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Abstract: Water stable isotopes are currently measured
in polar ice cores. The long records of 80 and 3D
provide unique information on the past polar
temperature while the combination of &0 and 8D
constrains the evolution of the oceanic evaporative
regions. Recently, new analytical developments have
made it possible to measure with high precision a new
isotopic ratio in water, 8'0. As for D and 80, the
combination of 3'’0 and 3'°0 shows a high dependence
with the climatic conditions during evaporation. Based
on measurements of the different isotopic ratios in
Antarctica surface snow, we show that while the
combination of 3'°0 and 8D in the so-called d-excess
displays variation with local climatic conditions in the
polar regions in addition to the influence of the
evaporative regions, the combination of 3'’0O and 80
in the so-called "Ogycess is not modified during the air
mass transportation above the polar regions. This makes
"O,yeess @ simpler parameter than d-excess to constrain
the evolution of the oceanic evaporative regions. Finally,
records of d-excess and '"Oeycess OVer the deglaciation in
the Vostok ice core suggest significant changes in the
evaporative regions. Our interpretation is that the
relative humidity over the ocean was higher during the
glacial period than today and that reevaporation
increased over the deglaciation.

Key words: ice core, water isotopes, waler cycle,
relative humidity, deglaciation.

1. Introduction

Water stable isotopes have been used for more than
40 years to study the hydrological cycle. With this goal,
the International Atomic Energy Agency (IAEA) in
Vienna and the World Meteorological Organisation in
Geneva have set up a precipitation sampling network in
the early 1960s to document the isotopic composition of
precipitation, runoff and groundwaters. Two stable
isotopes of hydrogen ('H, D) and three stable isotopes
of oxygen ('°0, 0O, '"0O) can be found. The easiest
molecules to measure (because of their abundance) are
H,'°0, HD'®O and H,'®O and this is the reason why
until very recently only the isotopic ratios HD'*0/H,'°0

and H>"®O/H,'°0O were documented in the hydrological
cycle.

Because of differences in mass and symmetry, each
water phase change leads to a new distribution of the
heavy to light molecules ratios in the different phases.
This distribution is called fractionation and induces
strong differences of the isotopic ratios for the different
water cycle components (water vapor, liquid water,
snow) at each phase transition of the hydrological cycle
(e.g. evaporation, liquid condensation, snowflake
formation). The main reason why the ratios
HD'*O/H,'°0 and H,"0/H,'°O are smaller in water
vapor than in the condensed phase is that the heavy
water molecules have a lower saturation vapor pressure
than the light molecules. Such fractionation process due
to saturation vapor pressure is called equilibrium
fractionation. Additional fractionation of water also
occurs in the vapor phase because of the different
diffusivities of water molecules in air (the lightest
molecules are also the fastest to diffuse). This
fractionation process is usually depicted as kinetic
fractionation. As an example, such kinetic fractionation
enhances the depletion of heavy molecules in water
vapor after the evaporation.

Liquid water condensation is mainly an equilibrium
process. The stronger the condensation, i.e. the more
important the distillation of the air mass, the more
depleted in heavy isotopes the remaining water vapor.
Condensation is enhanced for low temperature. Hence,
this distillation mechanism leads to a decrease of the
ratios HD'°O/H,'°0 and H,'*O/H,'°O in precipitation
with decreasing temperature. In addition to this large
influence of temperature on both the ratios
HD'°O/H,"°0 and H,"O/H,'°0 via equilibrium
fractionation  during  condensation,  combined
measurements of HD'®O/H,'®0 and H,"0O/H,'°O can
bring complementary information on the evaporative
conditions of the air mass. The reason for that is the
strong influence of kinetic fractionation during
evaporation and different sensitivities of the ratios
HD'®O/H,'°0 and H,"O/H,'°0 to equilibrium and
kinetic fractionations. Note that kinetic fractionation is
also important during solid precipitation and thus
influences d-excess as well. This aspect is discussed
later in the text.

Water isotopes measurements have been largely
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applied to the study of polar ice cores. Indeed,
measurements of isotopic ratios in polar ice cores have
made it possible to infer the variations of central
Antarctic temperature over the last 800,000 years [1,2].
This is mainly the result of equilibrium fractionation
during condensation as depicted above. Then, because
of the different influence of the kinetic fractionation on
the ratios HD'®O/H,'®0 and H,"*0O/H,'°0, combination
of both measurements enables one to infer second order
information on the history of the air mass and on
conditions in the evaporative regions [3.,4.5,6].

This second order parameter extracted from the
combined measurements of the ratios HD'°O/H,'°0 and
H,'"®O/H,'°0 is called deuterium excess and noted d-
excess (see definition in section 2). It provides unique
information on both temperature and relative humidity
of the evaporative regions. Jouzel et al. [3] suggests
strong variation of the relative humidity over the
deglaciation based on the first d-excess record in a polar
ice core (Dome C, East Antarctica). Then, using the
long record of d-excess in the Vostok ice core, Vimeux
et al. [4] evidenced the strong role of obliquity for
controlling the temperature gradient between
evaporative and polar regions. However, d-excess is not
a simple parameter since it does not depend univocally
on one climatic variable. As an example, Vimeux et al.
[4] have shown how the temperature in the evaporative
and in the polar regions, the isotopic composition and
the relative humidity of the evaporative regions all
contribute to d-excess.

Until very recently, H,'’O has not been measured in
the hydrological cycle since no additional information
was expected from this tracer compared to H,™O.
Indeed, because of mass dependent fractionation in the
hydrological cycle, the ratio H,'"O/H,'°0 was expected
to change as 0.5 time the ratio H,'*0/H,'°O. However,
recent experimental developments have made it possible
to measure with high precision the ratios H,'’O/H,'°O
and H-'®O/H,'"°O in water. This analytical method is
based on a fluorination reaction converting H-O into O,.
Then, the isotopic composition of O, (3'’0 and 3'°0) is
measured by dual inlet on a mass spectrometer through
3 runs of 20 measurements [method detailed in 7].

With this method, it has been possible to evidence
differences in the relationships between the ratios
H,""0/H,'°0 and H,"*0/H,'°0 for equilibrium (slope of
0.529+0.001) and kinetic fractionation processes (slope
of 0.518+0.001) [7, 8]. Variation of the relative
proportion of kinetic and equilibrium processes in the
present-day hydrological cycle then explained why
slight differences are observed in the relationship
between the ratios H,'’O/H,'°0O and H,'"*O/H,'°O for
different waters (leaf water, precipitation, water vapor)
[9]. The combination of H,'"O/H,'°O and H,"*0/H,'°0
in polar ice core is thus expected to give information on
the air mass history in the same way that the dual
measurements of HD'®O/H,'°0O and H,'*0/H,'°O can
document the surface conditions of the evaporative
ocean. Moreover, the influences of equilibrium and
kinetic fractionation processes are different for the three

ratios H,""O/H,'°0, H,'"O/H,"°0 and HD'O/H,"0.
Thus, it is believed that adding the measurement of
H,'’0 to the usual measurements of H,'°0, H,'"*O and
HD'O in ice cores will help to better document the
evolution of the past hydrological cycle. In particular,
Angert et al. [10] suggest that measurements of H,''O
can help in bringing information on the relative
humidity of the evaporative regions.

Direct interpretation of the isotopic composition of
ice core is difficult because it depends on the entire
history of the moisture precipitating in the polar regions.
It therefore integrates the fractionation processes during
evaporation, transportation and precipitation. In order to
best take into account all these steps, many modeling
studies have been developed for isotopes in the
hydrological cycle. First, simple models considers only
one air mass trajectory, i.e. a unique source of moisture
for snow precipitating in polar regions [11, 12, 13].
Then, they depict the different fractionation processes
along this trajectory. The disadvantage of such models
is that they do not consider the multiplicity of
evaporative regions and the recharge of the air mass
along the trajectory. However, they are very useful to
perform sensitivity experiments and constrain the
influence of each climatic variable on the isotopic
composition of snow. Second, the incorporation of
water isotopes in the Atmospheric General Circulation
Models (AGCM) [e.g. 14, 15, 16] permits to consider
the different source of moisture, the recharge of the air
mass but does not permit to individualize the influence
of one climatic parameter on the isotopic composition of
surface snow,

In this chapter, the measurements of the
abundances of the 4 water isotopes will be used to
tentatively understand the past evolution of the
hydrological cycle. In a first part, the basic definitions
will be given for dealing with water isotopes in ice cores.
In a second part, some results of isotopic variations in
surface snow and ice cores in polar regions will be
given and the variability of the water isotopic
composition in space and back in time will be discussed.
Finally, simple modeling approach will be presented in
order to meaningfully interpret the spatial and temporal
variations of the isotopic composition of water in ice of
the polar regions.

2. Definitions

2.1 Delta notation and d-excess, '"O,xces; anomalies

High precision absolute measurements of isotopic
ratios are difficult so that isotopic ratios are expressed
as relative measurements with respect to a standard.
Then, variations of the isotopic ratios H,'"*O/H,'®0,
H,'"’0/H,'°0 and HD'O/H,'°O are relatively small
within the hydrological cycle. As a consequence, the
isotopic composition of water is usually expressed using
the delta (8) notation as follows (example given for
H,'®0/H,"%0):

— 316 —



(H2 180/H2 |[\O)

5[!{0:
(H:IHO/H:!“‘O)

sample - l % 1 000 (l]

s tan dard

The standard for water measurements is the V-
SMOW (Vienna Standard Mean Ocean Water).

When dealing with the 2 ratios HD'°O/H,'®0 and
H'®0'0/H,'°0, the measurements of the isotopic
composition of meteoric water have shown that 8D and
5'%0 of precipitation are linearly related with a slope of
about 8 ([17], Figure 1) so that:

3D=83""0+10 (2)
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Figure 1: Repartition of 8D and 8°0 of meteoric water-
The data (annual average) are a compilation of the
annual average of the GNIP (Global Network for

Isotopes in Precipitation) network for 8°O between -35

and 10%0 [18]. For the isotopic composition of

Antarctic snow (5°0 below -35%), the data are from

[19].

The slope of 8 for meteoric water in the 8D — 3'*0
plot mainly results from the fact that at equilibrium
between liquid water and its vapor, the isotopic
composition of the two phases lies on a line of slope
close to 8. Then, the excess in deuterium, d-excess, was
defined as [20]:

d-excess = 8D-85'*0 (3)

The fact that d-excess is not equal to 0 in meteoric
water of the temperate regions is mainly due to kinetic
effects during evaporation of water and reevaporation of
droplets. Note also that even without kinetic effect, a
small d-excess exists in water because at equilibrium
between liquid water and its vapor, the isotopic
composition of the two phases lies on a line of slope
close to 8 but not strictly equals to 8. As will be
discussed later this slope depends on the temperature of
the phase transition.

When dealing with fractionation between the three
isotopes of oxygen, it has been chosen to express the
isotopic composition with the logarithm expression [7,
10, 21] so that we will deal with the In(5'70/1000+1) —
In(8'*0/1000+1) system. In this system, the
fractionation lines are straight. One disadvantage
however is that the mixing lines are curved.

We present on Figure 2 a compilation of the

isotopic composition of meteoric water in a
In(8'70/1000+1) — In(8'*0/1000+1) plot [9,22]. When
drawing a regression line from these data, we end up
with a slope of 0.528 (R’=0.999999) and an intercept of
42 permeg (1 permeg = 1073 per mil). This result is
similar to the result by Meijer and Li [23]. Similarly to
the situation in the 8D-3"°0 system, the slope of 0.528
for the meteoric water line in the In(5'70/1000+1) —
In(8""0/1000+1) system is primarily influenced by the
process of equilibrium fractionation [7]. Then, as kinetic
effects at evaporation are responsible for a significant
residual d-excess in the meteoric water, the same effects
explain why the intercept of the meteoric line with the
line In(3'"*0/1000+1)=0 is not equal to zero. Thus, based
on the d-excess definition, we define the 'O, as:

"0xees=In(8"70/1000+1)-0.528*In(8"%0/1000+1)  (4)

0-

10%In(3"'0/1000+1) = 0.528"107In(5""0/1000+1)+0.042
R = 0.999999

-5 -

10%In(5""0/1000+1)
&

60 50 -40 -30 -20 10 0
10°In(5'"0/1000+1)

Figure 2: Repartition of the 870 and §°0 of meteoric
water [9; this sudy]. The values for Antarctica (§°0<-
35%0) come from the East Antarctica transect Terra
Nova Bay — Dome C [24]. The other values are ground
water from Israel and Europe [9].

From combined measurements of 8’0 and 30
through the fluorination technique described in details
in [7], the analytical precision on '"Opyeess is of 5 permeg
(see also the detailed discussion on : Oexcess analytical
precision in [9]).

We note here that slight differences still arise in the
definitions of d-excess and 7O e In particular, it is
tempting to use the logarithm definition for d-excess or
to define a 'O yeess in a 8'70-3"°0 system. However, it
can be shown that on a In(8D/1000+1) -~
In(3"*0/1000+1) plot, the repartition of the isotopic
composition of the meteoric water is not along a unique
line. Actually, the regression line for meteoric water in
this system has a slope that increases between 8.4 and
10.5 for 80O decreasing between -10%o (tropical -
temperate regions) and -45%. (polar regions). In this
case, it is impossible to define univocally a d-excess
over the entire range of isotopic composition of water.
Similarly, if we display the isotopic composition of
meteoric water in a 8'0-8"0 plot instead of a
In(8'70/1000+1) — In(3'*0/1000+1) plot, the slope of
the regression line is 0.535 for temperate regions and
0.539 for the polar regions while it remains 0.528 for all
the different regions in a In(3'’0/1000+1) -

— 317 —



In(3'°0/1000+1) plot. Note that a change in the
definition slope of I?O.gm.SR by 0.004 (from 0.535 to
0.539) leads to "artificial" variations of ""Ogycess by 20
permeg for a 5%o change in 3'%0. Typical variations of
"0, rcess defined on a logarithmic scale and with a slope
of 0.528 are of the order of 20 permeg (analytical
precision of 5 permeg). We therefore underline the
importance of keeping the "0rcese definition in the
In(3'"0/1000+1) — In(3'*0/1000+1) system.

2.2 Fractionation coefficients

The variations of 80, 8D and 80 in the
hydrological cycle are due to fractionations at each
phase transition. In order to quantify the fractionation of
each process, fractionation coefficients, o, have been
defined. As an example, we give the definition of Bt
for the fractionation associated with the ratio
H,'"*0/H,'°0 during equilibrium between vapor and
liquid (fractionation process associated with liquid
precipitation):

H,"0
= iquid

18 eq _
Ay = H,%0 (5)
HZ 1 (‘O vapor

Numerous laboratory experiments have been
performed that enable the precise determination of the
fractionation coefficients associated with equilibrium or
kinetic fractionation at each phase transition and for the
three isotopic ratios H,'*O/H,"°0, H,""O/H,'°0 and
HD'*O/H,'"°0. We give the values of the different
fractionation coefficients as well as the references for
their determination in Table 1.

It is interesting to compare here the evolution with
temperature of the relationship between the equilibrium
fractionation coefficients in the system HD'*O/H,'°0 —
H,"O/H,"*0 and in the system H,O/H,°0 -
H,"®O/H,'°0. To do so, we display on Fig. 3, the
evolution  with  temperature of the ratios
Ino%y./In" 0%y and In"a®dy.g/In" "oy (Fig 3a) and
the evolution with temperature of the ratios

In" 0% /In" %y and In'"a Sfln’“a“lvg (Fig 3b).
While the ratios In""a%y /In"ay, and
"0y ¢/In'*ay.s are stable with temperature, the

relationships between In"a*%y; and In"a*% or
In"ay 5 and In'foy g clearly change with temperature
(note that lhe same evolution could be observed for the
ratios (Pa®ly.-1)/("ely.1-1) and (ot~ 1)/(Palys-1)
which correspond more correctly to the d-excess
definition). This will have important consequences in
the compared interpretation of '"Ogycess and d-excess and
especially explains why L?Oexcess should be less sensitive
to temperature than d-excess.

Finally, note that we still lar.,k from a direct
experimental determination of In'"a*% ¢/In'*a*%.s. This
can lead to uncertainty in the results presented later and

has therefore been taken into account in the discussion
part.

H."0H,"0 H."O/H."0 HD"O/H,""0

In oy 4 A S At 4
L1370 0416 5 o ygo [0.529xIn( sy 2484 5 7623 oo 610
T T T T

In a*y.g [ E
“;""3 2822410° 0.529In(Hoct 2 ”;’33 934107

mat  |0.01225 0.518<In("ate  [0.010775

Table 1: Compilation of the fractionation coefficients
and associated references.

&’y is the fractionation coefficient associated with
vapor-liquid equilibrium; &5 is the fractionation
coefficient associated with vapor-solid equilibrium, o
is the fractionation coefficient associated with kinetic
effect (diffusion of water vapor in air).

A: Experimental determination by [25].

B: Experimental determination by [7] in the range 10-
40°C in agreement with theoretical determination by
[26].

C: Experimental determination by [27].

D: Theoretical determination by [26]

E: Experimental determination by [28]

F: Experimental determination by [29]

G: Experimental determination by [8]

1%, I,
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Figure 3a: Evolution of In"d%y./In'*c?y., with
temperature.
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Figure 3b: Evolution of In"" o %./In"*ay., with
temperature.

3. Spatial and temporal distribution of
isotopic composition of water in the polar
regions
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3.1 Spatial distribution of the isotopic composition of
water in surface snow

As stated in the introduction, it has long been
observed that the stable isotopic composition of
precipitation at high latitudes (3'°0, 870 or 8D) is
primarily related to surface air temperature [17]. In
Antarctica, surface snow was sampled along traverses
from the coastal to inland stations and firn temperature
measurements used as indicators of annual mean surface
temperature. From these measurements, studies were
conducted to determine the spatial relationship between
precipitation isotopic composition and local temperature
(isotopic thermometer) [30]. Recently, [19] compiled
isotopic  measurements over 1000 locations in
Antarctica and determined the following global slopes
for the isotopic thermometer in Antarctica: 0.80+0.01%o
per °C for 80 and 6.33+0.09%0 per °C for 3D. The
slope increases by ~20% at high elevation locations
such as on the East Antarctica plateau.

We focus now on the compared distribution of d-
excess and '"O.es in Antarctic surface snow. We
present on Figure 4 the evolution of d-excess and
"Opreess measured on surface snow along an East-
Antarctica transect between Terra Nova Bay (74.7°S
159.7°E) and Dome C (75.1°S 123.4°E) [19, 22]. d-
excess increases significantly with decreasing 8'°O over
the East Antarctica plateau (i.e. 8'*O lower than —35%o)
while '"O.ycess Temains constant (40 per meg) over the
entire transect. Such contrasted spatial evolutions
between d-excess and '"O.ee are rather surprising
given the similarities in the definition of the two
“excess’.

It is important to note that the scatter of the data
along the transect is relatively large, and is greater than
our analytical precision shown by the error bars on Fig.
4. Many reasons can explain such a scattering such as
variations of source and trajectories for the different
surface snow samples, snow redistribution by wind,
uneven deposition due to snow relief forms of various
scales, post-deposition effects (mainly associated with
kinetic effects and thus believed to strongly modify
70 xcess and d-excess [24, 31, 32]).

Ouscess (PErMEG)
8 8
=1

o B

1

d-excess (%e)

-85 -50 45 -40 -35 -30 -25 -20
interior 50 () coasl

Figure 4: Repartition of d-excess, "0 eess and 80
along an Antarctic transect between Terra Nova Bay
(on the coast) and Dome C (East Antarctic plateau). d-

excess data are from [19]. The solid lines show the
output of the MCIM (see main fext) tuned with a
supersaturation S;=1-0.002*T.

3.2 Temporal variations of 8D, d-excess and '"O-
excess over the last deglaciation in the Vostok station
(East Antarctica)

Figure 5 displays a rough profile of 8D, 80, d-
excess [4], 870 and ""Oueee [22] over the last
deglaciation from the Vostok ice core (78°27'S,
106°52'E). At first order, 8D, 8'’0 and §"°O show the
same increasing signal so that we discuss only the 6D
record. The 8D profile shows a clear increase between
the last glacial maximum (LGM) and the Holocene by
50%o, a magnitude common to all continental Antarctic
ice cores, that reflects the general warming over the
deglaciation [33]. d-excess and '"Oeyess have both a
general tendency of increase over the deglaciation but
while the d-excess decreases slightly from 30 kyrs and
reaches its minimum value around 15 kyrs BP, ”Omcss
remains stable between 30 and 20 kyrs BP around 15-20
permeg and increases over the deglaciation up to 40
permeg. Again, despite similarities in the definition of
d-excess and 'O, ..., their temporal evolutions are
clearly different. Hence, we discuss below the origin of
d-excess and '"Oycess in order to explain these different
evolutions and thus to extract the maximum of
information from these two signals.

T a0
E
g 30
§ 20
o
- ~16 _
15 &
14 8
3
133
®
12
-30.0 B
-31.0 5
§ s £
= 320 =
B0 Tw
-33.0

0 5 10 15 20 310
age {yrs BP)

Figure 5: Evolution of 8D [Vimeux et al., 1999, 8’0
(dashed line) [22], 5°0 (grev) [4; 22], " Ouxcess [22]
and d-excess [4] during the deglaciation. Data were
interpolated every 500 years.

4. The origin of the signature of d-excess
and |."Oe,ﬁcess in polar ice

In this section, we will describe the major steps of
the hydrological cycle. We will also discuss how
fractionation associated with each step can modify d-
excess and '"Oyyeess in polar snow and thus explain the
spatial and temporal variabilities of d-excess and
0xeess depicted in the previous section.
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4.1 Evaporation: the isotopic composition of the first
vapor

During evaporation or reevaporation of water into
an unsaturated atmosphere, there is no thermodynamic
equilibrium between the liquid and the vapor phases. In
this case, it is necessary to consider both the equilibrium
isotopic  fractionation and the so-called kinetic
fractionation due to molecular diffusivities of the
isotopically different water molecules in air.

The combination of equilibrium and kinetic effects
during evaporation is actually the origin of an anomaly
(d-excess or I?O.:msx) in the vapor over the ocean. We
illustrate this effect on Fig. 6 both on a 3D-5"°0 plot
and on a In(8'"0/1000+1) — In(8"°0/1000+1) plot. The
departure point is the oceanic water with the average
water isotopic composition of VSMOW, hence with 8D,
§'%0 and §'0 equals to 0%.

The effect of pure equilibrium fractionation would
be to drive the isotopic composition of the water vapor
toward lower 80 (~ -10%o) along a slope of ~8 in the
8D-3""0 system and 0.528 in the In(8'70/1000+1) —
In(3'*0/1000+1) system. These slopes are simply the
result of the ratios of the fractionation coefficients
(expressed in In) given in Table 1: for the 8D-8"0
system, the ratio In"a®y./In"*a®y, varies with
temperature between 9 and 8 in the range 0-25°C (Fig.
3a) and for the In(8'70/1000+1) — In(8"0/1000+1)
system, the ratio In'"o*%;/In'*a®%; remains stable and
equal to 0.529 with varying temperature (Fig. 3b, [7]).

5D or In(5'70/1000+1) ,;9&

Kinetic Equilibrium
fractionation

water fractionation

vapor

.)".
e
encess -
-
Pl

50 or In(5"%0/1000+1)

Figure 6: Scheme showing the isotopic composition of

the first water vapor over the ocean. The departure
point is the ocean with the isotopic composition of V-
SMOW. Equilibrium fractionation has a slope close to
the one of the meteoric water line.

1- Note that the true meteoric water line (not presented
here) does not go through V-SMOW because it has a d-
excess and a " Opyeess different from zero. We present
here a parallel of the meteoric water line, i.e. a line with
the slope of the meteoric water line but with an intercept
of zero for §°0=0.

2- Note that for the system In(8’0/1000+1) —
In(8°0/1000+1), we exaggerate the differences
between the slopes for equilibrium (0.529) and kinetic
(0.518) fractionation processes.

In addition to the equilibrium fractionation, the
effect of kinetic fractionation is to drive the isotopic
composition of the water vapor along a lower slope:
0.88 (=In"a*y./In"*a¥,.;) for the 8D-8"°0 system and
0.518 (=In""a*y./In"*a*y.1) for the In(8'70/1000+1) —
In(8"*0/1000+1) system [8]. Fig. 6 shows that the effect
of kinetic fractionation is to drive the isotopic
composition of the water vapor away from the line of
slope 8 for the system 3D-8'"0 and 0.528 for the system
In(8'70/1000+1)-In(3"*0/1000+1). From this scheme, it
is clear that the more important the relative proportion
of kinetic effect with respect to equilibrium effect, the
more important the d-excess and the Y0 cess.

We detail below how the kinetic effect can be
increased at evaporation. The classical description used
to quantify the isotope effects accompanying
evaporation into an unsaturated atmosphere was first
formulated by [34]. It states that the isotopic
composition of the net evaporation flux depends mainly
on the environmental parameters controlling the
evaporation process, i.e. relative humidity above the
boundary layer, and isotopic composition of the
surrounding water vapor. Then, Brutsaert [35, 36]
proposed a more sophisticated model for the
evaporation of water incorporating the effect of surface
wind speeds. [29] showed that this model was in good
agreement with observed fractionation for various wind
tunnel laboratory experiments. At first order, the main
effect is the one of relative humidity (RH): if RH
decreases, the importance of diffusion increases and a
large kinetic fractionation effect is observed that drives
large increase of d-excess and Lo -

For a quantitative approach of this effect, we follow
the previous work by [37] assuming a steady state
during evaporation so that the net fluxes of evaporation
equals the net flux of precipitation on a global scale. In
this case, the isotopic composition of the water vapor
above the ocean is given by:

o 1-k
Op = Oy, X : =
-k xRH (6)

where * stands for D, '"O or "0, oy is the isotopic
equilibrium fractionation coefficient at the ocean
surface temperature and k is a parameter describing the
diffusion fractionation effects at the air-ocean boundary.
Note that in this equation, it is assumed that the ocean
has the same isotopic composition as the VSMOW
standard.

The vapor-liquid fractionation factors are given in
Table 1. Based on estimates of wind speed over the
ocean, it was suggested that the values of k'O
corresponding to ocean surface evaporation regime over
the last climatic cycle vary in the range 4.5-6%. [3; 38].
From Table 1, we have k"/k'*=0.88 and k'"/ k'* = 0.518.

From Eq. 6, it is now possible to infer the influence
of relative humidity (RH) on the isotopic composition of
the first water vapor over the ocean. However, because
ay.r depends on temperature (Table 1), sea surface
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temperature (SST) has also an influence on this first
water vapor isotopic composition. Hence, we present on
Fig. 7 a comparison of d-excess and '"Ogyess Of the
water vapor for different relative humidities and
temperatures. For decreasing RH, both "Oexcess and d-
excess increase while for increasing temperature, only
d-excess increases (”Oemss remains stable). The reason
why SST influences much less '"Oeycess than d-excess is
that the ratio ln(]Ta\;_L}r‘ln(lsa\;_L) does not vary with
temperature while In("ay_ )/In("*“aty.) does (Fig. 3).

7
b
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: ///// v
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Teiathe ity [%]
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Figure 7: Evolutions of d-excess (black) and 10 s
(grey) of the first vapor for different temperatures and
relative humidities. These evolutions were calculated
from Eq. 6 with a diffusive coefficient k=5.25%o
(arbitrary chosen in the middle of the possible range for
k, i.e. 4.5 to 6%o).

Finally, we should also consider deviation from the
steady state approach described above. In particular, it
has been shown that the wvalidity of the closure
assumption described above decreases as a region
obtains a greater fraction of moisture from external
sources [39]. The best way to correctly take into account
the multiplicity of source region for the air moisture is
to use Atmospheric General Circulation Model
(AGCM) with the incorporation of water isotopes [e.g.
40; 41]. Such approach is not yet done for 3’0 and is
beyond the scope of this chapter.

4.2 Liquid precipitation: isotopic composition of rain

After the first stage of evaporation, the parcel of
humid air is transported from the evaporative regions to
the polar regions. Since the air is cooling during ifs
ascend after evaporation and transportation toward the
high latitudes, it reaches at some point the dew point
and condensation occurs. During the first part of the air
parcel transportation, liquid precipitation occurs.
According to measurements performed in surface air
moisture and precipitation [42; 43; 44], the rain is
considered at equilibrium with the water vapor so that
the liquid precipitation process is assumed to occur at
liquid-vapor equilibrium.

The removal of water through the liquid
precipitation process is associated with progressive
isotopic depletion of the remaining water vapor in the
air parcel. This is usually described by the Rayleigh
process. We do not develop here the basic approach for

isotopic enrichment and depletion by the Rayleigh
distillation that has been largely developed elsewhere
[e.g. 20; 45]. We only give the final integral form to
express the isotopic composition of the liquid water
precipitating as a function of the fraction, f, of the water
remaining in the air parcel (1 after the first evaporation,
0 when all water within the parcel is precipitated):

InR=InRy+ (ay~-1)xInf (7

where R is the isotopic ratio of heavy to light molecules
of the precipitating water and R, the initial isotopic ratio
of heavy to light molecules of the water vapor after first
evaporation. Note that in this final form, a is assumed
to be constant, i.e that temperature is constant along the
distillation process.

From Eq. 7, it can be calculated how liquid
precipitation modifies d-excess and 70,cess Of the
precipitating water (Table 2). Because
In(oty )/In("*ory.y ) equals 0.529 and does not depend
on the temperature, it follows that '"Oeess does not
show significant changes between the first vapor over
the ocean and the precipitating liquid water. On the
contrary, the fact that In(°ov)/In("cty.r) shows
significant variations with temperature leads to large
differences of d-excess in the precipitating liquid water
at different temperatures. It should be mentioned that
similar results are found if we consider variations in the
temperature along the distillation process. This has
important implication for the d-excess interpretation.
Indeed, because of the strong influence of temperature
on d-excess during the liquid precipitation process, it
results that the main influence on polar d-excess is not
relative humidity (that has a strong influence on the first
vapor) but the temperature in the source regions [12].

T 5 {'iin? - excess tgi;nj A (per;ngg}m
283 09 -12.06 82 10
283 0.6 -16.31 7.2 11
276 0.9 -12.14 79 10
276 0.6 -16.71 54 12

Table 2: Evolution of 50, d-excess and " 0,ypss along
a distillation trajectory considering only liguid
precipitation. The isotopic composition of the initial
vapor was arbitrary chosen as &°0=-11.05%o,
d-excess=8.8 %o, ”O(,_.-(.t,_‘._\- = 10 permeg.

Note that in addition to the liquid precipitation
process at equilibrium, there are evidences of rain
reevaporation in the tropical and temperate regions [20;
44]. Reevaporation of rain in tropical regions has the
potential to modify the isotopic composition of the air
mass [46; 47]. This is largely associated with kinetic
fractionation [Dansgaard, 1964]. The effect of
reevaporation on "Oprcese and d-excess is difficult to
quantify but it can be schematized as follows. First,
increasing the rain reevaporation fraction in moist
convective clouds leads to an initial decrease of the air
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mass '°0 [46] and then, for a constant RH, the
associated '"Oeese and d-excess largely increase in
vapor. However, RH is not expected to remain constant.
More reevaporation should lead to enhance RH and thus

7 5
to a decrease of d-excess and 'O, e in the water vapor.

Because of the complexity in depicting the isotopic
effect due to reevaporation, it is often not incorporated
in isotopic models of the hydrological cycle.

4.3 Solid precipitation

When the temperature decreases below a certain
threshold, ice crystals can form in the atmosphere and
solid precipitation occurs. Isotopic fractionation
associated with solid precipitation has been studied by
[11]. They showed that snow formation is not at
equilibrium and that kinetic effects are to be considered
in the vapor to snow sublimation process. In this
approach, the relative proportion of kinetic effect during
solid precipitation depends on the supersaturation in
polar clouds and the effective fractionation factor in the
sublimation process is expressed as:

o= O X Cly-g (8)

With oy the fractionation coefficient for the solid-
vapor equilibrium and o, defined as:

S,

I

“1+a, (S, ~1)D/D’

%

)

D and D' being the diffusion constants in air for the
light and the heavy isotopic components respectively.
The ratio D/D' is 1.0285 for H,'"*0, 1.0251 for HDO
[29] and 1.01466 for H,'’O (calculated from [9]). S; is
the supersaturation ratio in polar clouds and [11]
showed that adjusting S; as a linear function of the
inversion temperature permits to explain the isotopic
composition of polar snow. Note that using the values
D/D" determined by [48] would not change the results of
our modeling studies discussed below (the
supersaturation would simply be tuned differently).

Using a Rayleigh process description, it is possible
to evaluate the isotopic composition of the falling snow
[11]. To do so, S; needs to be precisely constrained. This
is usually done through the following approach first
given by [12] and detailed by [49] for the transect
between Dumont d’Urville and Dome C: a complete
model based on the Rayleigh distillation process is
developed for the air parcel transportation and isotopic
fractionation is calculated at each step between the
evaporation over the ocean and the final polar
precipitation. Then, S; is tuned so that the modeled
isotopic composition of polar snow matches the
measurements.

We followed this method using the mixed clouds
isotopic model (MCIM) by [13] in which we
incorporated the description of H,'’O in the different
steps of the hydrological cycle as described above. In a
first approximation, we assume a unique source

evaporative region for all precipitation along the
Antarctica transect (from the coast to the East
Antarctica plateau). To identify the climatic parameters
associated with this evaporative region, we used the
AGCM results of [41] that permitted to identify the
different source regions for the snow precipitating in
Antarctica. For East Antarctica, they found that the
major contributors are the Austral Ocean and the
Southern Indopacific Ocean. From these results, we can
roughly calculate that the oceanic source for the
Antarctic precipitation has a temperature around 17°C
and a relative humidity RH around 80% (associated
uncertainty of 30% of the estimate). Finally, we
adjusted the supersaturation S; using the 8'*0, d-excess
and O data over the East-Antarctic transect
between Terra Nova Bay and Dome C (Fig. 4). A
supersaturation S;=1-0.002xT was chosen to best fit our
measurements. This parameterization of supersaturation
is comparable to the previous studies [12; 13; 49; 50].
We believe that such parameterization is rather robust
since it is based on the tuning on 8'*0, d-excess and
70, xcess data opposite to the previous studies for which
only 3"°0 and d-excess measurements were available.

Note that our first order assumption that all the
water precipitating along the Antarctic transect is issued
from the same evaporative source is very unlikely.
Actually, results from reanalysis [51] and modeling
outputs [41, 52] show that the coastal regions from East
Antarctica such as Terra Nova Bay, receive more
moisture from the Antarctic current while the inner
regions from East Antarctica, hence Dome C, receive
more moisture from the Southern Indopacific. Using
modeling outputs by [41], we calculated that the
moisture source for Terra Nova Bay has a mean
temperature of roughly 15°C and a mean RH of ~ 80%
while the moisture source for Dome C has a mean
temperature of 18°C and the same mean RH of 80%.
These figures are only very rough estimates based on
modeling studies and should only be considered as
rough estimates (associated uncertainty of 30%). Based
on these results, we estimated the implications of this
change in the source location for our modeling: we
found that our modeled d-excess presented in Fig. 4 is
overestimated by up to 0.7%o on the coastal site and
underestimated by up to 1.4%o in the inner site. '"Oycess
is not influenced by the change in source region because
the source RH remains the same (in the model
estimates). These variations in d-excess remain however
within the scattering of the data so that we consider that
the aforementioned parameterization of our simple
model is valid. Note that in this simple approach, we did
not consider additional potential effects such as the
seasonality of the precipitation and post-deposition
effects that are probably different between the coast and
the interior of Antarctic.

Finally, it should be noted that "0, 1cess measured in
Antarctic snow is significantly larger than 70 ,xces in the
first vapor as modeled by the closure assumption of [37].
Several reasons may explain such discrepancy. First, we
lack from data of 'O, in the Southern Indopacific
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Ocean and it should be checked that "Oges in this
ocean is 0 permeg. Second, in our application of the
closure assumption, we have displayed the evolution of
" Oxcess With respect to relative humidity to be coherent
with the previous approaches of [4; 13; 37] but it is
perhaps more correct to use the normalized relative
humidity [e.g. 53] — i.e. water-air mixing ratio in the
free atmosphere divided by the same ratio in air in
equilibrium with the ocean surface. In this case, '"Oeycess
of the first vapor is increased by 10-20 permeg [22].

4.4 Final influences on polar d-excess and " Oycess

We used the simple MCIM model described above
(without including effects of reevaporation) and the
tuning on the Antarctic transect to determine the
different influences on ice 8'*0, '"Oycess and d-excess of
temperature, RH and isotopic composition of seawater
of the source region (T.yuees RHiouree and 8]“0“““) and
temperature of the polar region (T.). We ran several
hundreds of sensitivity experiments and we summarized
the different influences on d-excess and 7O,y at the
Vostok station as follows:

Ad-excess  (%o) = -LOXATge +  LAXATource
0.12%ARHgurce — 3%XA8 * Oucean (10)
A] Tocxccss (Pem'leg) = -0.9%ARH,oyrce

(11)
ASRO (%) = 1.15%AT4. - 0.5%ATsuce =+
0.15%ARH,guree + 0.95%A8"* O pcean (12)

where A stands for the deviation from the present-day
conditions. Note that the use of the transect between
Terra Nova Bay and Dome C is probably not optimal to
determine the influences on the isotopic composition of
surface snow in Vostok and surface data around Vostok
are strongly needed. However, additional measurements
not shown here depict the same change in 70 xcess OVET
the deglaciation in Dome C as in Vostok so that the
conclusions drawn here are believed to be valid for the
whole East Antarctic plateau.

The reason why d-excess depends on the isotopic
composition of the surface ocean, 8'°Ogean, and not
"Oexcess 15 that the "Ogyeess is defined using the "In"
operation while the definition of d-excess does not
include the "In". This can be easily shown by the
approach of [54] studying the influence of 8" Ogcean ON
the isotopic composition of polar snow. In a Rayleigh
model describing the isotopic behavior of an air mass
from its oceanic origin to the precipitation site, the
isotopic content of precipitation (here 8'°0j.) can be
written:

]+8moice: IBF(I +6]soocean) {]3)
where '°F is a function of climatological parameters and

fractionation coefficients for the system H,'*O/H,'°O.
Applying this equation for present-day (8" 04cean(0)) and

for a certain period in the past,
3" 0cean(1)=0"*Opcean(0)+AS8*Opceans  shows  that the
correction due to the surface ocean isotopic composition
equals

!xFXASIHOL\CC&!n:ASINOl‘L‘eﬂl!x{ ] +6]SOILE)E( ]+A6H‘O(\Cem’l)
(14)

We do the reasonable assumption that d-excess of
the surface ocean remains nil in the past. Then, the
correction for d-excess due to isotopic composition of
the ocean equals

Corr_d-excess=

18
8 X Ao‘momuwr x l - é‘llﬁ)hlr = l - 5 xO‘h’
: 1+8A¢0 Om\'mr 1+ Ad[ On('mm
(15)

Similarly we can express the correction due to the
17
surface ocean for ' 'Oyeess and we find

COH_I?OL‘-“—"!S-W: ln(FITX(l_‘-S”Oucuun)] =
0.528xIn(F5%(1+8"* Ogcean)) - In Fy7 + 0.528x%In F g
(16)

If ""Opycess Of the ocean remains nil, it follows that
this correction equals zero so that no term including
A8"*04cean appears in equation (11).

Equations (10), (11) and (12) were obtained with a
particular parameterization of the model (S;, fraction of
condensed phase that remains in the cloud,...) but other
sets of parameters enable one to obtain a similar
agreement with the surface data. Moreover the ratio of
fractionation factors In'’a®y.¢/In"*0%. s has not been
checked experimentally. We therefore did sensitivity
experiments exploring randomly the range of
parameters involved in the simple isotopic model and
making In'"o%%.¢/In" 0%, vary by + 0.005. We retain
only the parameterizations allowing to fit the ) ecens
and d-excess data of Fig. 4 (square root of the mean
square deviation < 15 permeg for '"Oycess and < 3% for
d-excess). In this case, the influence of Ty ON
"Oppcess Temains negligible and we find a maximum
influence of Ty 0N '"Opyeess Of -0.8 permeg/°C. The
uncertainty associated with the other coefficients in Eq.
10, 11 and 12 is of 20%. Finally, note that coefficients
in Eq. 10 and 12 are of the same order of magnitude
than the equations obtained by [55] for Vostok and [5]
for the Dome C ice core which confirm the robustness
of our approach.

5. Discussion and conclusion

From the analysis above, we are now able to
propose several hypotheses to explain the changes in d-
excess and in "Oueess between the LGM and the
Holocene.

We have shown that the '"O.. is neither
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influenced by temperature, nor by the isotopic
composition of the surface ocean. Therefore, the
increase of '"Oeycess during the deglaciation is probably
only due to increase in the kinetic effect at evaporation
or reevaporation. The modeling study of section 4-4
suggests that this increase can be driven by a decrease in
relative humidity in the evaporative regions. Eq. 11
suggests that a decrease by more than 20% of relative
humidity of the evaporative regions is needed to explain
the ""Opyeess increase over the deglaciation. Note that [3]
also suggested a higher relative humidity during the last
glacial maximum based on ice d-excess interpretation
but the difference was only of 10% with respect to
present-day. A higher relative humidity over the ocean
in the glacial is not unexpected since saturation is
reached more easily for lower temperature. Based on a
compilation of atmospheric general circulation model
results, [56] showed that RH is indeed expected to
increase from 80 to 90% over the ocean when the sea
surface temperature decreases from 20 to 10°C.
However, a 20% change of relative humidity over the
ocean during the deglaciation is clearly too high and we
should search for other explanations for this P 0cens
signal. One possibility is an increase of the
reevaporation of liquid precipitation over the
deglaciation that will increase the water vapor '"Oeycess
(section 4-2).

For the d-excess signal, the same causes can be
invoked since the increase of kinetic effects at
evaporation and reevaporation increases both d-excess
and ""Oyess in the vapor. However, temperature and
isotopic composition of surface seawater were shown to
influence d-excess as well. A8'* 0, eqn 18 expected to be
1%o for the LGM and source temperature probably
changed as well so that part of the shift in d-excess
between the LGM and the Holocene can be explained
by the changes in isotopic composition of seawater and
in sea surface temperature over the deglaciation [55].

Finally, when comparing the different possible
influences on d-excess and ""Oyesss it appears that d-
excess 1s a more complex parameter than ”Omm.
Indeed, while ”O,c,m.v.Ss seems to depend only on the
relative proportion of kinetic effect in the source regions,
d-excess 1s strongly influenced by temperature and
isotopic composition of seawater. Such differences in
the influences of polar d-excess and 0 ecess explain the
observed dissimilarities in the evolutions of both
parameters (Fig. 4 and 5).

A perspective for the future is to combine d-excess
and '"O,,.... measurements in polar ice cores in order to
decipher the influence of relative humidity and
temperature and  thus  reconstruct  quantitative
information about the past changes in the hydrological
cycle. It is tempting to do such exercise based on
equations (10), (11) and (12). However, the large
RHouce variation necessary to explain our L
signal (20%) are not realistic and underline the current
limitation in our understanding of isotopes repartition in
the hydrological cycle.

In order to better understand the '"O,ycess signal, it is

therefore key to progress toward different directions.
First, it is obvious that the relative proportion of
equilibrium and kinetic fractionation effects is not only
controlled by relative humidity over the ocean and it is
important to understand what drives '"Oycess variations
in the water vapor over the ocean; measurements of
"O,ycess in the boundary layer are thus strongly needed.
Second, kinetic fractionation processes are believed to
be important in the tropical regions due to reevaporation
and convection effects. Studies of "Oueess in these
regions are thus of high interest. Finally, we have shown
the limitation of 1D simple isotopic modeling of the
water cycle. Integration of H,'’O in atmospheric general
circulation models is therefore an important step to go
further in the understanding of 0 repartition in the
hydrological cycle.
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