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Abstract: Water stable isotopes are currently measured 
in polar ice cores. The long records of olgO and 00 
provide un ique infonnation on the past polar 
temperature while the combination of (')180 and 3D 
constrains the evolution of the oceanic evaporative 
regions. Recently, new analytical developments have 
made it possible 10 measure with high precision a new 
isotopic ratio in water, 5170. As for 5D and 5180, the 
combination of 5170 and 51S0 shows a high dependence 
with the climatic condit ions during evaporation. Based 
on measurements of the differellt isotopic ratios in 
Antarctica surface snow. we show that while the 
combination of 5180 and 5D 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 a170 and 51S0 
in the so-called 110 m.,.. is not modified during the air 
mass transportation above the polar regions. Th is makes 
170 clI.cnl a simpler parameter than d-excess to constrain 
the evolution of the ocean ic evaporative regions. Finally, 
records of d-excess and 170CXC." over the deglaciation in 
the Vostok ice core suggest significant changes in the 
eVllporlitive regions. Our interpretat ion is that the 
relat ive humidity over the ocean was higher during the 
glacial period than today and lhat reevaporation 
increased over the deglaciation. 

Key words: ice core, water isotopes. water cycle, 
relative humidity, deglac iation. 

I. Introduction 

Water stable isotopes hllve been used for more than 
40 years to study the hydrologic:.l cycle. With this goa l, 
the International Atomic Energy Agency (lAEA) in 
Vienn:. and the World Meteorologica l Organisation in 
Geneva have set up a precipitation snmpling network in 
the early 19605 to documentlhe isotopic composition of 
precipitat ion. runoff and groundwaters. Two stable 
isotopes of hydro¥en ('H, D) and three stable isotopes 
of oxygen ( 160, 70 , Igo) can be found. The easiest 
molecules to measure ~because of their abundance) are 
1'12

160, "10160 and H~ 80 and Ihis is the reason why 
until very recently only the isotopic rat ios HOl60/H2160 

lLild l'h'80/H2160 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. 
Th is distribution is called fr.lctionation and induces 
strong differences of the isotopic ratios for the different 
water cycle components (water vapor, liquid water, 
snow) at each phase transi tion of the hydrologica l cycle 
(e.g. evaporation, liquid condensation, snowflake 
formation). The mam reason why the ratios 
HDI60lH2160 and H:!180n-l2160 lire smnller in water 
vnpor than in the condensed phase is that the heavy 
waler molecules have a lower sllturation vapor pressure 
than the light molecu les. Such fractionation process due 
to s..'lturation vapor pressure is called equi librium 
fractionation. Additional fractionation of water also 
occurs in the vapor phase because of the different 
diffusivities of water molecules in air (the lightest 
molecules nre also the fastes t to diffuse). Th is 
fmctionation process is usually depicted as ki net ic 
frac tionation. As an example, such kinetic fraction(l tion 
enhances the depletion of heavy molecules in wllter 
vapor after the evaporation. 

Liquid water condensmion is main ly an equilibrium 
process. The stronger the condensation, i.e. the more 
important the distillmion of the air mass, the morc 
depleted in heavy isotopes the remaining water vapor. 
Condensntion is enhanced for low temperature. Hence, 
this distillation mechanism leads to a decrease of the 
mtios HDI 60 /H2160 and 1'1218011-12160 in precipitation 
with decreasing tempel1lture. In addit ion to this large 
in fl uence of telllpCl1Iture on both the ratios 
HOl60lH2160 and H2180/J'hI 60 via equilibrium 
fractionation duri n~ condensation, combined 
measurements of HO 60 /H2160 and H2180lH2160 can 
bring complementary infonnation on the evaporative 
conditions of the air mass. The reason for that is the 
strong influence of kinetic fract ionation during 
eVll~ration and differen t sensitivities of the rat ios 
1·10 60 /H2160 and 1-1 2180 /1-1 2160 to equi librium and 
kinetic fmc tionat ions. Note that kinetic fractionation is 
.. Iso important during sol id precipitlltion and th us 
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 HDI 60 /H2160 and H21&0 /H2160, combination 
of both measurements enables one to infer second order 
information on the history of the ai r mass and on 
conditions in the evaporative regions [3,4,5.6]. 

This second order parameter ex tracted from the 
combined measurements of the ratios HD I60 /H2160 and 
H2180 /H2160 is called deuterium excess and noted d­
excess (see definition in section 2). It prov ides unique 
infonnation 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 no1 
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, H2
170 has not been measured in 

the hydrological cycle since no additional information 
was expected from this tracer compared to H1180 . 
Indeed, because of mass dependent fractionation in the 
hydrological cycle, the ratio H21701H2160 was expected 
to change as 0.5 lime the ratio Hl180 /Hl160. However, 
recent experimental developments have made it possible 
to measure with high precision the ratios H2170 /Hl160 
and H2180 /H2160 in water. This analytical method is 
based on a fluorination reaction converting H20 into O2. 
Then, the isotopic composition of O2 (0170 and 0180) is 
measured by dual inlet on a mass spectrometer through 
3 runs of20 measurements [method detailed in 7]. 

With this method, it has been possible to evidence 
differences in the relationships between the ratios 
Hl l70 /H2160 and H21l'10 /Hl l60 for equilibrium (slope of 
0.529±0.001) and kinetic fractionation processes (slope 
of 0.518±O.OOI) [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 H2170 /H2160 and H2 ! ~0/H2160 for 
different waters (leaf water, ~recipitation, water vapor) 
[9]. The combination of H21 01H2

160 and H2180 /H2160 
in polar ice core is thus expected to give infonnation on 
the air mass history in the same way that the dual 
measurements of HDI 60 /H2160 and H21801H 2160 can 
document the surface conditions of the evaporative 
ocean. Moreover, the influences of equilibrium and 
kinetic fractionation processes are different for the three 

ratios H2180 /H2160 , H21'0 /H2160 and H01 60 /H2160. 
Thus, it is believed that adding the measurement of 
H2

170 to the usual measurements of l'h I60 , H2
180 and 

H0 160 in ice cores will help to beller document the 
evolution of the past hydrological cycle. In particular, 
Angert et al. [10] suggest that measurements of H2110 
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 [II , 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 
perfonn 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 pemlit 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 pllrt, the bllsic definitions 
will be given for dealing with water isotopes in ice cores. 
[n a second part, some results of isotopic variations in 
surface snow and ice cores in polar regions will be 
given and the variabi lity of the water isotopic 
composition in space and back in time will be discussed. 
Finally, simple modeling approach will be presented in 
order to meaningfu lly interpret the spatial and temporal 
variations of the isotopic composition of water in ice of 
the polar regions. 

2. Definition s 

2.1 Delta notation and d-excess, 170 mh. anomalies 
High precision absolute measurements of isotopic 

ratios are difficult so that isotopic ratios are expressed 
as relative measurements with respect 10 a standard. 
Then, variations of the isotopic ratios H2180 /H2160 , 
H2170 /H2160 and HOl60 /H2160 are relati vely small 
within the hydrological cycle. As a consequence, the 
isotopic composition of water is usually expressed using 
the delta (0) notation as follows (example given for 
H21 80/H21(0): 
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(1 ) 

The standard for waler measurements is the V­
SMOW (Vienna Standard Mean Ocean Waler). 

When dealing with the 2 ratios HDI60 /H2160 and 
H l~OI 60/H2 160, the measurements of the isotopic 
composition of meteoric water have shown that 00 and 
8 180 of precipitation are linearly related with a slope of 
abou I 8 ([ 17], Figure I) so that: 

oD=88 180 +10 (2) 

,00 

.100> ' 

t-
o 

-~ ~ ~ ~ ~ ~ M ,. 

M(>I .. """l 

Figure I: Repartition of OJ) alld 8BO a/meteoric wafer. 

The data (alllllla! average) are a compilation of rite 
ollllual average of rite GNIP (Global Network for 
Is%pes ill Precipitation) network/or 880 betweell -35 
and 10960 [18]. For fhe isolopic composilioll of 
Alllarcric SIIOIV (880 belolV -35%0) , the data are from 
[19}. 

The slope of 8 for meteoric waler in the 00 - .s180 
plol 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 = oD_80 1s0 (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 IwO 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 wiJl deal with the In(o I7O/lOoo+ I) ­
In(0 180 / 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 111 a 
In(0170/lOOO+ I) - In(01801l000+ I) plot [9,22). When 
drawing a regression line from these data, we end up 
with a slope of 0.528 (R2=0.999999) and an intercept of 
42 penneg (I penneg = 10.3 per mil). This result is 
similar to the result by Meijer and Li [23). Similarly to 
the situation in the 00-0180 system, the slope of 0.528 
for the meteoric water line in the In(0170 I IOOO+ I) -
In(0 1801l000+ 1) system is primarily influenced by the 
process of equilibrium fr;tClionation (7]. Then, as kinetic 
effecls al evaporation are responsible for a significant 
residual d-excess in Ihe meteoric water, the same effects 
explain why the intercept of the meteoric line with Ihe 
line In(8 180 / IOOO+ I)=0 is not equal to zero. Thus, based 
on the d-excess definition, we define the 170 .x ... ", as: 

170 0...,s,=ln(0170 / 1 000+ I )-0.528*111(0 180 / 1 000+ I) (4) 

lo\,(&"OfIOOO+ll • 0 528' I O'ln(~"oJIOOO+ I J'tO.00I2 
o!i _ 11' . 0._ 

~ ---------------------------

Figure 2: Repartitioll o/the 3 70 alld 880 o/meteoric 
water [9; this slIdyj. The )la/ues for Antarctica (880 <_ 
35%0) come }i'o", the Eas/ Al1Iarc/ica transect Terra 
Nova Bay - Dome C {24j. The other )la/ues are ground 
wafer/rom Israel and Europe {9j. 

From combined measurements of 8 170 and 8180 
through the fluorination technique described in detai ls 
in [7], the analytical precision on 170 ex ... ", is of 5 penneg 
(see also the detailed discussion on l70 excess analytical 
precision in [9]). 

We note here that slight differences still arise in the 
definitions of d-excess and 170nccss. In particular, it is 
tempting to use the logarithm definition for d-excess or 
to define a 170 m-ess in a 0 170 _0180 system. However, it 
can be shown that on a In(8D/ I 000+ I) 
In(5180IlOOO+ I) plot, the repartition of the isotopic 
composition of the meteoric water is 110t 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 8 180 decreasing between - 10%0 (tropical -
temperate regions) and -45%0 (polar regions). In this 
case, it is impossible to define univocally ad-excess 
over the entire range of isotopic composition of water. 
Similarly, if we display the isotopic composition of 
meteoric water in a 0170_0180 plot instead of a 
1n(8 I70IlOOO+ I) - In(8180 / I000+ I) 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(8170 / I000+ I) 
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In(8180IlOOO+ I) plot. Note that a change in the 
definition slope of 1 70exc~$ by 0.004 (from 0.535 to 
0.539) leads to "artificial" variations of 170 m ... by 20 
r:enneg for a 5%0 change in 8180. Typical variations of 
70 exeess defined on a logarithmic scale and with a slope 

of 0.528 are of the order of 20 penneg (analytical 
prec ision of 5 permeg). We therefore underline the 
importance of keeping the 170 excess definition in the 
In(8 I70 / IOOO+ I) - In(8 IBO/lOOO+ 1) system. 

2.2 Fraction ation cocfficicnts 
The variations of OI SO, 00 and 8 170 in the 

hydrological cycle are due to fractionations at each 
phase transition. In order to quantify the fractionation of 
each process, fractionation coefficients, a, have been 
defined. As an example, we give the definition of 18a v.L 
for the fractionation associated with the ratio 
HZl80 /H2160 during equilibrium between vapor and 
liquid (fractionation process associated with liquid 
precipitation): 

(
H,,"O/ ) 

~ .;-_'...:.1_ HH--",-16_0"';!."",-"~';d~ 

(
H,,"OI ) 

~ / H 2160 «<por 

(5) 

Numerous laboratory experiments have been 
perfonned tnat enable the precise determination of the 
fractionation coefficients associated with equilibrium or 
kinetic frac tionation at each phase transition and for the 
three isototc ratios HZIMO/H2160 , HZI10 /HzI60 and 
HOl60 /H2

1 O. We give the values of tne different 
fractionation coefficients as well as the references for 
their detennination in Table 1. 

It is interesting to compare here the evolution with 
temperature of the relationship between the equilibrium 
fractionation coefficients in the system H0 160 /H2160 _ 
Hzl80/H2160 and in the system Hz170 /H2160 -
Hz180/Hz160. To do so, we display on Fig. 3, the 
evolution with temperature of the ratios 
InDueQv.J ln '8ueqv.L and InDaeQv.s/ln '8a«iv.s (Fig 3a) and 
the evolution with temperature of the ratios 
In 17uev.dln18a "\r.L and In I7a «iv.s/ln I8aeqv.s (Fig 3b). 
While the ratios In '7a "\r.J lnI 8u eqv.L and 
ln Da eqv.s/ln I8a eqv.s are stable with temperature, the 
relationships between lnDa«iv.L and ln I8u 'Qv.L or 
InDaeqv.s and In 18u ey.s clearly change with temperature 
(note that the same evolution could be observed for the 
ratios (Da«iV.L~I)/( 18a·qV.L~I) and (Du<qv.s-I)/e 8utqv.s~l) 
which correspond more correctly to tne d-excess 
definition). This will have important consequences in 
the compared interpretation of 170 •• "" .. and d-exccss and 
especially explains w hy I1Oe ..... should be less sensitive 
to temperature than d-excess. 

Finally, note that we still lack from a direct 
experimental detennination of lnI 7u eqv.s/lnI Su «iv.s. This 
can lead to uncertainty in the results presented later and 

has therefore been taken into account in the discussion 
part. 

I{' 0.11, 0 11 , O'f{' 0 " 0 Ill, 0 
bla'\-.l • • 
~ rJ - 0.416 '01 0 ' O.s29xO!("a'\-J 24.Jl..I lrJ 16.2$ +516.11T' 
r'.1 T - . . 1 " , , "", 

11.839 28.224. 10.' O.S29xln("a'\·.JI! 16Z88 II 34.I IT' , " . ,.' 0.0122 0.s18x01("a' )!i 0.0107 

Table 1: Compi/alion of the fractiollalioll coefficienls 
alld associated ref erences. 
crV•L is the fractiollatioll coeffiCient associated with 
vapor-liquid equilibrium: crv-s is tlte fractiollation 
coefficienl associaled with vapor-solid equilibrium; d 
is the fractiollatioll coefficienl associated with killelic 
effect (diffUSion of wafer vapor ill ail). 
A: Experimental determination by [25). 
B: Experimenlal determillatiOIl by [7} in Ille range 10-
40DC ill agreemelll with Illeore/ieal determination by 
(26j. 
C: Experimenlal determination by (27). 
D: Them·erical determination by [26} 
£: Experimel1lal determinatioll by [28} 
F: Experimel1lal determinatioll by [29} 
G: Experimel1lal determillation by [8} 

" 

.. , 
.------------------------------,. 

Figure 3a: £VOllllioll of 1110 d"q 1'./111'8 cr I'.L with 
temperallire. 

o.~ 

,ro on 

Figure 3b: Evollllioll of bF d""I,.t/11I'8d""V.L with 
temperature. 

3. Spatial and temporal distribution of 
isotopic composition of water in the polar 
regions 
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3. 1 Spati al 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 
precipi tation at high latitudes (0180, 0170 or ( 0 ) is 
primarily related to surface air temperature [17}. In 
Antarctica. surface snow was sampled along traverses 
from the coastal to inland stations and fim temperature 
measurements used as indicators of annual mean surface 
tempel"'dture. From these measurements, studies were 
conducted to determine the spatial relationsh ip between 
precipitntion isotopic composition and local temperature 
(isotopic themlOmeter) [30]. Recently, [19] compiled 
isotopic measurements over 1000 locations III 

Antarctica and determined the following global slopes 
for the isotopic thermometer in Antarct ica: 0.80±0.0I%o 
per cC for 8180 and 6.33:t:0.09%o per °C for I)D. The 
slope increases by -20% lit high elevation locations 
such as on the East Antarctica plateau. 

We focus now on the compared distribution of d­
excess and " Ouem in Antarctic surface snow. We 
rresent on Figure 4 the evolution of d-excess and 
' Ouces. measured on surface snow along an East­

Antarctica tmnsect between Terra Nova Bay (74.7°S 
l59.7°E) and Dome C (75.1 °S 123.4°E) [19. 22]. d­
excess increases significantly with decreasing 0180 over 
the East Antarctica plateau (i.e. 8"0 lower than - 35%0) 
while l'Ouccs. remains constant (40 per meg) over the 
entire transect. Such contrasted spatial evolutions 
between d-excess and 170 .. "<ttS6 are rather surprising 
given the similarities in the definition of the two 
"excess". 

It is important to note that the scalier 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 scal\ering such as 
variations of source and trajectories for the different 
surface snow samples, snow redistribution by wind, 
uneven deposition due to snow rel ief forms of various 
scales, post-deposi tion effects (mai nly associated with 
kinetic effects and thus believed to strongly modify 
170 uces. and d-excess [24, 31,32]). 

• 
.. 
• 

\1 
10 i 

1 

I 
• 

* ~ .. .. ~ ~ ~ .~ - '''O!lol -, 

Figure 4: Repartitioll of d-excess. "0~XNlSJ Gild 880 
along (/11 Allfarctic transect between Terra NOI'o Bay 
(all the coast) {/lui Dome C (Easl Antarctic pla/eal/). d-

excess dolO (Ire /rom {/9j. The solid lilies show the 
Olltplll of the MCIM (see IIIaill text) tUl/ed lI"ilh a 

supersaturation SI; J -O.002·r. 

3.2 Temporal va ri ations of 1) 0 , d-exce$s and " 0 _ 
excess over the last deglaciation in th e Vostok statio n 
(East Anta rctica) 

Figure 5 displays a rough profile of 1)0, 1) 180 , d­
excess [4] , 017

0 and 170.~«S$ [22] over the last 
deglaciation from the Vostok ice core (78°27'S, 
I06°52'E). At fi rst order, 80, 1)170 and 8180 show the 
same increasing sign111 so that we discuss only the 80 
record. The 80 profile shows a clear increase between 
the last glacial maximum (LGM) and the Holocene by 
50%0, a magni tude common to all continenta l Antarctic 
ice cores, that renecls the general wamling over the 
deglaciation [33]. d-excess and "0m~.s have both a 
general tendency of increase over the deglaciation but 
whi le the d-excess decreases slightly from 30 khl'S and 
reaches its minimum va lue l1round 15 kyrs SP, 'Ouces. 
remains stable between 30 and 20 kyrs BP around 15-20 
penneg and increases over the deglaciation up to 40 
penneg. Again. despite similarities in the definit ion of 
d-excess and 170 ... =-.. their temporal evolutions are 
clearly different l'/ence, we discuss below the origin of 
d-excess and "0.~CCSI in order to explain these different 
evolutions and thus to extract the maximum of 
infonnation from these two signals. 

• • 

"-"t 
" ! 
"I 
" 

Figllre 5: EIIQ/utio" of c5D [V;meILt el of., 1999, 870 
(dashed IiI/e) [12], 8 80 (grey) [4; 2lJ. 110 n«>S {ll} 
alld d·e.rcess (4} durillg the deglaciation. Dala were 
illlerp%led el'el)' 500 years . 

4. The origin of the Signature of d-excess 
d " 0 . I ' an Ul'CSS In po ar Ice 

In this section, we will describe the major steps of 
the hydrological cycle. We will also discuss how 
fmctionation associated with each step can modify d­
excess and 170~~e"1 in polar snow and thus explain the 
sf-atial and temporal variabili ties of d·excess and 
I Om-eu depicted in the previous section. 

-319-



4.1 Eva poration : the isotopic composition oC the first 
vapo r 

During evaporation or reevaporation of water into 
an unsaturated atmosphere, there is no themlOdynamic 
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 170._,,~) in the vapor over the ocean. We 
illustrate this effect on Fig. 6 both on a 80_8180 plot 
and on a In(8 I70 / lOoo+1) - In(8 180 / looO+ I) plo\. The 
departure point is the oceanic water with the average 
water isotopic composition ofVSMOW, hence with 80, 
8180 and 0170 equals to 0%0. 

The effect of pure equilibrium fractionation would 
be to drive the isotopic composition of the water vapor 
toward lower 01~0 (- -10%0) along a slope of - 8 in the 
80-0180 system and 0.528 in the In(01701l0oo+ l) -
In(8180llooO+I) system. These slopes are simply the 
result of the ratios of the fractionation coefficients 
(expressed in In) given in Table I: for the 80-0180 
system, the ratio [nDa~v_d[n I8a~V.l varies with 
temperature between 9 and 8 in the range 0_25°C (Fig. 
3a) and for the [n(8 I70 / \000+ 1) - In(8 1~0/ \000+ 1 ) 
system, the ratio In 17a~V.ll1n I8a~V.L remains stable and 
equal to 0.529 with varying temperature (Fig. 3b, [7]). 

50"''''13''01'000'') 

3''0", ..... 3''O''(I(X)+11 

Figure 6: Scheme showing the isotopic composition of 
the first water vapor over the ocean. The departure 
point is the oceall with the isotopic composition of v­
SMOW. Equilibrium fractionation has a slope close to 

the one oJthe meteoric water lille. 
1- Nole thai the t!'lle meteoric water lille (llot pre!!;€lIled 
here) does 1I0t go through V-SMOW because it has a d­
excess alld a 170 uuu different jimll zero. We present 
here a parallel of the meteoric water lille, i.e. a lille with 
the slope of the meteoric waleI' line bill with 01/ intercept 
of zero for 8~0=0. 
2- Note that for the system 111(87011000+1) -
111(880 1/000+1). we exaggerate the differences 
between the slopes for equilibriulII (0.529) and kinetic 
(0.518) ji-actiollatioll 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 (=lnDakv_tfIn I8akv.d for the 80_0180 system and 
0.518 (=ln I7akv_d ln I8akQv_d for the [n(8 170 / looO+I) -
In(0180/1000+ 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 00~81 80 and 0.528 for the system 
In(017011000+ 1 )-ln(8 1~0/ 1 000+ 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 170mes,. 

We detail below how the kinetic effect can be 
increased at evaporation. The classical description used 
to quantity- 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 wi th observed frac tionation 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 II 

large kinetic fractionlltion effect is observed thllt drives 
large increase of d-excess and 170 <,,,,,ss' 

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: 

_~. • I-k' I u = a x -
I' V·L l - k'xRH (6) 

where * stands for 0, 170 or 180 , «V_L 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 I. Based on estimates of wind speed over the 
ocean , it was suggested that the values of kl sO 
corresponding to ocean surface evaporation regime over 
the last climatic cycle vary in the range 4.5-6%0 [3; 381. 
From Table I, we have kD/k18=0.88 and kl71 kl8 = 0.518. 

From Eq. 6, it is now possible to infer the influence 
ofrelative humidity (RH) on the isotopic composition of 
the first water vapor over the ocean. However, because 
«V_L depends on temperature (Table I). 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 110mes• of the 
water vapor for different relative humidities and 
temperatures. For decreasing RH , both 170e_,cess and d­
excess increase while for increasing temperature, only 
d-excess increases (, ' Oe,cess remains stable). The reason 
why SST influences much less " Oe.ces, than d-excess is 
that the ratio lnC7a v.d/lnC 8a v_d does not vary with 
temperature while In(Da v.d/lnC 80av.d does (Fig. 3). 

• • • • 
--~) 

• ,. 
FifJllre 7: Evolutions of d-excess (b lack) lind 170 ex"",s 

(grey) of the first vapor for different temperatures and 
relative humidities. These evollltiolls were calclilated 
from Eq. 6 with a diffusive coefficiellt k=5.25%o 
(arbitralY chosell ill the middle of the possible range for 
k. i.e. 4.5 to 6%0). 

Finally, we should also consider deviation from the 
steady state approach described above. In particular, it 
has been shown that the validity 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 approllch is not yet done for 1)170 and is 
beyond the scope of this chapter. 

4.2 Liquid p recipitation : isotopic composition of rain 
After the first stage of evaporation, the parcel of 

hum id air is transported from the evaporative regions 10 
the polar regions. Since the air is cooling during its 
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 perfomled 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 
prec ipitation 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 fo rm 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 (I after the first evaporation, 
o when all water within the parcel is precipitated): 

In R= [n Ro + (av_L- I) x In f (7) 

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

From Eq. 7, it can be calculated how liquid 
precipitation modifies d-excess and 170<xC<"ss of the 
precipitating water (Table 2). Because 
InC 7a v_d/ln(1 8a v_d equals 0.529 and does not depend 
on the temperature, it follows that 170 c•cess does not 
show significant changes between the first vapor over 
the ocean and the precipitating liquid water. On the 
contrary, the fact that In(Dav_d/[nC8av_d 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 
temperalUre 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]. 

, , (""~ 0 
,. 

e."""s ~) . ,,"~T 
'" " · 12_06 " " 
'" M ·16.31 ,., 

" 
'" '-' ·12.14 ,., " 
'" M ·16.11 , .. " 

Table 2: Evollllion of 8 80. d-e..rcess and 170 "rrdS along 
a distillalion t/"ajeclo/Y considering ollly liquid 
precipitatioll. The isolopic composition of Ihe inilial 
vapor was arbitrmy chosen as 8 80 =_11.05%0, 
d-excess=8.8 %0, I7O",cm = 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 170 e;;ces< 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 0180 J461 and then, for a constant RH, the 
associated 1 0 "_'''<$$ and d-excess largely increase in 
vapor. However, RH is not expected to remain constant. 
More reevaporation should lead to enhance RH and thus 
to a decrease of d-excess and 170 ".,=5 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 precipita tio n 
When the temperature decreases below a certain 

threshold, ice crystals can fonn in the atmosphere and 
solid precipitation occurs. Isotopic fractionation 
associated with solid precipitation has been studied by 
[II]. 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: 

(8) 

With (lv.s the fractionation coefficient for the solid­
vapor equilibrium and Uk defined as: 

S 
a = ' 
* I +av_dS; -I ) D I D' (9) 

o and 0' being the diffusion constants in air for the 
light and the heavy isotopic com~nents respectively. 
The ratio DID' is 1.0285 for H21 0 , 1.0251 for HOO 
[29] and 1.01466 for H2

170 (calculated from [9]). S; is 
the supersaturation ratio in polar clouds and [II] 
showed that adjusting Sj as a linear function of the 
inversion temperature permits to explain the isotopic 
composition of polar snow. Note that using the values 
DID' 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, Sj 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 H2

170 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 
Antarct ica 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 lndopacific Ocean. From these results, we can 
roughly calculate that the oceanic source for the 
Antl1rctic 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 05 180 , d-excess 
and 170 •• « .. data over the East-Antarctic transect 
between Terra Nova Bay and Dome C (Fig. 4). A 
supersaturation Sj= I-0.002 xT was chosen to best fit our 
measurements. This parameterization of supersaturation 
is comparable to the previous studies [12; 13; 49; 50J. 
We believe that such parameterization is rather robust 
since it is based on the tuning on 8180 , d-excess and 
170 ,,_,=_ data opposite to the previous studies for which 
only 0180 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 wh ile the inner 
regions from East Antarctica, hence Dome C, receive 
more moisture from the Southern lndopacific. Using 
modeling outputs by [4IJ, 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%0 on the coastal site and 
underestimated by up to 1.4%0 in the inner site. 170 m ... 
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 170 "_0"" measured in 
Antarctic snow is significantly larger than 170 .,,,, .. in the 
first vapor as modeled by the closure assumption of [37]. 
Several reasons may explain sllch discrepancy. First, we 
lack from data of 170 ,,_,=_ in the Southern Indopacific 
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Ocean and it should be checked thaI 170eJIccss in this 
ocean is 0 permeg. Second, in our application of the 
closure assumption, we have displayed the evolution of 
170 eJI",» with respect to relat ive humid ity 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] - Le. water-air mixing ratio in the 
free atmosphere divided by the same ratio in air in 
equi librium with the ocean surface. In this case, 170e~cus 
ofthc first vllpor is increased by 10-20 permeg [22]. 

4.4 F in a l influ ences on polar d--e~c('ss and "Ou .... 
We used the s imple MCIM model described above 

(without includ ing effects of reevaporation) and the 
tuning on the Antarctic transect to determine the 
difTerent influences on ice olgO. "0.~c ... and d-excess of 
temperature, RH and isotopic composi tion of seawater 
of th e source region (T $OUI'Ce , RHwwre and S1800«..,) and 
temperature of the polar region (T'il')' We ran several 
hundreds of sensiti vity ex periments and we summarized 
the di ffe rent influences on d-excess and 170 .,,=. at the 
Vosto k stat ion as follows: 

6 d-excess (%0) -1.0X6T .. I . + 
0.12 x6 RH-.ftt - 3xA8180 0<W\ 

,68
180 (%0) = I. I 5XL\Ts"e 

0.15 x6RHswn:e + 0.95 x681s0 0«1n 

l.4x6 T iOWtt 

(10) 

( 11 ) 

where L\ 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 s trongly needed. However, addit ional measurements 
not s hown here depict the same change in 170 nl;C$$ over 
the degillc iation in Dome C as in Vostok so that the 
conc lusions dmwn 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, OI80 ...-nn. and not 
170 e>.cess is that the 170 .,,_ is dcfined using the "In" 
operation while the definition of d-excess does not 
include the "In". This can be easily shov.'Il by the 
approach of [54] studying the influence of 0180 ..,..." on 
the isotopic composition of polar snow. In a Rayleigh 
model describing the isotopic behavior of an air mass 
fro m its oceanic origin to the precipi tat ion site, the 
isoto pic content of precipi tation (here 8 180 ...,) can be 
wrillen: 

1+0180 . = 18 F(1 +s: !go ) ,« v lX .. n (13) 

where I~F is a function of climatologica l parameters and 
fm ctionation coefficients fo r the system H2 1~01H2 160. 
Appl yi ng th is eq ulllion for present-day (SI~OlXc",(O» and 

for a certll in period III the past, 
o' 80 0«.,(t)=5180 0«.,(0)+68180 00:can, shows that the 
correction due to the surface ocean isotopic composition 
equals 

ISFx,68IS0 _=681S0 _x( 1 +oI80 ... }/(1+60180 ..,...,,) 
(14) 

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

Corr _ d-excess= 

8 x 68180 X ( 1+ OD/rv _ 1 + 8
18

0 "", ) 
"""" I + 86b" ~0 1 + 68 180 - ~" 

(15) 

Similarly we can express the correction due to the 
surface ocean for 170 0 _ and we find 

Corr_ UOocus= In(Fu x( l +o 170 _ ) 
0.528xln(FI8x( I+8180 ....... » -In FI7 + 0.528xln FI8 

(16) 

If 170 0cess of the ocean remains nil. it follows that 
this correction equals zero so that no term including 
68180 o«.n appears in equation (I I). 

Equat ions (10), ( I I) and ( 12) were obtained with a 
particular parameterization of the model (S" frac tion of 
condensed phnse that remains in the cloud, .. .) but other 
sets of parameters enable one to obtain a si mi lar 
agreement wi th the surface data. Moreover the rat io of 
fmctionation fac tors InI 7a"'lv.s/ln lga "'lv.s has not been 
checked experimentally. We therefore did sensitivity 
experiments ex ploring randomly the range of 
parameters involved in the simple isotopic mode l lind 
making I n I7a~.sfln lga"'lv.s vary by ± 0.005. We retain 
only the pammeteriz;nions allowing to fit the HOe•cess 

and d-excess data of Fig. 4 (square root of the mean 
square deviation < 15 pemleg for 1700=. and < 3%0 for 
d-excess). In this case, the influence of T!OIIm: on 
uO.~cn. remains neg li~ible and we find a maximum 
influence of T"", on I O~'''$$ of -0.8 permegf'c. The 
uncertainty associated with the other coefficients in Eq. 
10, I I and 12 is of 20010. Finally, note that coefficients 
in Eq . 10 and 12 are of the same order of magnitude 
than the equat ions obtained by [551 for Vostok and [5] 
for the Dome C ice core which confirm the robustness 
of our approach. 

5_ Discuss ion and conclusion 

From the analysis above, we are now able to 
propose several hr potheses 10 explain the changes in d­
excess and in 1 O~m" bel ween the LGM and the 
Ho locene. 

We hllve shown that the I70 mess is ne ither 
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influenced by temperature, nor by the isotopic 
composition of the surface ocean. Therefore, the 
increase of 170 •• c ... during the deglaciation is probably 
only d ue to increase in the kinetic effect at evaporation 
or reevaporation. The modeli ng study of section 4-4 
suggests that this increase can be driven by a decrease in 
relative humidity in the evaporative regions. Eq. II 
suggests that a decrease by more than 20% of relative 
humidity of the evaporative regions is needed to explain 
the 170 ...... increase over the deglaciation. Note that [3] 
also suggested a higher relative humid ity 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 170 .X«5' 
signal. One possibility is an Increase of the 
reevaporation of liquid precipitation over the 
deglaciation that will increase the water vapor 170 •• « .. 
(section 4-2). 

For the d-excess signal, the same causes can be 
invoked since the increase of kinet ic effects at 
evaporation and reevaporation increases both d-cxcess 
and 170 .,«5, in the vapor. However, temperature and 
isotopic composition of surface seawater were shown to 
influence d-excess as well. 6.8 180 "" •• n is expected to be 
1%0 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 lempemture over the deglaciation [55]. 

Finally, when compari ng the d ifferent possiblc 
influences on d-excess and 170 m ... , it appears that d­
excess is a more complex parameter than 170 . ,«51' 
Indeed, while 170 .,"1, seems to depend only on the 
relative proportion of kinetic effect in the source regions, 
d-excess is strongly influenced by tempemture and 
isotopic composition of seawater. Such differences in 
the influences of polar d-excess and 170 .,"., explain the 
observed dissimilarities in the evolutions of both 
parameters (Fig. 4 and 5). 

A perspective fo r the future is to combine d-excess 
and 170 . ,«51 measurements in polar ice cores in order to 
decipher the influence of relative humidity and 
temperature and thus reconstruct quantitative 
infonnation 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 
RH"",,,,. variation necessary to explain our 170 .,,« .. 
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 J70 .m .. 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 170 •Xt'" variations 
in the watcr vapor over the ocean; measurements of 
170m-e., in the boundary layer are thus strongly needed. 
Second, kinetic fractionation processes are believed to 
be important in the tropical regions due to reevapomtion 
and convection effects. Studies of 170.,~ .. in these 
regions are thus of high interest. Finally, we have shown 
the limitation of I D simple isotopic modeling of the 
water cycle. lntegmtion of H2

170 in atmospheric general 
circulation models is therefore an important step to go 
further in the understanding of 170 ._,«5, repartition in the 
hydrological cycle. 
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