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Water isotopes as tools to document oceanic sources of precipitation
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[1] The isotopic composition of precipitation, in deuterium, oxygen 18 and oxygen 17,
depends on the climatic conditions prevailing in the oceanic regions where it originates,
mainly the sea surface temperature and the relative humidity of air. This dependency
applies to present-day precipitation but also to past records which are extracted, for
example, from polar ice cores. In turn, coisotopic measurements of deuterium and oxygen
18 offer the possibility to retrieve information about the oceanic origin of modern
precipitation as well as about past changes in sea surface temperature and relative humidity
of air. This interpretation of isotopic measurements has largely relied on simple Rayleigh-
type isotopic models and is complemented by Lagrangian back trajectory analysis of
moisture sources. It is now complemented by isotopic General Circulation Models (IGCM)

in which the origin of precipitation can be tagged. We shortly review published results
documenting this link between the oceanic sources of precipitation and their isotopic
composition. We then present experiments performed with two different IGCMs, the GISS
model I and the LMDZ model. We focus our study on marine water vapor and its
contribution to precipitation over Antarctica and over the Andean region of South America.
We show how IGCM experiments allow us to relate climatic conditions prevailing in the
oceanic source of precipitation to its isotopic composition. Such experiments support, at
least qualitatively, the current interpretation of ice core isotopic data in terms of changes in
sea surface temperature. Additionally, we discuss recent studies clearly showing the added

value of oxygen 17 measurements.
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1. Introduction

[2] Natural waters are mainly formed of H,'°O (about
99.7%) but also incorporate other stable isotopic molecules
such as H,'®*0 (~2%0), H,'’O (~0.5%0), and HD'®O
(~0.3%o0), where H and D (deuterium) correspond to 'H
and 2H, respectively. Owing to slight differences in physi-
cal properties of those molecules, essentially their satura-
tion vapor pressure and their molecular diffusivity in air,
fractionation processes occur at each phase change of the
water except sublimation and melting of compact ice. As a
result, the distribution of those water isotopes varies both
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spatially and temporally in the atmosphere, in the precipita-
tion and, in turn, in the various reservoirs of the hydro-
sphere and of the cryosphere.

[3] Isotopic concentrations are given with respect to a
standard as:

0= (Rsample — Rsmow )/RSMOW

and expressed in per mill § units (6D and 6'®0, respec-
tively). In this definition, Rgympie and Rsmow are the iso-
topic ratios of the sample and of the V-SMOW (the
Vienna Standard Mean Ocean Water) with D/H and
80/'°0 atomic ratios of 155.76 x 10~° and 2005.2 x
1076, respectively [Hageman et al., 1970; Baertschi,
1976; Gonfiantini, 1978]. As discussed in numerous
articles [e.g., Jouzel, 2003], the use of water stable iso-
topes is largely based on the fact that their distribution in
precipitation is strongly related to climatological parame-
ters with applications in such fields as climatology, cloud
physics, hydrology, and paleoclimatology. Of primary in-
terest is the linear relationship between annual values of
6D and 6'%0 and annual mean temperature at the precipita-
tion site that is observed at middle and high latitudes. No
such relationship can be identified in tropical and equato-
rial regions where 6D and 6'®0 are more significantly
influenced by the amount of precipitation. Second, 6D and
6'80 are linearly related to each other along the so-called
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Meteoric Water Line (MWL), D=8 x 60+ 10%o
[Craig, 1961]. From this linear relationship, Dansgaard
[1964] defined the deuterium excess parameter, hereafter
d-excess, d=6D — 8 x 620, sensitive to small deviations
of data to the MWL. H,'’O has only recently been consid-
ered, thanks to analytical developments allowing very pre-
cise measurements [Barkan and Luz, 2005; Landais et al.,
2006, 2008].

[4] In 1965, Harmon Craig and Louis 1. Gordon [Craig
and Gordon, 1965] published a very comprehensive study
entitled “Deuterium and oxygen 18 in the ocean and marine
atmosphere” which can be considered as the starting point
for linking the isotopic content of precipitation and the con-
ditions prevailing at its oceanic sources. The great improve-
ment of this work was to account for a kinetic isotopic
fractionation at evaporation, which depends on both temper-
ature and relative humidity. Earlier studies [Epstein and
Mayeda, 1953 ; Dansgaard, 1954] assumed that this isotopic
fractionation was at equilibrium, and hence that the isotopic
composition of the vapor only (and weakly) depends on tem-
perature. During phase transitions such as evaporation, the
different isotopic forms of water (mostly H,O, HDO, and
H,'®0) are not in the same proportions in the different
phases, a process which is called isotopic fractionation. The
equilibrium part of fractionation depends on the saturation
vapor pressure of the water molecules, whereas the kinetic
part depends on their molecular diffusivity in air.

[s] This kinetic fractionation directly influences the d-
excess of the vapor above the ocean surface and is partly
propagated along the vapor trajectory to precipitation. An
improved theory of evaporation [Brutsaert, 1975] and
experiments conducted in a wind tunnel [Merlivat and
Coantic, 1975] were exploited by Merlivat and Jouzel
[1979] to propose a climatic interpretation of the observed
linear deuterium-oxygen 18 relationship (MWL). By
assuming a steady-state regime for the evaporation of water
at the ocean surface and for the subsequent formation of
precipitation, Merlivat and Jouzel [1979] concluded that, at
least for liquid precipitation, the observed 6D — 6'*0 rela-
tionship mainly depends on the physical characteristics of
the air masses at the origin of this precipitation, i.e., the sea
surface temperature (SST) and the relative humidity (k).
This global interpretation of the MWL—complemented by
more regional studies [e.g., Gat, 1980]—paved the way for
using water isotopes of continental precipitation to recon-
struct the characteristics of their oceanic sources.

[6] This possibility was first explored for precipitation in
the Mediterranean region, characterized by high d-excess
values which are attributed to low relative humidity values
in the source areas [Gat and Carmi, 1970]. Such studies
aiming to identify oceanic source characteristics are still
active in this region [Rindsberger et al., 1983; Gat et al.,
2003; Pfahl et al., 2008] and have developed in other parts
of the world [e.g., Yamanaka et al., 2002; Tian et al.,
2007; Vachon et al., 2010; Guan et al., 2013; Pfahl and
Sodemann, 2013].

[7]1 This isotopic tool has also been extensively applied
to reconstruct past oceanic conditions from water archives.
Pioneering studies dealt with Pleistocene data measured on
Saharan groundwaters, showing a d-excess deficit attrib-
uted to high relative humidity over the oceanic sources
[Sonntag et al., 1978; Merlivat and Jouzel, 1979], and on

fluid inclusions from speleothems [Harmon and Schwarcz,
1981]. Since then, numerous publications dealt with the
interpretation of 6D and 6'®0 profiles measured in Antarc-
tic and Greenland ice cores which give access to continu-
ous and potentially very detailed d-excess profiles.

[8] Since the first studies performed on the Antarctic
Dome C ice core [Jouzel et al., 1982] and on the Greenland
Dye 3 ice core [Dansgaard et al., 1989; Johnsen et al.,
1989], both 6D and 6'®0 have been systematically measured
along polar ice cores in order to estimate d-excess. As a first
step, either 6D or 6'*0 measurements are classically used to
derive quantitative or qualitative information about local
(polar) temperature change at the drilling site. As a second
step, their comparison with d-excess has been extensively
used to get information about remote conditions prevailing
at the ocean surface. Such a reconstruction is complicated
by two processes, which alter the initial isotopic composition
of moisture during its trajectory. Both processes are affected
by the cooling which occurs between middle and high lati-
tudes, where polar precipitation is archived as ice. First, the
8D/6'80 slope progressively deviates from its global value
of 8, due to the temperature dependency of the isotopic frac-
tionation. Second, kinetic fractionation occurs during solid
condensation due to supersaturation of vapor with respect to
ice crystals. Additionally, post deposition processes may al-
ter the original isotopic composition of snow layers once de-
posited onto the firn surface: snow metamorphism involves
sublimation and condensation within snow layers, and wind
redistribution (“scouring”) can alter their stratigraphy.
While it is well known that these post depositional effects
can smooth the initial precipitation isotopic composition &
[Johnsen, 1977], their impacts on d-excess remain poorly
documented and understood.

[9] More recently, technical improvements of spectrom-
etry have made it possible to document a linear relationship
between 6'’0 and 6'%0 in global precipitation [Meijer and
Li, 1998]. This has led to the definition of a new isotopic
parameter called 70-excess [Barkan and Luz, 2005; Land-
ais et al., 2006] which brings additional information about
oceanic sources due to differences in the kinetic effects
affecting 80 and 70 [Landais et al., 2008, 2012 ; Winkler
et al., 2012]. Although the '"O-excess has been defined by
analogy with the d-excess definition, it uses the logarithm
system [Miller, 2002; Angert et al., 2004] with '"O-
excess = In[1 + 6701 — 0.528 x In[1 + 6'%0] [Barkan and
Luz, 2007 ; Landais et al., 2008].

[10] Interpreting the d-excess and '"O-excess data in snow
is still largely based on simple isotopic models which
describe the successive condensation steps of vapor along its
trajectory from its oceanic origin to the precipitation site
[Merlivat and Jouzel, 1979; Jouzel and Merlivat, 1984;
Johnsen et al., 1989 ; Ciais and Jouzel, 1994 ; Landais et al.,
2008; Steen-Larsen et al., 2011; Winkler et al., 2012]. Such
Rayleigh-type models do not account for the complexity of
moisture transport in the atmosphere, a possibility offered by
atmospheric General Circulation Models (GCMs), especially
those equipped with water isotopes (IGCM). This GCM
approach is particularly well suited for examining the link
between the evaporative origin of a precipitation and its iso-
tope content. Water evaporating from a defined source region
on the Earth’s surface can be “tagged” in the GCM and fol-
lowed through the atmosphere until it precipitates. This
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tagging approach allows one to consistently quantify, in the
model world, the relative contributions of several evapora-
tive sources to the precipitation of a given region [Joussaume
et al., 1986; Koster et al., 1986; Delaygue, 2000; Werner
et al., 2001; Kelley, 2003]. By tagging and following not
only moisture but its isotopic components, it is then possible
to determine the relationship between the source characteris-
tics and the isotopic content of precipitation [Koster et al.,
1992; Charles et al., 1994; Delaygue et al., 2000a; Lewis
etal., 2010,2013; Risi et al., 2010b, 2013b].

[11] A more recent development has been the emergence
of GCM simulations nudged to large-scale wind fields from
atmospheric analyses, which provides a framework for com-
paring realtime isotopic data and model results, and not only
their time average [Yoshimura et al., 2008, Risi et al.,
2010a; K. Gribanov et al., Developing a Western Siberia ref-
erence site for tropospheric water vapor isotopologue obser-
vations obtained by different techniques (in-situ and remote
sensing), submitted to Atmospheric Chemistry Physics,
2013]. Also, the Lagrangian analysis of moisture sources
complements this GCM approach [Dirmeyer and Brubaker,
1999; Stohl and James, 2004, 2005; Gimeno et al., 2010,
Sodemann et al., 2008 ; Sodemann and Stohl, 2009].

[12] In this article, we first summarize what we know
from simple isotopic models on the link between oceanic
source characteristics and d-excess in precipitation, and we
then illustrate how such information has been used to inter-
pret paleodata (section 2). This is followed by a short
review of how IGCM have been used to examine this link
(section 3.1). Section 3 (sections 3.2-3.5) is dedicated to
new results derived from experiments that we have per-
formed using two different GCMs, GISS model II and
LMDZ, equipped with water isotopes. We specifically
diagnose the drivers of d-excess in the marine water vapor
and also investigate the impacts of moisture sources on po-
lar and low-latitude precipitation, both for present-day and
past climates. We conclude by pointing out the perspectives
offered by combining d-excess and '’O-excess data.

2. Oceanic Source Characteristics as Derived
From Simple Isotopic Models

2.1.

[13] A Rayleigh-type model [Dansgaard, 1964]
describes the moisture exhaustion of an isolated air parcel
traveling from an oceanic source toward a polar region, in
order to calculate its isotopic composition. The condensed
phase is assumed to form in isotopic equilibrium with the
surrounding vapor and to be removed immediately from
the parcel by precipitation. Under simplistic hypothesis, the
isotopic content of precipitation is a unique function of the
initial isotopic content of the vapor, 6y, and of the ratio, F,
of the left vapor mass to the initial vapor mass within the
air parcel. In fact, measurements show that the real isotopic
content of precipitation, 6, (i.e., either ¢D, 8'%0, 6'70) is
very well approximated by

Simple Isotopic Models

by = ac((l + &) F(“""1)>—1 (1)

in which «,, is the mean value of the fractionation
coefficient over the trajectory, and «. its value when

condensation occurs. The parcel water vapor content is
modified according to the saturation vapor pressure, a func-
tion of temperature and phases (liquid and/or ice), and to
the air pressure. Thus, in such a simple model, the isotopic
content of precipitation can be expressed as a function of
the initial isotopic composition of vapor and of the initial
and final condensation temperatures and air pressures.

[14] If the trajectory conditions, in terms of temperature
and pressure, can be easily defined, the initial isotopic com-
position of vapor is poorly constrained by observations.
Merlivat and Jouzel [1979] showed that the initial isotopic
content of vapor in an air parcel above the ocean, ¢,, may,
under certain simplifying assumptions, be expressed as a
function of:

[15] 1. the liquid-vapor fractionation coefficient o for
the sea surface temperature 7,

[16] 2. the relative humidity %, with respect to sea sur-
face temperature,

[17] 3. akinetic fractionation parameter k£ which depends
on windspeed,

[18] 4. the isotopic composition of the sea surface, doceans

as : 6yp = (1 4 docean ) (1 —k)/(a(1 — kh)) —'1 (2)

[19] Merlivat and Jouzel [1979] pointed out the strong
dependence of the isotopic fractionation on the regime of
evaporation (smooth versus rough), depending on wind
speed. Based on the observation that more than 95% of the
ocean is in the smooth regime, Merlivat and Jouzel [1979]
interpreted the well obeyed MWL in terms of the mean
evaporation temperature of the ocean surface (~25°C) and
of the mean relative humidity of the air masses with respect
to the sea surface temperature (7 of ~80%). These figures
appeared quite reasonable (there was however no direct
way to discuss the value of % at that time).

[20] In order to correctly simulate the isotopic composi-
tion of snow, Jouzel and Merlivat [1984] accounted for the
kinetic fractionation associated with the condensation of
vapor onto ice. This extended model can reproduce the iso-
topic data observed for midlatitudes and high-latitudes and
even for East Antarctica [see also Masson-Delmotte et al.,
2008]. The importance of the kinetic fractionation at con-
densation was further confirmed by Ciais and Jouzel
[1994] who introduced mixed clouds (with liquid and ice)
into the Rayleigh-type model (hereafter called MCIM for
mixed cloud isotopic model).

2.2. Deuterium Excess and Source Characteristics

[21] Following Merlivat and Jouzel [1979] and Johnsen
et al. [1989] derived how the d-excess of moisture evapo-
rated from the oceanic surface depends on surface tempera-
ture and humidity, asssuming a smooth regime of
evaporation (Figure 1). The d-excess value decreases when
the relative humidity over the ocean increases, or when the
temperature of the ocean surface decreases; it would also
decrease for higher windspeed leading to rough evaporation
regime (above ~7 m/s; not shown). Figure 1 shows that the
d-excess of vapor is more sensitive to relative humidity
than to surface temperature. The observed meteoric water
line (MWL) implies, at first order, a fairly constant d-
excess of vapor, which means that it is not too much modi-
fied by condensation along the trajectory of the vapor mass.
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Figure 1. d-excess of vapor formed above the ocean as a function of the relative humidity h and sur-

face temperature (7,,), calculated under simplifying assumptions [adapted from Merlivat and Jouzel,

1979; Johnsen et al., 1989].

From these features has emerged the possibility to use iso-
topic data to constrain the relative humidity of the oceanic
source, or at least a (7, &) couple.

[22] Simple Rayleigh-type models can correctly repro-
duce the observed d-excess values in precipitation, even in
polar regions where it is strongly influenced by the kinetic
effect occurring at snow formation [Jouzel and Merlivat,
1984; Johnsen et al., 1989; Petit et al., 1991; Ciais and
Jouzel, 1994]. These models show that the sensitivity of d-
excess to 7,, and % in the initial vapor (Figure 1) is modified
by condensation along the air mass trajectory. Hence, the
actual sensitivity in polar regions has to be determined in
order to use the isotopic content of precipitation to con-
strain the initial source characteristics 7, and h. Petit et al.
[1991] first simulated the influence of source temperature
on the d-excess of Antarctic snow especially for inland
sites. Later, sensitivity tests conducted with the MCIM
have suggested that the initial source relative humidity is
better preserved in the d-excess at coastal sites than at cen-
tral sites in Antarctica [Ciais et al., 1995; Vimeux et al.,
2001a]. These modeling studies have tried to quantify how
much of the information on initial oceanic conditions can
be inferred from the isotopic content of precipitation, espe-
cially from its d-excess. The difficulties in inferring these
oceanic conditions from the d-excess are twofold: (1) the
d-excess of vapor is affected by the changes in air tempera-
ture during the distillation path (due to the ratio of equilib-
rium fractionation coefficients and to the impact of
supersaturation on ice crystals) and (2) the sensitivity of
precipitation d-excess to local temperature, Ty;, is not well
constrained by models because it depends on several free
parameters [ Uemura et al., 2012].

2.3. Case Studies

[23] We illustrate here how isotopic data allow us to
retrieve information about the oceanic sources of precipita-
tion, with examples related to firn and ice core data.

[24] In the Antarctic Peninsula, at the site of Dalinger
Dome in James Ross Island, the 6D — T, relationship
could be inferred by combining isotopic measurements in
firn to temperature measurements from meteorological

stations, over the last decades [Aristarain et al., 1986].
Such relationship (a temporal one) is rarely available: usu-
ally the 6D — T, used to interpret ice core isotopic meas-
urements, is inferred by combining annual averages from
different stations (which gives a spatial relationship). It was
found that, over the last decades, the temporal 6D — Ty
slope is about twice lower than the spatial 6D — Ty slope:
this is a critical result since it implies that temperature var-
iations inferred from ice core isotopic profiles are twice
stronger than when applying the spatial 6D — T; slope, as
usually done. This difference in slopes can be explained
with the assumption of a simultaneous and parallel change
in the source and site temperatures over the last decades,
which is a reasonable assumption for such a coastal site
[Aristarain et al., 1986]. Other interpretations of such a
low temporal 6D — Tj; slope are changes in the seasonality
and covariation between site temperature and precipitation
rate [Sime et al., 2009]; and changes in vapor recycling
[Lee et al., 2008]. Note also that the 6D — T, slope may
be sensitive to the regression technique applied to data
[Abram et al., 2011]. More generally, Boyle [1997] sug-
gested that the cooling of the tropical source of precipita-
tion in central Greenland, at the Last Glacial Maximum
(LGM, 20,000 years ago), could explain such a discrepancy
over the glacial-interglacial timescale. However, these
assumptions remained to be tested by constraining changes
in the source temperature: such information can be pro-
vided by the d-excess.

[25] The first d-excess profile measured along a polar ice
core over a full glacial-interglacial transition was at the for-
mer Dome C, in central East Antarctica: it revealed lower
values of d-excess at the LGM, which were interpreted as
reflecting a higher relative humidity over the oceanic
source of precipitation [Jouzel et al., 1982]. Instead, the d-
excess profile of Vostok, East Antarctica, which covers a
full glacial-interglacial cycle, was interpreted by Vimeux
et al. [2001b] in terms of changes in SST (rather than #),
taking into account the relationship between SST and sur-
face humidity simulated by GCMs. This interpretation of
changes in d-excess by changes in the temperature of mois-
ture source, rather than by changes in the humidity of
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moisture source, has led to deconvolve, with an inversion
procedure, temperature changes at the moisture source and
at the precipitation site, over glacial timescales. Such a
deconvolution has been applied to the Vostok, Dome C,
and EDML isotopic records in Antarctica [Stenni et al.,
2001, 2003, 2010; Cuffey and Vimeux, 2001; Vimeux
et al., 2002] and to the GRIP isotopic record in Greenland
[Masson-Delmotte et al., 2005a, 2005b; Jouzel et al.,
2007a]. Studies on shorter timescales also interpreted d-
excess measurements with temperature changes at the pre-
cipitation source: for instance, Delmotte et al. [2000] have
shown that the seasonality in d-excess at Law Dome
(coastal Antarctica) is influenced by the southern ocean
temperature cycle.

[26] We illustrate this deconvolution of source and site
temperature changes with the reconstruction based on the
EPICA Dome C (EDC) isotopic data by Stenni et al. [2010]
for the last climatic cycle (Figure 2). Basically, a linear
inversion procedure is applied to the isotopic data, based
on sensitivities derived from a simple isotopic model. How-
ever, there are too many unknown parameters to allow us
to constrain the deconvolution from only §'*0 and éD
data: source and site temperatures, relative humidity and
wind speed at the source, simple model parameterizations
of cloud microphysics. To reduce the number of unknowns,
the simple model (MCIM) parameterizations were adjusted
to fit isotopic data from the coast to Dome C [Masson-
Delmotte et al., 2004]. In practice, the MCIM was run
for different source temperatures, and for different site tem-
peratures within the range of the present day to glacial
temperatures at Dome C. For each set of source and site
temperature, the model simulates the isotopic composition
of precipitation at Dome C, i.e., 8180, D, and d-excess.
From these data, multivariate regressions were performed
in order to infer the best estimates of source and site tem-
peratures based on the precipitation 4D and d-excess at
Dome C:

ATse = 0.16%0.02 A8Deorr + 0.4470.15 Adeorr 3)

ATguee = 0.0670.03 A6Deorr + 0.93%0.15 Adeore ~ (4)

[27] In these formulas, AéD.,, and Ad.,, are, respec-
tively, the changes in 6D and d-excess measured in the ice
at Dome C, corrected for the isotopic concentration of the
oceanic surface [Jouzel et al., 2003]. As illustrated in Fig-
ure 2, Stenni et al. [2010] also accounted for local elevation
changes. Combining equations (3) and (4) give access to
the change in the temperature gradient between the precipi-
tation site and the oceanic source. Note that, because pre-
cipitation at Dome C is a mixture of different sources, the
inferred source temperature 7gouce 1S an average value of
these sources.

[28] The central Antarctic Dome F d-excess record was
also interpreted in terms of oceanic information, but in a
different way, by Uemura et al. [2004]. This d-excess re-
cord was compared to records of ocean-water §'°0 and
SSTs derived from ocean sediments: d-excess changes are
anticorrelated with ice volume changes, and correlated with
SST changes.

[29] The interpretation of Greenland d-excess records
[Masson-Delmotte et al., 2005a, 2005b; Jouzel et al.,
2007a] is more complex in particular for the glacial period
because, as for the local temperature interpretation, the pre-
cipitation intermittency and seasonality should be taken
into account prior to the interpretation of d-excess data.
This has been done by Masson-Delmotte et al. [2005b] who
estimated the changes in the site and source temperatures
from the GRIP §'®0 and 6D records: these source tempera-
ture changes suggest that large changes in the location of
moisture sources did occur, both at the orbital and millen-
nial time scales. In fact, the high d-excess values during
cold glacial stadials cannot be simulated by only account-
ing for colder temperatures: they also require changes in
moisture sources and/or evaporation conditions. Hence,

L °C)

AT,

AT, (°C)
i
T
=
;

-lll—||\\\\11|

TTT T T T

L tASAR

T T T

0

100 120 140

Age (ky BP)

Figure 2.

This figure illustrates how the temperature of the oceanic source (red, top curve and left

axis) is inferred from the d-excess profile (gray, top curve and right axis) measured along the EPICA
Dome C (EDC) ice core over the last climatic cycle [adapted from Stenni et al., 2010]. The bottom
curves correspond to the local temperature at the EDC site (pink and red curves without and with eleva-
tion correction, and left axis) and to the 'O record (gray curve and right axis).
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Masson-Delmotte et al. [2005b] interpreted higher d-excess
values as a shift of moisture sources toward lower latitudes
under extremely cold Arctic conditions. Alternatively, such
high d-excess values could be due to the strong kinetic frac-
tionation occurring at the sea ice margin, as documented
for present day conditions [Kurita, 2011; Steen-Larsen
etal., 2013].

3. Isotopic GCMs: A Promising Tool to Identify
Oceanic Sources of Precipitation

[30] Atmospheric GCMs can be used to tag vapor when
it evaporates and to follow it until it precipitates. They are
ideal tools to design experiments in which the origin of the
vapor is tagged: for a given site, the contribution of differ-
ent sources to precipitation can be then calculated. Unlike
simple Rayleigh-type models that generally consider a
unique source, GCMs make it possible to account for the
mixing of several sources of vapor. The application of tag-
ging approaches to water vapor pioneered by Joussaume
et al. [1986] and Koster et al. [1986] was further extended
to water isotopes. In section 3.1, we shortly review how
this approach has developed. We then present and discuss
unpublished results we have derived from experiments per-
formed with two IGCMs equipped with water isotopes tag-
ging, GISS Model I and LMDZ-iso run with 8° x 10° and
2.5° x 3.75° resolutions, respectively, both for present-day
and LGM climate conditions.

[31] In this line, we successively examine the d-excess
of marine vapor (section 3.2), its distribution in Antarctic
precipitation (section 3.3) and how this distribution is influ-
enced by cooling the ocean (section 3.4), and the usefulness
of this parameter as a tracer of air masses in low latitudes
(section 3.5).

3.1. IGCMs and Ocean Source Characteristics: A
Review

[32] The first experiments addressing the oceanic origin
of a precipitation and its isotopic content 6, were per-
formed using the NASA/GISS model II IGCM. They
focused on polar regions both for present-day climate [Kos-
ter et al., 1992] and for glacial climate [Charles et al.,
1994; Delaygue et al., 2000b]. For Antarctica, the GISS
model II simulates that oceanic sources of precipitation are
mainly located at midlatitudes and in the subtropics, with a
strong contribution of high latitude oceans to coastal area
precipitation. The average SST of these sources, weighted
by their relative contribution to Antarctic precipitation, is
about 11°C (a complete analysis of these contributions,
their seasonal and climatic variations, is given by Delaygue
et al. [2000b]). Charles et al. [1994] analyzed the origin of
Greenland precipitation and pointed out that very different
distillation pathways exist: they showed that the moisture
from the North Pacific source arrives at the Greenland coast
with a much lower 6'0 than its North Atlantic
counterpart.

[33] The result, inferred from simple Rayleigh-type
model, that warmer sources provide precipitation with
lower ¢, in Antarctica was confirmed by Koster et al.
[1992]. Using the same IGCM, Delaygue et al. [2000b] fur-
ther showed that the isotopic content ¢, also depends on the
distance between the precipitation site and the oceanic

source: for the same source temperature, the more distant
the oceanic source, the more isotopically depleted is ¢,,.
This is due to the fact that, in the GCM, more distant sour-
ces provide moisture that is transported at higher altitude
and which undergoes colder conditions and stronger distil-
lation. These different pathways for the vapor cannot be
readily accounted for with a simple Rayleigh-type model,
which considers a unique temperature of condensation at
the precipitation site. The origin of polar precipitation, and
its impact on the isotopic content, has been also studied
with the ECHAM-4 IGCM from a similar tagging experi-
ment by Werner et al. [2001]. In particular, they showed,
as with the GISS IGCM, that the relationship between §'%0
and d-excess simulated for different sources is similar to
the one simulated with a simple Rayleigh-type model.

[34] Results obtained with Rayleigh-isotopic models
have been further compared with the help of IGCMs, which
simulate more realistically the transport and mixing of
vapor from different sources. In this context, Jouzel and
Koster [1996] used the GISS IGCM to point out a limita-
tion of the theoretical formula proposed by Merlivat and
Jouzel [1979] for the isotopic composition of water vapor
above the ocean, and used in Rayleigh isotopic models.
Water vapor is more depleted than if it was determined
only by surface evaporation, due to horizontal transport and
vertical mixing. Such transport and mixing of vapor can
only be accounted for by an IGCM.

[35] Using the same GISS IGCM as in previous studies,
Armengaud et al. [1998] evaluated how the temperature of
the oceanic moisture source affects the d-excess of Green-
land precipitation. Each of these oceanic sources was also
considered separately in independent simulations with the
simple MCIM. The two types of models consistently show
a link between the d-excess values of polar precipitation
and the moisture source temperature. Delmotte et al. [2000]
also combined an IGCM estimate of the initial vapor and a
simple isotopic model to examine the origin of the d-excess
seasonal cycle observed at Law Dome, Antarctica. This
approach of describing separate trajectories for vapor from
different sources has been recently extended thanks to the
combination of MCIM results and back-trajectory analyses
[Helsen et al., 2006, 2007] and to a new Lagrangian diag-
nostic for identifying the sources of water vapor for precip-
itation using reanalysis data [Sodemann et al., 2008;
Schlosser et al., 2008].

[36] These studies using IGCMs, in one way or another,
have contributed to better understand the link between the
isotopic characteristics of a polar precipitation and its oce-
anic origin. In this line, tagging water and both isotopes
(6D and 6'0) for their oceanic source should provide a
clue on the relationship between the d-excess of a precipita-
tion and its oceanic origin. Such experiments have been
performed with the GISS IGCM and have been partly pre-
sented in Delaygue [2000]. Interestingly, this link between
d-excess in precipitation and oceanic sources has been
recently examined [Lewis et al., 2013] with the IGCM built
by Schmidt et al. [2005] from a more recent version of the
GISS GCM (model E-R). This IGCM is equipped by a suite
of generalized vapor source distribution (VSD) tracers, a
diagnostic tool with the advantage to be computationally
more efficient than the regional tracers [Kelley, 2003;
Lewis et al., 2010]. The tagging approach is also used in
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complement of VSD in the experiments described in Lewis
et al. [2013].

3.2. Deuterium Excess of the Marine Vapor and Its
Climatic Stability

[37] As recalled in section 2, the d-excess of oceanic
vapor is partly preserved along the distillation pathway and
in precipitation, leading to the MWL. The sensitivity of d-
excess to source conditions is thus of primary interest in
order to constrain the conditions at the origin of precipita-
tion (see section 2 and Figure 1). Observations [Uemura
et al., 2008] and theoretical modeling show that the d-
excess of marine vapor should be mostly determined by the
sea surface temperature (SST) and the relative humidity 4.
Such a sensitivity can also be diagnosed in GCMs which
physically simulate all processes at the origin of the d-
excess of the vapor, with however some simplifying
assumptions and attached uncertainties.

[38] As sensitivity tests, we conducted simulations with
the GISS and LMDZ IGCMs for three different climatic
scenarios. Present-day simulation was forced by observed
SSTs and sea ice from the AMIP data set [Gates, 1992].
Glacial (LGM) simulations were forced with two different
sets of SSTs. One set of SSTs uses the CLIMAP recon-
struction [CLIMAP, 1976]. This reconstruction leads to a
meridional gradient of temperature stronger than the pres-
ent one. The other set of glacial SSTs is based on the CLI-
MAP one, by cooling the tropical ocean: this decreases the
meridional gradient of temperature to a value similar to the
present-day one. (The analysis of source contributions to
Antarctic precipitation can be found in Delaygue et al.
[2000b]; some contributions are given as percentage in
Figure 7). For both LGM climates, greenhouse gas concen-
trations, orbital parameters, and ice-sheet topography were
adapted to match LGM values (all details in Delaygue
et al. [2000b] and Risi et al. [2010a]).

[39] Grid cells of the GISS model were aggregated in
each oceanic basin, based on their SST, to determine 17
different sources of vapor in the southern hemisphere (see
Figure 2 of Delaygue et al. [2000a]). Each source is thus
characterized by its average SST and humidity (7, and 4).
The same groups of grid cells were kept for glacial simula-
tions, not the same range of SST, so that the characteristics
of each source could change. The modern SST ranges of
these sources were used to define the sources in the LMDZ
model. Such source definition ensures that similar sources
have similar area in both models, despite their different
grid resolutions.

[40] Figure 3 shows the spatial relationship between the
d-excess of the marine vapor and the SST of the southern
hemisphere ocean, simulated with the GISS and the LMDZ
IGCMs. Each point represents the d-excess-SST annual av-
erage values of one source of vapor. Note that similar GISS
and LMDZ sources (gray square and black dot) have not
exactly the same SSTs because they have been defined
from ranges of SST, not from their average.

[41] For the modern climate (so-called “control simula-
tion”), both models simulate a similar relationship, roughly
linear, over approximately the range 0-23°C. The slopes
are almost similar, close to 0.45%0/°C, with d-excess values
ranging from 2—4%o to 10-13%o. For SST warmer than
~23°C, the simulated relationships diverge: the GISS
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Figure 3. Spatial relationship between d-excess of the
marine vapor and sea surface temperature in the Southern
hemisphere, simulated by two GCMs under very contrasted
climatic conditions.

model simulates a d-excess increase to values up to 19%o,
whereas the LMDZ model simulates a very limited, barely
significant, increase, with values up to 12%.. Over the full
range 0-26°C, the d-excess/SST relationships are almost
linear, with a slope close to 0.47%0/°C simulated by the
GISS model and 0.39%0/°C by the LMDZ model. Note that
the slope values calculated on all grid cells (i.e., with about
1000 values), instead on aggregated sources, are very close
to these ones: this suggests that there is little bias on the
slope values. A strong relationship with the relative humid-
ity is simulated by the GISS model (not shown), with an
approximate slope of —1%o/%. Since & strongly covaries
with SST, we used a multilinear regression to infer sensitiv-
ities of d-excess to SST (0.43%0/°C) and to relative humid-
ity (—0.22%0/%). On the contrary, the LMDZ model
underestimates the imprint of relative humidity on d-excess
compared to observations conducted in the southern ocean
[Uemura et al., 2008], a deficiency more likely related to
free tropospheric processes [Risi et al., 2013b].

[42] These simulated d-excess values are consistent with
the ones measured over the Southern ocean by Uemura
et al. [2008]. It is also noteworthy that the simulated d-
excess/SST slopes match very well the one calculated from
a multilinear regression of observations by Uemura et al.
(0.45%0/°C). These observations do show a very strong
anticorrelation between d-excess and /4, with a slope
between —0.61%0/% (simple regression) and —0.45%0/%
(multilinear regression). Hence, the sensitivity of —0.22%o/
% simulated by the GISS model seems too weak.

[43] In order to test the robustness of these d-excess/SST
relationships to different climates and atmospheric circula-
tions, we compared the outputs of the LMDZ for the pres-
ent day and the glacial (LGM) conditions. As shown in
Figure 3, the d-excess/SST relationship is essentially the
same under any of these very contrasted climatic condi-
tions. This suggests that the relationship with SST is very
strong and not appreciably affected by the meridional gra-
dient of temperature (and thus by the meridional advection
of vapor).
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Figure 4. d-excess of marine vapor in different regions
(see text) simulated by the LMDZ model with the cool
tropics LGM conditions. Black squares: d-excess simulated
with the standard model h. Gray circles: d-excess simu-
lated with h artificially kept constant with the value of
60%.

[44] We further tried to disentangle the effects of SST
and 4 on the d-excess of vapor, by conducting a simulation
in which the effect of 4 is kept constant. In the LMDZ
GCM, h was free to change except when calculating the
isotopic fractionation at evaporation: a constant value of
60% for 1 was systematically used [Risi ef al., 2013b]. This
value of 60% is the average over the southern hemisphere,
lower than the actual values of about 80% over the ocean.
Figure 4 shows the simulated values of d-excess in marine
vapor versus SST, for the “cool tropics LGM” conditions
as an example. With the lower % value of 60%, the d-excess
of vapor is higher, by about 4%o.: considering an actual av-
erage value of / of about 80% over the ocean, this increase
of d is roughly consistent with a d-excess sensitivity of
—0.2%0/%, in line with the sensitivity inferred from the
GISS model. The sensitivity of d-excess to SST (linear
slope in Figure 4) is similar but slightly lower with constant
h (0.36%0/°C) than with varying 4 (0.42%0/°C). A similar
result is obtained with CLIMAP LGM conditions: 0.32%o/
°C versus 0.36%0/°C, respectively. Consistently with the
multilinear regression of values for present-day conditions,
these comparisons suggest that the sensitivity of d-excess
to SST is slightly increased by the covariation between
SST and % over the oceans.

[45] From these simulations with contrasted climatic
conditions, we are able to calculate a “temporal” d-excess/
SST slope instead of the “spatial” slope calculated above.
What is interpreted in ice core records is the change in time
of d-excess at one place: this requires to use a sensitivity of
d-excess to varying SSTs over time, what has been coined
as a “temporal slope.” Rather, what is calculated here from
simulations (or observations) is the sensitivity of d-excess
to varying SST in space, what is called a “spatial slope.”
Here, by combining the different simulations with
contrasted climatic conditions, we are able to infer such a
temporal slope: we calculated the linear regressions of
d-excess change versus SST change for all LMDZ data
points in the southern hemisphere (1527 points). (Using only

averaged regions for such a regression leads to quite poor
relationships.) Based on changes between the “Control” and
CLIMAP LGM simulations, the average slope is 0.47%0/°C
(R*=0.32). Based on changes between the “Control” and
“Cool tropics LGM” simulations, the average slope is
0.48%0/°C (R*=0.30). Despite much lower correlation than
for spatial slopes, it is remarkable that these values for tem-
poral slopes are similar to those for spatial slopes.

3.3. Deuterium Excess of Antarctic Precipitation

[46] Quantitative calculation and modeling show that
Antarctic precipitation mostly originates from marine vapor
[Werner et al., 2001]. Sublimation, especially of drifting
snow, may provide some recycled moisture, but in specific
conditions and to an extent which is still largely uncertain.
The different approaches for defining precipitation origins,
as recalled in section 3.1, consistently depict that these ori-
gins differ across Antarctica: Subtropics and midlatitudes
are the main origins of precipitation on the Plateau, and
high-latitudes contribute more to West Antarctic and
coastal precipitation.

[47] If the d-excess of vapor were not modified during its
trajectory to Antarctica, it would be possible to apply the
sensitivity estimated in the previous section to the d-excess
of precipitation to constrain its origin. However, theory
suggests that it is not the case: d-excess of vapor is modi-
fied because the isotopic fractionation coefficients are tem-
perature dependent and because kinetic fractionation is
important in mixed clouds. We use here the GISS and the
LMDZ models to study the d-excess of precipitation in
Antarctica and how it relates to the SST of moisture sour-
ces. In complement, the MCIM is used in order to isolate
the role of complex vapor trajectories on the isotopic
fractionation.

[48] Despite its low spatial resolution, both surface tem-
perature and isotopic contents of precipitation are realisti-
cally simulated by the GISS model, even over central
Antarctica with minimum values (—55%o for 6'*0) compa-
rable to present-day observations. LMDZ overestimates
temperature in central Antarctica but simulates lower d-
excess values in precipitation during the LGM over most
high-latitude regions, which is consistent with d-excess
records, and poorly simulated by other GCMs. Both models
have a similar grid which presents a singularity at the South
pole: in both models, it is accounted for by periodically
averaging the fields of the grid cells adjacent to the South
pole. In this way, this singularity should not affect too
much the climate of Antarctica. A circulation across the
South pole region does exist in the models; although indi-
rectly. The extremely low temperatures on the Antarctic
Plateau make the vapor flux drop down to very low values,
so that the advection of vapor is essentially poleward.

[49] Figure 5 shows the simulated d-excess of precipita-
tion on the Antarctic Plateau, in the area of the Vostok sta-
tion, originating from each vapor source already depicted
in Figure 3 and characterized by its average SST. We used
the MCIM and the GISS model to simulate the trajectory,
and the associated isotopic fractionation, of vapor from its
source to the Antarctic Plateau. Black dots are d-excess
values in the marine vapor of each source (the same values
already shown in Figure 3 with gray squares), and each of
them has two counterparts in Antarctic precipitation,
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Figure 5. Simulated d-excess of precipitation in Eastern
Central Antarctica (region of Vostok station) (open sym-
bols), compared to d-excess of the initial vapor (black
circles), plotted against the temperature of the vapor
source. Both the simple isotopic model (MCIM, small open
dots) and the GISS GCM (large open symbols) have been
used to transport and fractionate the vapor. The origin of
vapor in terms of oceanic basin is underlined by lines
between sources belonging to the same oceanic basin.

plotted for the same SST with open symbols: the small
open circles are values simulated by the MCIM, and the
large open symbols are values simulated by the GISS
model. Hence, the distance between each black dot and its
open counterparts represents the change in d-excess from
the initial vapor to precipitation in Antarctica. (Note that
the large open symbols are slightly shifted in SST with
respect to their counterparts, because of a slightly different
averaging of SSTs, but the source characteristics are the
same). The MCIM simulates d-excess values lower in Ant-
arctic precipitation than in marine vapor, except for SSTs
higher than ~22°C. This shift is enhanced with latitudes,
up to 7% for high latitude, colder, sources. The MCIM
simulates a monotonic relationship between d-excess of
precipitation and SST, with a linear slope of about 0.75%o/
°C, which is stronger than the one for the marine vapor
(about 0.45%0/°C, cf. section 3.2). A strong deviation from
this relationship is obtained for very high SSTs (tropical
sources). These features were already shown by earlier
studies, e.g., Petit et al. [1991] (their Figure 10). The d-
excess of vapor from subtropical to midlatitudes sources
(SSTs range from 17 to 25°C) is the least modified: inter-
estingly, the corresponding values in precipitation (10—
15%0) match well the values measured in Central Antarc-
tica, and these sources contribute the most to the Antarctic
Plateau precipitation in the GISS GCM.

[s50] Compared to the MCIM, the GISS GCM simulates a
stronger spread of d-excess in precipitation, with large val-
ues up to 40%.. However, when d-excess values are
grouped according to oceanic basins, a similar picture
emerges: precipitation coming from the Indian Ocean
(open diamonds), which contributes the most to the total
(30-60% seasonally), has d-excess values very similar to
the values simulated by the MCIM. Instead, precipitation
coming from the Atlantic (open circles) and the Pacific

(open squares) oceans has higher d-excess values. Since
both models start with the same vapor and d-excess values,
such difference in precipitation must be caused by different
trajectories and fractionation histories. In fact, the MCIM
calculates the trajectory of an amount of vapor, from its
source to the precipitation site, by assuming that, wherever
the source is, the vapor is transported to the same elevation
(and temperature) at the precipitation site. Hence, precipita-
tions originating from two sources with close temperatures
have close d-excess values (see, e.g., the two open dots
close to 10°C). On the contrary, the GISS GCM simulates
more realistic trajectories for the vapor, and accounts for
the distance between the source and the precipitation site:
between two sources with close temperatures, the more dis-
tant source provides precipitation in Antarctica with the
higher d-excess value. This is because, in the GISS model,
the average elevation of vapor increases during its trajec-
tory, so that condensation and the associated isotopic frac-
tionation take place at lower temperature. Hence, vapor
originating from a more distant source is more fractionated
when it arrives in Antarctica [Delaygue et al., 2000b].
Sources of vapor located in the Pacific and Atlantic Oceans
are more distant to the Antarctic Plateau than sources in the
Indian Ocean: they provide less precipitation to the Antarc-
tic Plateau, with higher d-excess values (compare, e.g., the
open circle and open square for sources at ~9°C). A similar
difference in trajectories has been obtained from analyzing
back-trajectories of vapor [Masson-Delmotte et al., 2008],
which gives some credit to the trajectories simulated by the
GISS GCM.

[51] Does the LMDZ GCM also simulate different tra-
jectories and isotopic fractionation according to the dis-
tance of the source? To show it differently, we plot in
Figure 6 the d-excess of Antarctic precipitation simulated
by the LMDZ model, versus the temperature at the precipi-
tation site. Instead of separating all sources, as in Figure 5,
we have grouped the sources from the same ocean: an open
diamond represents the d-excess of precipitation falling at
some place on Eastern Antarctica and coming from the
whole Indian Ocean, a source which is the closest and

D—excess in precipitation

Antarctic temperature

Figure 6. d-excess of precipitation across Eastern Antarc-
tica (60°—150°E; 68°-80°S), plotted against the local sur-
face temperature, simulated with the LMDZ model with
modern (“control”) climatic conditions. The oceanic origin
of precipitation has been tagged: Indian ocean with open
diamonds, Atlantic ocean with black circles.
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Figure 7. Same as Figure 5, but for glacial conditions: d-
excess of precipitation over the Eastern Antarctic Plateau,
simulated for two different sets of glacial climatic condi-
tions by the GISS IGCM, versus marine source temperature
(SST). Each point represents one specific oceanic region,
with its contribution (in %) to the total precipitation as la-
beled. For clarity only sources contributing more than 5%
to precipitation are displayed. Full symbols and lines repre-
sent glacial conditions using the CLIMAP reconstruction;
open symbols and dashed lines represent glacial conditions
with cooler tropics. The two isolated symbols are the aver-
age d-excess values of the total precipitation (all sources),
plotted with respect to the average source temperature.

contributes the most (15-40%) to the total precipitation. It
can be compared with its black-dot counterpart, which is
the d-excess of precipitation falling at the same place, but
coming from the whole Atlantic Ocean, a source which is
on average further and contributes the least (less than 15%)
to the total precipitation. (Note that, to reduce the spread of
points and the noisiness of the figure, only contributions
higher than 5% to the total precipitation have been retained,
so that not all open diamonds have black-dot counterparts.)
Figure 6 consistently shows that, except in coastal regions,
precipitation originating from the Indian Ocean (open dia-
monds) has a lower d-excess than precipitation originating
from the Atlantic Ocean (black dots), with difference up to
30%o. Hence, the LMDZ GCM also simulates, like the
GISS GCM, different trajectories for the vapor depending
on the distance.

[52] The fact that the d-excess of Antarctic precipitation
depends not only on the conditions (7, and /) at the source
of vapor, but also to the absolute distance between the
source of vapor and the precipitation site, complicates its
interpretation in terms of source conditions. Such interpre-
tation would be easier in Antarctic regions for which the
precipitation origin is dominated by a limited oceanic area.
The GISS and LMDZ GCMs suggest that precipitation on
the Eastern Antarctic Plateau predominantly comes from
the Indian Ocean, precipitation on the Dronning Maud land
predominantly from the Atlantic Ocean, and precipitation
on West Antarctica predominantly from the Pacific Ocean:
these are probably places where the d-excess of precipita-
tion (and ice) can be reliably interpreted in terms of source
conditions.

3.4. Signature of a Tropical Cooling in Antarctic
Precipitation d-Excess

[53] Interpreting the d-excess of Antarctic precipitation
as oceanic temperature has been explored for years [e.g.,
Jouzel et al., 1982], motivated by the fantastic isotopic ar-
chives available from the ice sheet. In the previous section,
we have seen that the d-excess signature of source condi-
tions acquired by vapor is modified when vapor is trans-
ported to Antarctica. Ideally, in favorable regions of
Antarctica dominated by one ocean, this modification could
be accounted for by applying a specific sensitivity of d-
excess to SST (Figure 5). However, what happens when the
global climate was radically different, as during glacial
periods? Because the atmospheric transport of vapor was
different, the contributions of the different oceanic regions
to Antarctic precipitation have changed [e.g., Delaygue
et al., 2000a]. How does it affect the d-excess signature of
sources in precipitation? Here, we focus on the particular
sensitivity test of cooling the tropical oceans under glacial
conditions, in order to limit changes in the atmospheric cir-
culation. Additionally, the isotopic composition of the
oceans, which changed along with climate, is kept constant:
this is important since this composition directly affects the
d-excess of precipitation [Jouzel et al., 2003]. The idea of
testing such a tropical cooling comes from the debate on
the CLIMAP reconstruction of glacial SSTs, which shows
little cooling in the tropical ocean (and even warming in the
Pacific). For this sensitivity test, the CLIMAP SST recon-
struction for LGM was modified to get a 2-3°C cooling in
the tropical region compared to modern conditions, as
described in Delaygue et al. [2000a]. This cooler SST
reconstruction is coined “cool CLIMAP” in the following.

[s4] Figure 7 shows the relationship between the d-
excess of precipitation over the Antarctic Plateau (region of
Vostok) and the temperature of the source of vapor (as in
Figure 5 but for glacial conditions) as simulated by the
GISS model. Note the cooling of the sources (shift between
open and full symbols), especially strong in the subtropical
Pacific. This tropical cooling reduces the contribution of
the warmer sources to the precipitation in Antarctica, and
increases the (relative) contribution of the cooler sources
[Delaygue et al., 2000b]. Note that the slight cooling of
extratropical sources is due to a reduction in the evapora-
tion flux, used to calculate the average SST of each source,
and not to a change in SSTs. The shifts between full and
open symbols (CLIMAP and cool CLIMAP climates) show
that cooling the sources decreases the d-excess of precipita-
tion. Both cooling and d-excess decrease define a temporal
slope, since defined between different climates. It is note-
worthy that this temporal slope is in general similar to the
spatial slopes, defined between different sources for each
particular climate. In other words, the GISS model simu-
lates similar temporal and spatial slopes for the relationship
between precipitation d-excess and source temperature.
However, the practical question for reconstructing SST
change from d-excess in ice record is whether such rela-
tionship is preserved in the total precipitation, i.e., the mix-
ing of all sources. Total precipitation is represented with
isolated symbols in Figure 7. In this particular sensitivity
test, since the cooling is restricted to the tropical ocean, and
because the relative contribution of the warmer sources to

7478



JOUZEL ET AL.: WATER ISOTOPES AND PRECIPITATION ORIGIN

the precipitation decreases, the average source cooling is
only about 1°C whereas the associated decrease in the d-
excess is about 3%e, dominated by the tropical sources.
This simulated d-excess decrease by about 3%o in the total
precipitation would be interpreted as a 4°C cooling of the
marine source by applying the slope of 0.75%0/°C inferred
from the MCIM model for a Rayleigh distillation (see sec-
tion 3.3). Hence, this inferred cooling would be too strong
compared to the actual 2-3°C decrease of SST imposed in
the simulation, a bias due to a change in the relative contri-
butions of the vapor sources.

[55] Although based on GCM simulations, not necessar-
ily realistic, this sensitivity test suggests that interpreting d-
excess of precipitation in terms of SST change is qualita-
tively correct (the simulated d-excess change is consistent
with the marine source cooling), but is quantitatively bi-
ased, even in this case of a limited change in climate. This
approach also illustrates the possibility to test the realism
of different LGM ocean surface conditions against ice core
data.

3.5. How Useful is d-Excess to Identify the Origin of
Air Masses at Low Latitude ?

[s6] We focus now on low-latitude regions, more specifi-
cally on tropical South America. From measurements per-
formed on 1 year precipitation events (between September
1999 and August 2000) in the Bolivian Andes, Vimeux
et al. [2011] showed that their isotopic composition is
partly influenced by their geographic origin. The most iso-
topically depleted composition mostly corresponds to tra-
jectories that originate in the Pacific and that cross the
Andes, whereas the most isotopically enriched composition
is often related to a southern origin, probably related to
lower convective activity along air mass pathway. How-
ever, it is worth noting that the influence of geographic ori-
gin on the isotopic composition is not always obvious and
that other processes or other origins than oceanic vapor
(transpiration, bare soil evaporation) can be strong enough
to offset the oceanic origin imprint. Moreover, no relation-
ship is found between d-excess value and the geographic
origin of precipitation (Austral, Pacific, or Atlantic). So far,
d-excess has been interpreted to reflect the effect of fractio-
nation during evaporation of standing water such as bare
soil and lakes [Gat and Matsui, 1991].

[57] Using the LMDZ-iso IGCM model with water tag-
ging, and new isotopic measurements, we revisit these
interpretations of the 6'*0 and d-excess in terms of water
vapor origin. We focus on the §'%0 seasonality, which has
traditionally been interpreted in terms of temporally and
spatially integrated convection along air mass trajectories
[Villacis et al., 2008 ; Vimeux et al., 2005, 2011], and we
examine the possibility to explain this seasonality by sea-
sonal changes in both water vapor sources and their iso-
topic compositions.

[s8] LMDZ-iso was nudged toward the horizontal winds
of the ECMWEF reanalyses, to ensure a realistic large-scale
circulation [Risi et al., 2010a, Yoshimura et al., 2008].
Three years are simulated with the sea surface and wind
conditions corresponding to an arbitrarily chosen year
(here, 2006). The last year of the simulation is analyzed
and the first 2 years are discarded for spin up. We focus on
the seasonal cycle, which is an order of magnitude larger
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Figure 8. Map illustrating the tagging definition around
South America: water evaporating over the red, orange,
and blue areas is tagged as Atlantic, Pacific, and Austral,
respectively. Water evaporating over purple areas (i.e., sea
ice) is tagged as residual. Water evaporating over green
areas is tagged as continental, and can be further tagged as
transpiration or as bare soil evaporation. Sublimation of
snow is included in the bare soil evaporation component.
Note that LMDZ can represent different surface types (ter-
restrial, oceanic, or sea ice) over each grid box. For exam-
ple, along the coasts, a fraction of the vapor is tagged as
oceanic while another fraction is tagged as continental. The
same applies over sea ice. The location of Cuticucho is also
indicated together with contours of the altitude prescribed
to the LMDZ model.

than interannual variations. Simulations are initialized with
no water isotopes and no tracers, but we checked that 2
years were enough for reaching equilibrium. LMDZ is
coupled to the land surface model ORCHIDEE [Krinner
et al., 2005], to distinguish between different sources of ter-
restrial precipitation: bare soil evaporation and transpira-
tion [Risi et al., 2010b, 2013b]. In ORCHIDEE, a detailed
soil water budget is described [Ducoudré et al., 1993].
Fractionation occurs during soil evaporation [Barnes and
Allison, 1983] and is represented following Risi [2009]. We
assume that transpiration has the composition of the soil
water taken up by the roots [Washburn and Smith, 1934;
Barnes and Allison, 1988]. Canopy interception was dis-
abled. For oceanic sources, five oceanic basins are defined:
Pacific, Atlantic, Indian, and Austral oceans, Mediterranean
Sea. An additional tag is affected to all other nonterrestrial
surfaces, including the Arctic ocean, interior seas, and sea
ice surfaces. The definition of the tags in and around South
America is illustrated in Figure 8.
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Cuticucho from December 2011 to November 2012
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[59] Precipitation was collected at an event basis from
December 2011 to November 2012 in the Zongo valley
(16°20'S—67°47'W), at the station of Cuticucho (2697 m).
Its isotopic composition is plotted in Figure 9a as joint d-
excess-6'0 probability density function for the wet season
(December to March) and the dry season (May to Septem-
ber). During the wet season, observed precipitation is 7.8%o
more depleted in §'*0 and has a 6.2%o lower d-excess than
during the dry season.

[60] LMDZ-iso captures qualitatively well the observed
seasonality in the precipitation (Figure 9b) with 6'*0 lower
by 4.8%0 and d-excess lower by 4.7%o during the wet sea-
son compared to the dry season. This seasonal shift in the
isotopic composition of precipitation does also exist for the
isotopic composition of vapor (Figure 9c, Table 1): to
understand the seasonality in the precipitation we need to
understand the seasonality in the vapor. Water vapor is
tagged in LMDZ-iso to quantify the contributions of differ-
ent evaporative origins: oceanic origins (including Atlan-
tic, Pacific, Austral basins) and land origin (transpiration
and bare-soil evaporation). Results are illustrated in Figures
9¢—9¢; and the contributions of different effects to 6'°0
and d-excess changes are quantified in Table 1.

[61] From the dry to the wet season, the contribution
from continental recycling changes little from 52 to 49%
(Figure 9c). The change in water vapor composition is
almost entirely due to the change in the oceanic component
of the vapor (Figure 9c, Table 1). What causes the decrease
of 6'0 and d-excess from the dry to the wet season in the
oceanic water vapor?

[62] Figure 9d illustrates that half of the decrease in § %0
in oceanic vapor is due to the increase in the proportion of
water vapor coming from Pacific and Austral origins (from
20 to 41%), which is very depleted due to its long distilla-
tion pathway. It is worth noting that this contribution might
be overestimated with the standard resolution of LMDZ-iso
for which the Andes range reaches ~4000 m in elevation,
allowing more transport from the Pacific ocean. The other
half of the decrease in 'O is due to the decrease in §'%0
in the Pacific and Austral vapor itself (Table 1), due to lon-
ger distillation history or to more rain out along the way.
Surprisingly, the §'%0 in the Atlantic water vapor does not
change much from dry to wet season, in spite of the
increased convection over the Amazon basin. In contrast,

the decrease in d-excess from dry to wet season is due to
the decrease in d-excess in the Atlantic water vapor which
remains the main water vapor contributor. This d-excess
decrease may be due to a change in the evaporative origin
of the water vapor within the Atlantic basin, as shown in
Vimeux et al. [2005].

[63] The decrease of d-excess in the oceanic component
of the vapor is partially compensated by an increase in the
continental component (Figure 9¢). More specifically, the
increase of d-excess in the continental component is due to
an increase in d-excess in the bare-soil evaporation compo-
nent (Figure 9e¢). This is because the composition of the
bare soil evaporation depends on the composition of the
overlying water vapor, so that bare-soil evaporation always
tends to attenuate variations in water vapor composition.

4. Concluding Remarks: What to
Expect From §''0?

[64] In a recent review article, Gimeno et al. [2012]
examined the various methods used to establish source-sink
relationships for atmospheric water vapor and discuss the
advantages and caveats associated with each technique.
They recognized the potential of stable water isotopes in
this context, especially to interpret direct (ice cores) or
indirect (e.g., speleothem calcite, lake sediment calcite,
tree ring cellulose, plant wax) archives of past changes in
the isotopic composition of precipitation. However, they
pointed out the crucial need to improve our understanding
of how moisture origin and transport affect isotopes in
precipitation.

[65] The GCM approach discussed above, as well as the
recent simulations published by Lewis et al. [2013], clearly
contribute to this objective by following water evaporating
from a given source region and its isotopic properties
through the atmosphere until it precipitates. Such GCM
studies largely confirm the link between the d-excess of
water vapor over the ocean and surface parameters (SST
and relative humidity /). More directly relevant to the
interpretation of ice-core data is the similarity between the
spatial and temporal slopes relating the d-excess in Antarc-
tic precipitation and SST in the oceanic source region (sec-
tion 3.4). The simple model (MCIM) and the IGCM
approaches lead to an overall consistent picture, especially

Figure 9. (a) Joint d-excess/6'®0 probability density function in the precipitation observed at Cuticu-
cho from December 2011 to November 2012 at the event basis, for the wet season (NDJFM, blue) and
the dry season (MJJAS, red). Contours show the 1%, 0.1%, 0.01%, and 0.001% isolines of probability
for one given event to be in a surrounding 1-2%o §'*0O—d-excess box. (b) Same as Figure 9a but for
LMDZ outputs. The altitude of Cuticucho and of the corresponding LMDZ grid box are 2697 m and
2705 m, respectively, so that no altitude correction is needed. (c) Decomposition of the NDJFM-mean
(blue) and MJJAS-mean (red) precipitation and vapor composition simulated by LMDZ into its oceanic
(dark cyan) and continental components (brownish green). Fractions of oceanic vapor and continental
vapor are indicated for each season in percent. (d) Same as Figure 9c but for the decomposition of the
oceanic water vapor (dark cyan) into its Atlantic (light cyan) and Pacific/Austral (purple) components.
The oceanic water vapor arrow corresponds to the one in Figure 9c. Fractions of Atlantic and Pacific/
Austral vapor relatively to the total oceanic water vapor are indicated for each season in percent. (¢)
Same as Figure 9c but for the decomposition of continental vapor (brownish green) into its transpiration
(light green) and bare soil evaporation (brown) components. The continental water vapor arrow corre-
sponds to the one in Figure 9c. Fractions of transpiration and bare soil evaporation relatively to the total
continental water vapor are indicated for each season in percent.
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Table 1. First Two Rows: Simulated Seasonal (A = NDJFM-MJJAS) Change in §'%0 and d-Excess in the Precipitation (Row 1) and in

the Vapor (Row 2)*

Seasonal Change and

Fraction of A§'%0
Explained by Each

Fraction of Ad-excess
Explained by Each

0 Its Contributions AS'20 (%o) Ad Excess (%o) Contribution (%) Contribution (%)
1 Precipitation —4.8 —4.7
Water vapor -5 -1 100 100

3 Contribution associated with the change in —0.41 —0.48 4 6
the fraction of continental vapor

4 Contribution associated with the change in —8.9 —11 90 136
the composition of oceanic vapor

5 Contribution associated with the change in —0.6 3.4 6 —42
the composition of continental vapor

6 Contribution associated with the change in —7.6 10.8 53 51
the fraction of Pacific-Austral vapor

7 Contribution associated with the change in —6.9 37.7 48 180
the composition of Pacific-Austral vapor

8 Contribution associated with the change in 0.2 —27.5 -1 —131
the composition of Atlantic vapor

9 Contribution associated with the change in —0.1 0.5 14
the fraction of bare soil evaporation

10 Contribution associated with the change in —0.2 3.4 94
the composition of bare soil evaporation

11 Contribution associated with the change in 0.3 -0.3 -8

the composition of transpiration

Rows 3—5: Contribution of different effects to the simulated seasonal change in water vapor §'*0 and d-excess, based on water tagging (details on the
quantification methodology are given in Risi et al. [2010a, 2013b]). The contributions are given in permil (first two columns) and in % of water vapor
680 and d-excess change. Their sum equals 100%. The contributions associated with the changes in composition of oceanic and continental water vapor
are further decomposed in the following rows. Rows 6-8: Same as rows 5—7 but for the contribution of different effects to the simulated seasonal change
in oceanic water vapor 'O and d-excess. The sum of these contributions equals 100%. Rows 9—11: Same as rows 5-7 but for the contribution of differ-
ent effects to the simulated seasonal change in continental water vapor 6'%0 and d-excess. The sum of these contributions equals 100%.

a similar d-excess/SST relationship; although the IGCMs
simulate a dependency of this relationship to the absolute
distance to the source, what is attributed to the elevation of
vapor pathway [Delaygue et al., 2000b]. This consistency
gives some credit, at least qualitatively, to the current inter-
pretation of ice-core d-excess based on a simple model, as
illustrated in Figure 2. These results obtained with IGCMs
could be assessed with the independent back trajectory
approach, although IGCMs have the advantage to be com-
pared to data over very different time scales and climatic
conditions. We note that our comparison has however
stressed that the two models investigated here may under-
estimate the impact of relative humidity at the sea surface
on vapor d-excess, compared to existing data sets. Further
investigations of these features are needed.

[66] In addition to the complexity of vapor pathway, not
accounted for with simple model, there are other difficulties
to infer quantitative information on climatic conditions at
the evaporative regions from the d-excess parameter alone.
In particular, the influence of changes in relative humidity
is not explicitly taken into account. We owe to Angert et al.
[2004] the idea that, by adding 6'7O to 6D and 6'%0 of pre-
cipitation, it could be possible to decouple changes in sur-
face temperature and changes in relative humidity. While
the ratio of fractionation intensities for §D and 6'*O is tem-
perature dependent, the ratio for §'’0 and 6'%0 is quite
insensitive to temperature. Similarly to the d-excess param-
eter, the ''O-excess parameter has been designed because
its value in precipitation should be, in theory, primarily
controlled by the kinetic fractionation at evaporation
[Angert et al., 2004]. Under the steady-state assumption of
Merlivat and Jouzel [1979] for evaporation, Landais et al.

[2008] confirmed that the '"O-excess of the initial vapor
should be practically independent on SST. Measurements
in surface water vapor and snow at the Greenland NEEM
camp have confirmed the potential of '"O-excess as a
marker of relative humidity at the source of precipitation
[Landais et al., 2012]. In fact, this isotopic parameter
shows seasonal variations with a minimum in July in phase
with a maximum in source relative humidity, which hap-
pens earlier than the sea surface temperature maximum in a
large northern Atlantic sector.

[67] However, a strong kinetic fractionation also occurs
at snow formation. By using a simple isotopic model to
account for this kinetic effect, Winkler et al. [2012] showed
that this decoupling between relative humidity (#) and SST
based on '"O-excess of polar _Precipitation is not straight-
forward. In fact, interpreting '’O-excess in ice core proved
to be complex: the first profile measured along the Antarc-
tic Vostok ice core [Landais et al., 2008] suggests an LGM
increase in the source relative humidity of up to 20%,
which appears unrealistic. This raised the possibility that
the '’O-excess measured at Vostok is a local climatic sig-
nal rather than a more regional one. Winkler et al. [2012]
addressed this question by analyzing the variations of '’O-
excess over the last deglaciation in ice from two other Ant-
arctic sites: Dome C on the Plateau, and Talos Dome,
which is a more coastal site. The comparison reveals differ-
ences in '’O-excess mean level and changes between the
three sites: While the Dome C data display a '"O-excess
change smaller than at Vostok by a factor of about 3, the
Talos Dome data show no significant variation from the
LGM to the Early Holocene. This suggests that the large
increase measured at Vostok over the last deglaciation
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[Landais et al., 2008] is a local and not a general pattern
for East Antarctica. In fact, a Lagrangian moisture source
diagnostic reveals very different source regions for Vostok
and Dome C compared to Talos Dome, and an analysis
with the MCIM model points to the strong sensitivity of
70-excess to local effects under the conditions of the Ant-
arctic Plateau [Winkler et al., 2012]. This study confirms
that combining 6D, §'%0, and §'’0 measurements in ice
cores is promising for getting access to variations of both
SST and relative humidity in the oceanic source region,
although it is more reliable for relatively coastal sites such
as Talos Dome. The study of Risi et al. [2013a] is important
in this context as it is the first time that both d-excess and
70-excess are fully simulated by an IGCM equipped with
the four water isotopes (H216O, HDO, H,'%0, and H217O).
Such a modeling framework is needed to quantify the rela-
tive influences of SST and relative humidity on these iso-
topic compositions. At the current stage of model
development, these authors recognized some shortcomings
in the first simulation of '’O-excess.

[68] Our focus on low-latitude precipitation (section 3.3)
illustrates the potential of IGCMs to establish a link
between the isotopic content of precipitation and its oce-
anic origin. The fact that the IGCM approach is promising
is confirmed by the study of Lewis et al. [2013]. These
authors recognize that d-excess is generally a faithful tracer
of source temperatures as estimated with the MCIM, but
point out that large discrepancies in the isotope-climate
relationship occur around Greenland for the LGM, when
precipitation seasonality and moisture sources were notably
different from present-day ones. These results show that
quantitative reconstruction from ice core d-excess should
be treated with caution if the atmospheric transport and
other climatic conditions were significantly different from
the present-day ones. These authors also noted difficulties
for interpreting Antarctic data from high elevation sites
such as Dome C, while data from the lower elevation
EDML site should be more reliable. They also strengthened
the importance of humidity when interpreting d-excess val-
ues. Mapping the geographical distribution of d-excess of
past precipitation from ice cores for different past periods
may provide further information.

[69] An inherent difficulty for interpreting the longest d-
excess time series from the EPICA Dome C site, covering
more than 800,000 years [Jouzel et al., 2007b; Stenni
et al., 2013], is the very cold temperature. In particular, iso-
topic ratios are, for these very cold sites, strongly influ-
enced by the supersaturation of vapor over ice, which itself
is temperature dependent. Sensitivity tests to the tuning of
the MCIM model have evidenced the sensitivity of the
results to poorly constrained model parameters [Uemura
et al., 2010]. Most of existing IGCMs—such as the LMDZ
model used in our study and the GISS Model E-R used by
Lewis et al. [2013]—have difficulties to simulate such very
cold conditions (temperature is overestimated by 10°C or
even more). This is not the case for the GISS model II
(observed and simulated minima are within a few °C) on
which is based a large part of the IGCM results discussed
in this article. This ability to correctly reproduce the very
low temperatures of Central East Antarctica increases our
confidence in the link between d-excess in the marine vapor
and d-excess in Antarctic precipitation that we have

inferred from this IGCM, despite its low spatial resolution.
Simulations conducted for present-day at very high resolu-
tion with the ECHAM-5 model are promising by showing a
realistic distribution of precipitation isotopic composition,
when compared with surface snow data [Werner et al.,
2011].

[70] Finally, a major breakthrough has been accom-
plished as infrared laser spectrometers, now commercially
available, have reached the same level of precision as mass
spectrometers for measuring water isotope ratio. These
devices are sufficiently robust to allow continuous field
measurements of the 6D and 6'%0 composition of water
vapor and the possibility to develop an instrument for
measuring 6'’O is currently explored. Field measurements
of the 6D and 6'®0 composition in the marine atmosphere
are now running in Bermuda, Iceland (H.C. Steen-Larsen,
personal communication, 2013) and in south Greenland (J.
L. Bonne, personal communication, 2013). This network
should be extended to other polar sites, both in Greenland
and Antarctica, to help establishing the link between the
oceanic source characteristics, the isotopic ratio in the ma-
rine vapor and in precipitation.
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