussart et al., 2004].
[3] Measurements of isotopic ratios of precipitation

(generally expressed in ‘‘delta’’ notation: d18O =
(Rsample/RVSMOW � 1) � 1000 for oxygen isotopes, where
RVSMOW is the ratio of Vienna Standard Mean Ocean Water)
covering more than fifty years are now available from the
Global Network of Isotopes in Precipitation (GNIP) main-
tained by the International Atomic Energy Agency (avail-
able online at http://isohis.iaea.org). At high latitudes, the
extent of isotopic depletion of precipitation is observed to
be correlated with the local surface or condensation tem-
perature (the ‘‘temperature effect’’) [Dansgaard, 1964]
although a number of studies have shown that this rela-
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tionship may not hold under certain paleoclimate condi-
tions [e.g., Charles et al., 1994; Brown and Simmonds,
2004; Noone and Simmonds, 2004]. In the tropics, the
isotopic ratio of precipitation is influenced by local tem-
perature as well as precipitation amount, where isotopic
distillation is associated with the rainout of atmospheric
moisture locally and during transport (the ‘‘amount effect’’)
[e.g., Dansgaard, 1964; Araguas-Araguas et al., 1998].
The complexity of the tropical precipitation isotope signal
means that the interpretation of isotopic proxy records such
as tropical and subtropical ice cores remains the subject of
some debate [e.g., Pierrehumbert, 1999; Thompson et al.,
2000b, 2003; Ramirez et al., 2003].
[4] Ocean water isotopic measurements have also been

obtained over several decades from the GEOSECS survey
and other data sets now collated in the NASA GISS Global
Seawater Oxygen-18 Database (available at http://www.
giss.nasa.gov/data/o18data) as described by Bigg and
Rohling [2000]. The isotopic ratio of ocean water is known
to be controlled by the balance between evaporation, which
enriches ocean water in the heavy isotopic species, and
precipitation, which is generally isotopically light relative
to ocean water, as well as factors including ocean transport
and upwelling, river runoff and sea ice formation [e.g., Craig
and Gordon, 1965]. As these factors also influence salinity,
ocean isotopic ratios are closely related to salinity. Marine
carbonates such as coral and foraminifera incorporate oxygen
from ocean water with a dependence on the isotopic ratio
of local ocean water, as well as a biological fractionation
with ocean temperature or SST. The reconstruction of
salinity and SST from marine isotope records therefore
requires the separation of the two components of the
isotope record [e.g., Wellington et al., 1996; Crowley et
al., 1999]. The reconstruction of paleosalinity using pres-
ent-day salinity–d18O regressions may also involve large
uncertainties because of factors such as differences between
temporal and spatial salinity–d18O slopes and changes in
advection and mixing of water masses [Rohling and Bigg,
1998; Schmidt, 1999a].
[5] One approach to improve the understanding of climate

controls on isotopic ratios is to incorporate stable water
isotope tracers into General Circulation Models (GCMs).
Stable water isotope tracers have been incorporated into the
LMD [Joussaume et al., 1984], GISS [Jouzel et al., 1987],
ECHAM [Hoffmann et al., 1998] and GENESIS [Mathieu et
al., 2002] atmospheric models as well as the Melbourne
University GCM (MUGCM) [Noone and Simmonds, 2002]
used in this study. The controls on seasonal and interannual
precipitation isotopic variability in the tropics have been
investigated in previous modeling studies with the GISS
model [Cole et al., 1993b, 1999], the ECHAM model
[Hoffmann et al., 1998] and the MUGCM [Noone and
Simmonds, 2002]. These studies identified a strong rela-
tionship between precipitation amount and precipitation
d18O in the tropics, with an ENSO signal in tropical
precipitation isotopic ratios on interannual timescales.
Schmidt [1998] incorporated oxygen isotope tracers into
the GISS ocean GCM (OGCM). Delaygue et al. [2000,
2001] investigated changes in the relationship between
salinity and ocean isotopic ratios using both a simple box
model and the OPA OGCM with isotopic tracers and
Wadley et al. [2002] modeled present and last glacial

maximum climate using the SEA OGCM with isotopic
tracers.
[6] Modeling studies have also attempted to explicitly

simulate the isotope signal in proxy records, and to inves-
tigate the relationships used in paleoclimate reconstructions
from such records. Hoffmann et al. [2003] and Hoffmann
[2003] compared isotopic ratios of precipitation over the
South American Andes simulated by the ECHAM-4 model
with records from the Huascaran, Quelccaya, Sajama and
Illimani ice cores, from which they constructed an Andean
Isotope Index (AII). They found a coherent decadal time-
scale signal in the ice core records which was reproduced
by the model in response to ENSO-associated Amazon
basin precipitation variability. Vuille et al. [2003a, 2003b]
compared Andean ice cores with simulations using the T42
and T106 resolution versions of ECHAM-4 model and the
GISS II model with increased Andean topography. They
found an ENSO signal in precipitation isotopic ratios over
the tropical Andes which was interpreted as the combined
result of temperature, precipitation and circulation changes.
Schmidt [1999b] estimated the isotope signal in planktonic
foraminifera using ocean isotopic ratios and a forward
model of the relevant isotopic fractionation and biological
processes.
[7] The aim of this study is to use the MUGCM atmo-

spheric model, incorporating a simple representation of the
surface ocean isotopic budget, to simulate the distribution
and variability of isotopic ratios of precipitation and the
surface ocean in the tropics. We examine the impact of an
interactive representation of surface ocean isotopic ratios on
the atmospheric isotopic distribution and consider the ben-
efits of the scheme for simulating marine and continental
isotope records. We identify interannual variability in trop-
ical temperature and precipitation and in isotopic ratios of
precipitation and the surface ocean, and compare the sim-
ulated variability with instrumental and proxy records. We
conclude with a discussion of the strengths and limitations
of the approach for the simulation of stable water isotopes in
the tropics for modern and past climates.

2. Model Description

2.1. Atmospheric Model

[8] The MUGCM is a spectral atmospheric model with
R21 horizontal resolution (3.3� latitude � 5.6� longitude)
and nine vertical levels in sigma coordinates, described in
detail by Simmonds [1985]. The model parameterizations
include the moist convective adjustment of Manabe et al.
[1965], prognostic cloud fraction [Argete and Simmonds,
1996] and a two-layer soil moisture scheme [Deardorff,
1977]. Moisture is advected using a semi-Lagrangian
transport scheme based on Williamson and Rasch [1989],
a technique which allows the accurate representation of
water and water isotope ratios, particularly at high lat-
itudes. All nonfrozen land surfaces are treated as bare soil
whose albedo is a function of soil moisture. Snow cover is
prescribed from observations for the purpose of land
surface thermodynamic and albedo calculations, while
the model does not include a separate snow reservoir
within the hydrological scheme. Instead, frozen precipita-
tion is treated as liquid precipitation at the land surface,
and accumulates in the soil layers. River runoff is defined
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as the precipitated water in excess once soil moisture
reaches saturation level, which is then removed from the
water budget.
[9] The model incorporates a stable water isotope tracer

scheme as described by Noone and Simmonds [2002]. This
scheme represents the isotopically heavy species of water in
parallel to ‘‘normal’’ water in the model’s hydrologic cycle,
with the inclusion of equilibrium and kinetic isotopic
fractionation during phase transitions. Over land surfaces,
evapotranspiration occurs without fractionation. Evapora-
tion from ice, snow and frozen soil also occurs without
fractionation as the low diffusivity of the isotopic species in
the solid phase prevents isotopic exchange. Over ocean,
fractionation occurs during evaporation, with kinetic effects
parameterized from the surface wind speed for smooth and
rough flow regimes following Jouzel et al. [1987]. The
formation of dew and frost occurs when the evaporative flux
is negative in which case fractionation is included with
kinetic effects.
[10] In the model’s condensation scheme, large-scale

precipitation and convective precipitation are distinguished
by the existence of instability in the atmospheric column.
Large-scale precipitation occurs with total equilibrium frac-
tionation, with fractionation to liquid above �10�C and
fractionation to solid below this temperature. In the case of
convective precipitation, Rayleigh fractionation is applied
for solid condensate (temperatures less than �10�C) and
total equilibrium fractionation otherwise. For all condensa-
tion kinetic effects are included for temperatures below
�20�C via the supersaturation parameterization of Jouzel
et al. [1987]. Reevaporation of falling condensate occurs
without fractionation for solid condensate, and with frac-
tionation and kinetic effects for liquid condensate. The
extent of equilibration between precipitation and the sur-
rounding vapor is parameterized following Hoffmann et al.
[1998] with 45% fractionation for convective precipitation
(large drops) and 95% for large-scale precipitation (small
drops). The isotopic tracer scheme in the model has been
shown to produce a good simulation of the global distribu-
tion of precipitation d18O for the present-day climate
[Noone and Simmonds, 2002].

2.2. Surface Ocean Scheme

[11] The version of the isotopic tracer scheme in
MUGCM described by Noone and Simmonds [2002] used
a globally uniform surface ocean isotopic ratio to determine
the ratio of moisture evaporated from the ocean, as in the
other isotopic atmospheric GCMs referred to above. In
order to capture the spatial and temporal variability of the
surface ocean isotopic composition, the approach of previ-
ous surface ocean ‘‘box’’ modeling studies [e.g., Juillet-
Leclerc et al., 1997; Delaygue et al., 2000] is extended here
to include an interactive surface box model. In this study,
the isotopic ratio of a surface box at each ocean grid point is
calculated interactively from precipitation and evaporation
and the corresponding isotopic water fluxes. This surface
ocean isotopic ratio can then influence the atmospheric
distribution of isotopes, as well as responding to changing
atmospheric fluxes.
[12] In the scheme, the depth of a surface ocean water

layer Q is calculated from the difference between precipi-
tation (P) and evaporation (E), while the equivalent isotopic

tracer water layer depth is calculated from the isotopic
surface hydrologic fluxes (Pi, Ei). A damping term relaxes
Q back to a mean depth h and Qi back to a mean depth
hRdeep (where Rdeep is the mean deep ocean isotopic ratio)
with a timescale determined by a coefficient k. The damping
term parameterizes the mixing and entrainment of deeper
waters into the surface layer. The time variation of the
surface water and isotopic tracer layer depths is therefore
given by

@Q

@t
¼ P � Eð Þ þ k h� Qð Þ ð1Þ

@Qi

@t
¼ Pi � Eið Þ þ k hRdeep � Qi

� �
ð2Þ

[13] The layer depth h and the damping timescale k were
tuned to produce a mean surface ocean d18O distribution
and seasonal range in agreement with the observed range
of surface ocean d18O values in the tropics and midlati-
tudes from the Global Seawater Oxygen-18 Database. As
this version of the model does not include a representation
of continental snowmelt and river runoff, it is not expected
to reproduce the highly depleted surface ocean isotopic
values observed at high latitudes. This limitation was
considered acceptable as this study focuses on isotopic
variability in the tropics. The values chosen for the depth
and timescales were h = 5 m and k = 1.17 � 10�7 s�1.
These values differ from the observed values for the
mixed layer as the parameterization neglects mixing pro-
cesses including horizontal advection, vertical mixing and
upwelling.

2.3. Coral Isotopic Calculation

[14] Modeled surface ocean isotopic ratios are used to
calculate coral isotopic ratios in a similar manner to the
forward modeling of foraminiferal carbonate isotopic ratios
by Schmidt [1999b]. We assume that coral isotopic ratios
depend only on the local surface ocean isotopic ratio and
SST in order to obtain an estimate of the climate-related
component of the coral isotope signal. The modeled coral
isotopic ratios are also used to validate the modeled surface
ocean isotopic ratio, as continuous surface ocean isotopic
measurements are not widely available whereas coral d18O
records exist for a large number of sites across the tropics
[e.g., Gagan et al., 2000].
[15] The model coral d18O is calculated from the pre-

scribed SSTs and modeled d18O values using an empirical
relationship derived by Juillet-Leclerc and Schmidt [2001]:

d18Ocoral ¼ d18Oocean þ a SSTð Þ þ b ð3Þ

where SST is given in �C, and a = �0.20 ± 0.02% �C�1 and
b = 0.45 represent typical values for the Porites genus of
coral which is commonly used for paleoclimate reconstruc-
tions. An additional offset of �0.27% is needed to convert
the d18O values from the VSMOW standard used for
precipitation and ocean isotopic ratios to the coral carbonate
PDB standard [Hut, 1987]. The empirical relationship used
here does not differ substantially from those found in other
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studies for Porites and other species of reef-building coral
[e.g., Wellington et al., 1996].

3. Surface Ocean Climatology

[16] Two climatological model runs were first carried out
to test the surface ocean isotopic scheme. The GISST2.3b
monthly SST fields [Rayner et al., 1996], averaged from
1980–1999, were used as boundary conditions for the
20-year annually repeating model runs. The surface ocean
isotopic ratio was set to a constant value of R = RVSMOW for
the first run, and for the second run the interactive surface
ocean scheme was used with a mean deep ocean ratio of
Rdeep = RVSMOW and initialized from a constant surface
ocean isotopic ratio.

[17] In Figure 1, the annual average modeled surface
ocean isotopic distribution is compared with the observed
Global Seawater Oxygen-18 Database surface ocean isoto-
pic distribution. The observed distribution consists of mea-
surements from the upper 50 m of the ocean interpolated
onto a 4� � 5� grid with missing values filled using an area-
weighted interpolation scheme. The large-scale features of
the tropical and midlatitude distribution are well reproduced
by the model, and the modeled surface ocean d18O values
are generally within 0.5% of the observed values at these
latitudes. The modeled surface ocean d18O distribution
closely resembles the mean modeled precipitation minus
evaporation distribution (not shown), indicating that vari-
ability of the isotopic content of precipitation and evapora-
tion are second-order effects.

Figure 1. (a) Observed surface ocean d18O from Global Seawater Oxygen-18 Database (with missing
values filled) and (b) annual average modeled surface ocean d18O. Contour interval is 0.25% below ±1%
and 0.5% otherwise.
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