
Stable water isotopes in HadCM3: Isotopic signature of El Niño–

Southern Oscillation and the tropical amount effect

J. C. Tindall,1 P. J. Valdes,1 and L. C. Sime2

Received 22 July 2008; revised 12 October 2008; accepted 21 November 2008; published 21 February 2009.

[1] Stable water isotopes have been added to the full hydrological cycle of the Hadley
Centre Climate model (HadCM3) coupled atmosphere-ocean GCM. Simulations of d18O in
precipitation and at the ocean surface compare well with observations for the present-day
climate. The model has been used to investigate the isotopic anomalies associated
with ENSO; it is found that the anomalous d18O in precipitation is correlated with the
anomalous precipitation amount in accordance with the ‘‘amount effect.’’ The El Niño
d18O anomaly at the ocean surface is largest in coastal regions because of the mixing of
ocean water and the more depleted runoff from the land surface. Coral d18O
anomalies were estimated, using an established empirical relationship, and generally
reflect ocean surface d18O anomalies in coastal regions and sea surface temperatures away
from the coast. The spatial relationship between tropical precipitation and d18O was
investigated for the El Niño anomaly simulated by HadCM3. Weighting the El Niño
precipitation anomaly by the precipitation amount at each grid box gave a large increase in
the spatial correlation between tropical precipitation and d18O. This improvement was
most apparent over land points and between 10 and 20� of latitude.
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1. Introduction

[2] Stable water isotopes (H2
18O and HD16O) have been

used for many years to infer information about climate both
past and present. Isotopic information can be used to make
inferences about temperature, precipitation, or circulation
patterns [e.g., Dansgaard et al., 1993]. Stable water isotopes
were first incorporated into the hydrological cycle of a
General Circulation Model (GCM) by Joussaume et al.
[1984] and have since been included in the hydrological
cycle of several other GCMs [e.g., Hoffmann et al., 1998;
Mathieu et al., 2002; Noone and Simmonds, 2002; Lee et
al., 2007] in order to help interpret isotopes in paleoproxies
[e.g., Werner et al., 2001; Vuille et al., 2003; Noone, 2008]
and to enable more accurate model data comparison. Most
of these GCMs have only considered the atmospheric
component of the model and have prescribed sea surface
temperature and sea surface isotope values. However stable
water isotopes have been incorporated into the GISS cou-
pled atmosphere-ocean GCM [Schmidt, 1998], and that
model is now able to investigate paleoclimate events such
as the 8.2 ka event [LeGrande et al., 2006]. As part of the
ISOMAP-UK project, stable water isotopes have been
incorporated into the full hydrological cycle of the Hadley
Centre Climate model, HadCM3. This is a global non-flux-

adjusted coupled atmosphere-ocean GCM. It has been shown
to represent a stable and realistic oceanic and atmospheric
circulation and climatology [Gordon et al., 2000; Sime et
al., 2006] with an excellent match between modeled and
observed estimates of poleward atmospheric and oceanic
heat transport [Cooper and Gordon, 2002; Dong and
Sutton, 2002]. This paper will describe the incorporation
of the stable water isotopes (H2

18O and HD16O, hereafter
referred to as ‘‘isotopes’’) into the HadCM3 model and
present preliminary results using d18O (where d18O is
H18
2 O=H16

2 Oð Þ�VSMOW

VSMOW
� 1000 and VSMOW is H2

18O/H2
16O of

Vienna Standard Mean Ocean Water). In particular we will
focus on the isotopic signature of an El Niño event and the
relationship between tropical precipitation and d18O of
precipitation (hereafter referred to as d18Op).
[3] Present-day spatial correlations between d18Op and

climate variables show that d18Op is most strongly correlated
with temperature at high latitudes and most strongly corre-
lated with precipitation amount in the tropics [Dansgaard,
1964]. The spatial relationship between precipitation
amount and d18Op (known as the spatial ‘‘amount effect’’)
has been discussed by a number of modeling studies
including Mathieu et al. [2002] and Lee et al. [2007].
However, these studies have correlated d18Op with precip-
itation amount over the tropical oceans (20�N–20�S), and
the regressions they find do not apply over the land where
most paleoarchives of d18Op occur. Here we consider the
spatial amount effect in more detail to try and increase the
understanding of how d18Op is related to precipitation
amount over the tropical ocean and land surface.
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[4] The El Niño Southern Oscillation (ENSO) is the
single most important determinant of interannual variability
in global precipitation fields [Dai et al., 1997], yet it has not
been fully investigated by other isotope enabled GCMs.
Previous work, using isotope enabled atmospheric GCMs
[Hoffmann et al., 1998; Noone and Simmonds, 2002] found
that the interannual, temporal correlation between precipi-
tation and d18Op reached a maximum over the central
Pacific where the ENSO signal dominates, suggesting an
ENSO imprint on d18Op. Schmidt et al. [2007] considered
the isotopic signal of ENSO using the fully coupled GISS
model and found the leading EOF of tropical SST variance
to be correlated with d18Op with regressions consistent with
observations. A more complete investigation of ENSO
was conducted by Brown et al. [2006], who coupled their
isotope enabled AGCM to an interactive isotope ocean box
model in order to investigate the imprint of El Niño on the
d18O of sea water (d18Osw) and of corals. Correlations
between the Southern Oscillation Index (SOI) and d18Op

were at a maximum over the central Pacific, and a similar
correlation pattern was found between SOI and d18Osw.
Their estimates of coral d18O were in reasonable agreement
with observations at sites where precipitation was well
simulated.
[5] HadCM3 includes water isotopes in a fully coupled

system and has been shown to simulate ENSO as well as
other current generation coupled models, with an amplitude
and frequency that is broadly in agreement with observa-
tions [Collins et al., 2001; Latif et al., 2001; AchutaRao and
Sperber, 2002]. The model is therefore in a unique position
to investigate the isotopic signal of ENSO. Following
Brown et al. [2006], we also consider the relationship of
ENSO to d18Op, d

18Osw and d18O of corals, using the fully
coupled model. In addition we use the climate anomaly
associated with El Niño to investigate the spatial amount
effect more fully and suggest ways in which the spatial
correlation between precipitation amount and d18Op can be
increased.
[6] The new coupled atmosphere-ocean isotope model is

described in section 2, and validated against present-day
observations in section 3. Section 4 investigates the isotopic
response to ENSO for the present-day climate, and section 5
considers the spatial amount effect. Results are summarized
in section 6.

2. Model Description

[7] HadCM3 is a state of the art GCM that has been used
in numerous scientific studies including the latest IPCC
report. It is composed of two main components: an atmo-
spheric component (HadAM3) and an oceanic component
(HadOM3). These components can either be coupled to-
gether (as HadCM3) or run separately. Isotopes have been
added to the full hydrological cycle of HadCM3 as de-
scribed in the sections below. Here, it is worth noting that
the different structure of HadAM3 and HadOM3 makes it
necessary to use different techniques to incorporate isotopes
into the two models. In particular, HadAM3 models water
explicitly and so two new water species (to represent H2

18O
and HD16O) have been explicitly added to this model. In
contrast, HadOM3, assumes a fixed volume of water in each
model grid box which means that isotopes must be included

as a tracer (in the same way as salinity) with each isotope
species making up a fraction of each model grid box.

2.1. Atmospheric Model

[8] The atmospheric component of the Hadley Centre
model (HadAM3) has been described by Pope et al. [2000].
It is a hydrostatic grid point model using an Arakawa B grid
and hybrid vertical coordinates. The horizontal resolution is
3.75� � 2.5�, there are 19 vertical levels and 30 minutes
time steps. The model uses a conservative split-explicit
integration scheme with fourth-order horizontal advection
as described by Cullen and Davies [1991]; such that the
advection of water vapor and its isotopes depend upon their
spatial gradients. Although this scheme leads to realistic
results for both H2

16O and H2
18O, it was able to cause some

unrealistically large or small values of d18Op because of
small discrepancies between the gradients of the two water
species. This problem is not unique to HadCM3 and has
also occurred in other models, here it was overcome in the
way suggested by Mathieu et al. [2002] for the GENESIS
GCM, namely by redistributing isotopic mass to surround-
ing grid boxes when the advection scheme caused a large
and physically unrealistic change in atmospheric d18O.
2.1.1. Surface Evaporation
[9] In HadAM3, evaporation from the ocean surface is

proportional to the difference between the saturated specific
humidity at the surface and the specific humidity at the
lowest atmospheric layer and includes both equilibrium
and kinetic fractionation [Merlivat and Jouzel, 1979]. When
calculating kinetic fractionation we use the diffusivities
suggested by Cappa et al. [2003] which are more realistic.
Sea ice is represented in the model and is either prescribed
(HadAM3) or calculated by the oceanic component
(HadCM3). Because of the slow diffusivity of heavy isotope
species within ice, sublimation from sea ice is assumed to
be nonfractionating.
[10] Many isotope enabled models use a ‘‘bucket’’ scheme

to represent the land surface [e.g., Mathieu et al., 2002;
Noone and Simmonds, 2002] where precipitation minus
evaporation minus runoff fills a shallow top layer while
any overflow fills a lower layer of infinite capacity. These
models make assumptions about the vegetation type at the
surface and there is limited scope for interpreting isotopes
within the surface hydrology. Recently, however, the GISS
model has included water isotopes in a more sophisticated
land surface scheme [Aleinov and Schmidt, 2006]. The
introduction of isotopes into an advanced land surface
scheme has been shown by Fischer [2006] to provide a
new useful means of investigating and characterizing land
surface behavior. Further, Fischer [2006] notes that the
bucket schemes used in some models fail to reproduce the
isotopic partitioning of a more complex land surface scheme.
The land surface scheme used in HadCM3 is the MOSES2
land surface exchange scheme and includes the sophisticated
TRIFFID dynamic vegetation model [Cox et al., 1999].
MOSES2/TRIFFID uses several surface types (broadleaf
trees, needleleaf trees, shrubs, C4 grass, C3 grass, bare soil,
urban, water and snow/ice), which each make up a fraction
of every grid box. There are 4 soil levels. Each surface type
interacts with the climate and vegetation structure dynam-
ically adjusts throughout a long model run. Precipitation
will either be intercepted by the canopy, treated as runoff or
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absorbed into the soil. Despite all these potential complex-
ities, the isotopes are treated in a relatively simple way in
the land surface scheme: there is no fractionation during
evaporation from the vegetated land surface [Zimmermann
et al., 1967], during sublimation from ice (due to the slow
diffusivities of H2

18O and HD16O in ice), or when exchanging
water between adjacent soil layers. Although Aleinov and
Schmidt [2006] suggested that evaporation from bare soil
should fractionate, this fractionation is not currently included
in HadCM3; however since evaporation from soil is typically
only 10% of total evaporation its omission should have only
a small impact on the overall results. Condensation as dew is
considered to be non fractionating as this evaporates very
rapidly, condensation onto snow includes kinetic fraction-
ation analogous to that used when forming ice clouds as is
described in the next section.
2.1.2. Condensation and Postcondensation Processes
[11] There are two condensation schemes in HadCM3,

one which deals with large-scale nonconvective clouds and
another which deals with convective clouds. The large-scale
cloud scheme is based on Smith [1990] with modifications
described by Gregory and Morris [1996]. This scheme
contains prognostic variables for liquid water and ice clouds,
and allows for mixed phase clouds when the temperature is
between �9�C and 0�C. Clouds only form in those grid
boxes which have relative humidity greater than a critical
level of 70%. Liquid condensate is formed in isotopic
equilibrium with the surrounding vapor, while the formation
of frozen condensate includes a kinetic process due to the
diffusion of isotopes around the oversaturated zone sur-
rounding ice crystals. This kinetic process depends on a
supersaturation function, Si, which is taken to be a linear
function of temperature (T [Jouzel and Merlivat, 1984]).
The parameterization of Si is not well constrained by data
[Jouzel, 1986] and was originally taken to be Si = 1�0.003T
[Jouzel et al., 1987], but more recently work [Schmidt
et al., 2005; Lee et al., 2007] has increased the depen-
dence of Si on temperature to Si = 1 � 0.004T. Here we
use Si = 1 � 0.005T; the value of Si does not have a
discernible effect on d18Op, but does allow for some
tuning of the deuterium excess.
[12] Precipitation from stratiform clouds is assumed to

form slowly and so it is assumed [Hoffmann et al., 1998]
that 95% of the precipitation reaches isotopic equilibrium
with the vapor as it passes through lower layers. This means
that the isotopic ratios at the lowest atmospheric levels
(which are more strongly influenced by evaporation) will
have the largest influence on the isotopic value of falling
liquid precipitation. This is in agreement with the results of
Lee et al. [2007] who quantified the importance of evapo-
ration in determining d18Op and showed that a Rayleigh
distillation process alone was inadequate. Frozen conden-
sate does not exchange with the surrounding vapor because
of the low diffusivities of H2

18O and HD16O in ice. There is
also no fractionation between H2

18O and HD16O on melting,
freezing or sublimation [Jouzel, 1986].
[13] The convection scheme in HadCM3 is as described

by Gregory and Rowntree [1990] but with the addition of
convective downdrafts. Convective clouds form quickly and
precipitate quickly meaning that they are not treated the
same as large-scale clouds. Convective clouds are formed in
isotopic equilibrium with surrounding vapor; the fraction-

ation factors corresponding to the vapor-liquid phase transi-
tion is used for temperatures greater than �20�C otherwise
the vapor-solid phase transition is used. There has been
some disagreement whether there should be a kinetic
fractionation associated with the formation of convective
ice clouds. For example the GENESIS model follows the
suggestion of Federer et al. [1982] and does not include
kinetic fractionation in the formation of ice clouds; however
other isotope enabled GCMs follow Jouzel and Merlivat
[1984] and include kinetic fractionation in the formation
of ice clouds. Here we follow the methodology imple-
mented in the majority of other GCMs and use kinetic
fractionation, however we note that it will generally make
little difference whether or not kinetic fractionation is
included because of the effect of postcondensation processes
and the fact that convective precipitation generally falls as
liquid. As convective precipitation falls through lower
layers there will be some exchange between condensate
and vapor, however the precipitation falls more quickly and
drops are larger than associated with large-scale precipita-
tion and so the condensate does not have time to equilibrate
fully with the surrounding vapor. Following Hoffmann et al.
[1998] we assume that 45% of liquid convective precipita-
tion reaches equilibrium with the surrounding air. Below the
cloud base the air is unsaturated and any liquid precipitation
will start to evaporate. Since this process can occur rapidly
a kinetic isotope effect (described by Stewart [1975]) is
required. This kinetic effect is proportional to 1 � h, where
h is the relative humidity, and so is more apparent at dry sites.
Jouzel et al. [1987] noted that as raindrops evaporate the air
will become gradually more saturated and so the influence of
this kinetic effect decreases during the course of the precip-
itation event. For simplicity, and following Jouzel et al.
[1987], the kinetic fractionation is calculated using a con-
stant effective relative humidity heff, (heff = 0.75 + 0.25hi;
hi is the initial relative humidity) which takes into account
the changing relative humidity over the course of the
precipitation event.

2.2. Ocean

[14] The oceanic component of HadCM3, HadOM3, is a
standard ‘‘rigid lid’’ barotropic model. It is based on the
GFDL ‘‘Cox’’ ocean model with modifications as described
by Gordon et al. [2000]. The standard HadCM3 horizontal
resolution is 1.25� � 1.25�, with 20 oceanic levels and
1 h time steps. HadCM3 does not require oceanic flux
correction; however, since there is no representation of
iceberg calving, a small prescribed water flux is returned
to the ocean to balance the net accumulation of snowfall
on the ice sheets. This water flux is converted to surface
salinity fluxes using a constant reference salinity of 35 PSU.
[15] Since the HadCM3 ocean is represented by a rigid

lid model the volume of the ocean is fixed and cannot be
altered by water fluxes due to evaporation, precipitation or
runoff. Pardaens et al. [2003] describe how water fluxes in
HadCM3 are converted to a virtual salt flux such that the
salinity of the top level of the ocean changes with freshwater
inputs and the freshwater budget is conserved. The isotope
budget is conserved in a similar way: water fluxes to the
ocean (due to H2

16O in evaporation, precipitation and runoff)
and isotope fluxes to the ocean (due to H2

18O in evaporation,
precipitation and runoff) are converted to a virtual isotope
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