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During the period November 1964 to October 1965 a total of 89 samples of précipitation were collected at the 
Amundsen-Scott Station. Oxygen isotopes analysis discloses the présence of an 'isotopic summer' and an 'isotopic 
winter'. Thèse results combined with upper air observation permit the formulation of a relationship between SQX of 
précipitation and the température of an effective condensation level. A simple model based on equilibrium Rayleigh 
condensation processes for moist air masses over Antarctica is advanced. 

1. INTRODUCTION 

Many investigations have established tha t there is a 
corrélat ion between 1 ^ 0 / ^ ^ 0 and D/H ratios of pré­
cipi ta t ions and the t empéra tu re of the air which ex­
plains the observed variations of SQ^ wi th season, al­
t i tude and lat i tude. See bibl iography [ 1 , 2 ] . 

The theoretical background for the applicat ions of 
this parameter [3­5] is developed vt^ithin the frame­
work of equilibrium Rayleigh condensa t ion processes 
in e f fec t during the cooling of a mois t air mass origi­
nat ing over the océan and fo l lowed by condensa t ion 
unde r condi t ions which are e i ther isobaric, adiabatic 
or bo th . 

Antarct ica is part icularly suited for thèse studies 
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as the original séquence of déposi t ion of préc ip i ta t ions 
appears n o t t o be severely altered. 

A firmer foot ing on the glaciological a n d cl imato­
logical implications of stable i so tope prof i les f r o m f i m 
would be gained if it were possible to f î nd the rela­
tionship between the isotopic compos i t ion of the 
snow and the meteorological env i ronment at the t ime 
of précipi tat ion, toge ther with the degree of al térat ion 
of the original isotopic compos i t ion of f i m due t o 
me tamorph ic processes acting on it. 

2. F IELD AND L A B O R A T O R Y WORK 

Earlier investigations [6­8] have p roduced valuable 
results, while s imultaneousiy indicating t he need fo r 
fu r ther work . We présent here addit ional da ta which 
have been obta ined by pe r fo rming oxygen isotope 
analyses on 89 samples of freshly fallen snow, t a k e n 
by one of us (L.A.) dur ing the per iod November 1964 
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to October 1965 at Amundsen-Scott Station. Every 
mon th is represented by one or more samples. 

Extrême care was taken to secure samples uncon-
taminated by drifting snow. The collecting area was a 
sheltered wooden platform of about 10 m ^ area 
raised about half a meter above the snow surface and 
kept clean by fréquent brooming. Af te r the collection 
was taken, the sample was handled so as to minimize 
evaporative losses. As soon as the snow was melted, 
the liquid water was poured into 100 cm-^ plastic 
bott les and sealed with wax. 

The snow morphology, surface meteorological 
conditions and upper air data pertaining to the sam-
pled period were recorded (see table 1). A low wind 
situation was necessary to obtain samples uncontami-
nated by drifting snow. On meteorological grounds it 
is fel t that no significant bias was in t roduced by sam­
pling under such restricted meteorological condit ions. 

Isotopic analyses on samples of well dated fîrn tak­
en in the immédiate vicinity of Amundsen-Scot t Sta­
tion were also carried out [ 9 ] . The results obtained 
are in agreement with earlier published profiles [10 ] . 

The I 8 0 / I 6 0 ratios were measured with a spectro-
meter equipped with a double collector and a double 
gas inlet System. The expérimental procédures were 
essentially the same as those described by Epstein and 
Mayeda [3 ] . The results reported here are corrected 
for the various factors discussed by Craig [ 1 1 ] . They 
are expressed in terms of relative déviation per mil as 
folio ws: 

_ 180 /16o(sample ) - 1 ^ 0 / 1 6 o ( S M O W ) ^ , 
Oox X 10-^ , 

18o/16o(SMOW) 

where SMOW stands for standard mean océan water 
[12] . The reproducibility of the présent measure-
ments is bet ter than 0.3%o. 

3. THE VALUES OF SNOW VERSUS TIME 
O F COLLECTION 

A scatter diagram (fîg. 1) shows the ÔQ^ values of 
freshly precipitated snow against t ime of collection. 
The points are readUy grouped into an ' isotopic sum-
mer ' and an 'isotopic winter ' with average 8^^ respec-
tively o f - 4 4 and - 58. The transi t ion f rom one t o the 

other is fast during fall. The lack of samples obscures 
the rate of return to summer conditions. 

The twelve mon ths unweighted average is SQ^ = 
- 5 2 and the extrêmes - 6 3 and - 3 3 . It is noted in 
passing that - 6 3 is the lowest value of SQ^ ever meas­
ured for natural précipitations. 

4. THE VALUES IN FIRN 

From an inspection of the published profiles, for 
firn at Amundsen-Scot t Station, the following features 
of interest to the présent work are noted: 

1) For every year represented in the accumulation 
record, there is a high and low in the SQ^ values. 

2) The ampli tude of the SQ^ oscillations in firn is 
bracketed by the ext rême values of the 1964/1965 
précipitations. This fact already noted at King Bau­
douin Base by Gonfiant ini , Togliatti, Tongiorgi, De 
Breuck and Picciotto [13] may be partly the consé­
quence of the unavoidable smoothing introduced 
while sampling the firn and partly the resuit of mbcing 
processes by the wind at the surface. 

3) The overall mean of the SQ^ values for ail the 
profiles is - 51, close to the unweighted average of the 
précipitation SQ^ values. The mean Sg^ value of the 
firn taken over several years seems to be représentative 
of the mean SQ^ value of the fresh snow at the South 
Pôle. It appears tha t ÔQ^ values of the précipitations 
are not , in this case, signifieantly altered by metamor-
phic processes acting in the firn during the time span 
covered by the sampling. Nevertheless, the existence of 
some degree of enr ichment in depth-hoar layers cannot 
be ruled out . In such carefully sampled layers we have 
in fact found systematically high 8^^ values, in agree­
ment with previous observations [10] . 

5. OXYGEN ISOTOPIC COMPOSITION O F PRE­
CIPITATIONS AND THEIR TEMPERATURE O F 
FORMATION 

At the South Pôle, the déterminat ion of the tem­
pérature at which the snowfall originates is difficult 
because the humidi ty profile f rom the radiosonde 
records is unreliable on account of the prevailing low 
températures. Likewise, the balloon disappearance 
me thod to obtain the cloud base height is no t o f ten 
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Table 1 
Oxygène isotope ratio of précipitations at Amundsen-Scott Station and température of the air deduced from the concurrent 

radiosonde sounding. 

Sample Date Surface f 
Température (r°C) 

Max ÔQX 
V /oc) 

Sample Date Surface f 
650 mb 600 mb 500 mb 

Max ÔQX 
V /oc) 

1 Nov. 21 33 28.5 30.0 38.0 28 49 .9 
2 22 34 52.7 
3 22 34 30.0 32.5 38.0 30 47 .3 
4 23 38 28.5 32.0 41 .0 28 47 .2 
5 23 NR 43.3 
6 24 34 NS 46.3 

7 Dec. 1 32 31.5 35.0 40.5 31 40 .7 
8 7 30 34.0 34.0 39.0 NI 32.5 
9 8 30 30.0 33.0 38.5 29 47 .9 

10 * 9 30 47 .9 
11 15 25 33.0 33.0 37.0 NI 43 .5 
12 21 23 24.5 28.0 37.0 NI 49 .1 
13 23 27 30.5 33.5 39.5 NI 41 .9 
14 23 27 4 7 . 3 
15 24 27 NS 38.2 
16 24 NR NS 42 .4 
17 25 29 28.5 31.5 39.5 27 34.3 
18 * 28 27 48 .0 

19 Jan. 1 27 31.0 33.0 39.5 NI 42 .9 
20 2 29 32.5 32.0 37.5 NI 41 .3 
21 5 24 25.0 27.5 29.5 NI 38.6 
22 7 23 NS 39.4 
23 12 25 NS 37.1 
24 * 16 24 NS 46.5 
25 22 28 NS 50.1 
26 24 30 NS 46.3 
27 * 28 34 NS 48 .4 

28 Feb. 4 30-34 29.0 30.0 36.5 28 43 .4 
29 11 35 4 6 . 0 
30 11 34 27.5 28.5 37.5 27 ** 41.5 
31 11 34 39 .2 
32 12 36 29.0 29.5 37.0 28 4 0 . 8 
33 13 39 30.5 32.0 38.5 31 48.7 
34 18 40-34 NS 43 .4 
35 18 34 NS 42 .9 
36 19 4 2 NS 41.3 
37 20 41 NS 43 .0 
38 21 4 2 NS 46 .1 
39 24 43 NS 48 .4 
4 0 24 45 NS 47 .8 

41 Mar. 10 4 3 32.0 28.0 36.0 28 49.4 
4 2 16 44 31.0 30.5 38.0 29 ** 45 .7 
4 3 * 17 4 8 51.1 
44 26 6 4 43.5 40 .0 46 .0 39 55 .8 
45 26 65 43 .0 39.5 44.5 39 57.0 
46 27 63-60 NS 57.3 
47 30 4 7 41.5 36.0 42 .5 36 ** 57 .9 
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Table 1 (continued) 

Sample Date Surface f 
Température ( - ° C ) 

Max ° o x Sample Date Surface f 
6 5 0 mb 600 mb 500 mb 

Max ° o x 

4 8 Apr. 14 50 38.0 27.5 34.0 27 44.5 
49 14 33-37 21.0 23.0 32.0 21 40.3 
50 15 38-43 41.9 
51 19 54 37.0 35.0 42 .0 33 53.8 
52 May 4 57 38 .0 35.0 39.0 35 57.1 
53 5 5 2 4 7 50.4 
54 5 4 7 53.0 
55 5 4 6 34.5 30.5 41 .0 3 0 * * 52.2 
56 * 10 6 4 61.9 
57 28 4 7 28.0 30.5 38.5 28 48 .8 
58 June 2 4 9 39.5 36.0 43 .5 35 56.8 
59 2 4 9 55.3 
60 3 53 55.8 
61 * 3 53 54.9 
62 3 4 8 61.6 
63 3 4 6 35.5 35.5 41 .5 35 ** 58.2 
64 4 4 2 62.8 
65 4 41-54 38.5 40 .0 4 5 . 0 38 60.7 
66 7 58 39.5 38.0 42 .0 37 59.5 
67 7 57-63 39.0 40 .0 45 .5 38 62.7 
68 9 59-51 41 .0 37.0 41 .5 37 55.0 
69 9 4 9 53.9 
70 9 45 32.0 32.0 39.5 29 ** 53.9 
71 10 4 9 54.5 
72 10 4 7 40 .0 42 .0 45 .0 39 53.0 
T 3 Iz 49-54 54.6 
/4 1 'ï 4 9 32.0 31.0 39.0 31 ** 54.0 
IJ 1 A 

14 53 58.0 
/ o ^1 j j 43.5 t z . u Cyl f\ 

77 15 54 
/ o T . . l u A f\ 

juiy l u 
6 / - o i 34.0 34.0 39 .0 33 * en "3 5 /.J 

79 11 DO.4 
80 13 65 55.4 
81 13 6 2 38.5 38.0 43 .5 37 54.2 
82 Aug. 14 67 48 .0 38.0 46 .5 37 58.6 
83 15 6 1 58.7 
84 15 5 8 44 .5 43.5 50 .0 43 56.1 
85 15 5 2 34.5 35.0 43 .5 34 51.7 

86 Sep. 23 4 7 50.0 
87 23 4 6 33.0 31.5 4 0 . 0 3 0 * 54.3 
88 * Oct. 8 58 61.5 
89 * 9 57 61.4 

* = accretion collection. 
** = température of balloon measured cloud base. 
NI = no inversioa 
NS = no sounding. 
NR = not recorded. 
t = température at the surface during the pei iod of précipitation. 
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Fig. 1. The oxygen isotope ratio of précipitations versus their time of occurrence. 

applicable either due to the lack of sharp cloud 
boundaries . 

In fig. 2, the SQ^ value of every sample appears 
p lo t ted together with the observed range of tempéra­
tures taken f rom the concur ren t radiosonde sounding. 
The 500 millibars level was chosen as t he upper 
bounda ry of the precipi tat ing layer because the con­
t r ibut ion of the remainder of the t roposphère should 
be negligible on account of its low mois tu re conten t . 

If a unique relation be tween S and the air tem­
pérature exists which simultaneously satisfies our set 
of values, the graphical représenta t ion m u s t be con-
ta ined within the stippled area shown in fig. 2. This 
area is the locus of ail the effect ive condensa t ion level 
températures , for each précipi ta t ion per iod , because 
they must lie between the t empéra tu re ex t rêmes found 
during each particular radiosonde sounding. 

Outside of this région, any o ther SQ^ versus air 
tempéra ture relationship will give effect ive condensa­
t ion level températures only for a lesser number of 
précipi tat ion periods. In o ther words, such a relation­

ship may be applicable only to a restricted cl imatologi-
cal period, instead of representing condi t ions through-
out the year. 

In our case, the desired relation can, tentat ively, be 
represented by line A which has the équa t ion : 

S o x = 1 . 4 r ( O C ) + 4 . 0 . (1) 

For each précipi tat ion, an effect ive condensa t ion 
tempéra ture may be obta ined f r o m this équat ion , and , 
f r om the radiosonde profi le , the corresponding con­
densation level height. It appears tha t the clouds f o r m 
at a higher level in summer than in winter , which is in 
agreement wi th the climatological records [14] for 
Amundsen-Scot t Stat ion. 

The existence of such a relat ionship embracing the 
major i ty of our observations, lends suppor t t o the 
likely assumption that , on the average, the mois t air 
masses reaching the Sou th Pôle région have a c o m m o n 
origin of relatively constant t empéra ture the whole 
year th rough. 
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Fig. 2. The oxygen isotope ratio of précipitations and the corresponding observed radiosonde température range. 

This assumption and the use of equi l ibr ium Ray-
leigh condensat ion processes for the évolut ion of 
mois t air masses penetrat ing the Antarc t ic région per­
mi t t he development of the fol lowing simple model 
for the observed oxygen isotope rat ios of the précipi­
ta t ions . 

The above stated relationship of ô ^ ^ versus f ( ° C ) 
for the Amundsen-Scot t Stat ion and a similar one for 
King Baudouin Base [6] are the only ones available 
for the whole year in Antarctica. 

At King Baudouin Base, the mean ÔQ^ of firn is 
- 2 2 which corresponds to a mean annual t empéra tu re 
for the effective condensat ion level of - 17°C. Similar 
parameters for Amundsen-Scot t S ta t ion are 5 = " 5 1 
and t = - 3 9 ° C . A good fit to thèse d a t u m poin t s is 
ob ta ined by assuming that mois t air initially in equi­
l ibr ium with océan water at approximate ly 1 O^C cools 
isobarically (at 1000 m b ) to - 5 ° C and then undergoes 
adiabatic expansion. 

The calculated oxygen isotope ratios for précipita­
t ion resulting f r o m this mode l , together with the tem­
pérature , pressure and élévation of the mean conden­
sation levels are repor ted in table 2. The la t i tudes cor­
responding to thèse t empéra tu res are also given. 

In view of the lack of a direct dé terminat ion of the 
isotopic f rac t iona t ion fac tor ûQ^ at the low tempéra­
ture encountered in Antarc t ica , the as measured 
by Merlivat and Nief [15] were used and subsequent-
ly the 513 values ob ta ined were converted into SQ^ 
values by using the empirical relation of Epstein, 
Sharp a n d G o w [ 1 0 ] . 

Fig. 3 gives the oxygen isotope ratio versus the 
tempéra ture of the effect ive condensat ion level for 
Antarct ic précipi ta t ions. Curve 1 is calculated as 
stated before . For compar ison purposes, curve 2 was 
drawn af ter Computing of ÔQ^ wi th the ûQ^ values 
deduced f rom the Zhavoronkov, Uvarov and Sevryu-
gova [16] fo rmula ex t ended to the présent range of 
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Table 2 
Main features pertaining to the détermination of the oxygen isotope ratio versus température of effective condensation level rela-

tionship for Antarctic précipitations. 

Process 
Mean effective condensation level 

Calculated S^^ 
for précipitation 

Latitude 
( °S) 

Process 
Pressure 

(mb) 
Elévation a.s.l. 

(m) 
Température 

(OC) 

Calculated S^^ 
for précipitation 

Latitude 
( °S) 

Evaporation over océan 1000 0 +10 0 45 (réf. [ 1 7 ] ) 
Isobaric cooling 1000 0 - 5 - 1 0 65 (réf. [ 1 7 ] ) 
Adiabatic cooling (ice) 800 1500 - 1 7 - 2 2 70 (King Baudouin Base) 
Adiabatic cooling (ice) 600 3700 - 3 5 - 5 1 90 (Amundsen-Scott Station) 
Adiabatic cooling (ice) 550 4 3 5 0 - 4 1 - 6 0 90 

t empéra ture (a l though this ext rapola t ion lies well 
outside of the expér imenta l values). Thèse two curves 
are calculated start ing f r o m the SQ^ and mean val­
ues for King Baudouin Base précipi ta t ions (line B). 

It is apparent tha t line A, derived empirically in the 
présent work , lies in be tween the two calculated 
curves. The slopes of thèse three curves agrée ra ther 
well. 

As far as absolute values are c o n c e m e d , starting 
f rom the measured values at the coastal s tat ion, the 
proposed mois t air évolut ion produces ÔQ^ values for 

Fig. 3. The oxygen isotope ratio versus the température of 
the effective condensation level for Antarctic précipitations. 

Curve A (empirical) for Amundsen-Scott Station. 
Curve B (empirical) for King Baudouin Base. 
Curve 1 and 2 (computed). 

the Plateau région comparable wi th those f o u n d by 
direct measurement . 

It is somewhat surprising tha t this simple mode l 
agrées as well as it does no t only wi th t he measured 

values bu t also with the la t i tudinal pos i t ion of a 
reasonable source for the water vapor . The derived 
initial tempéra ture of +10°C cor responds t o a la t i tude 
of 4 5 ° S [ 1 7 ] , north of the c i rcumpolar cyclonic bel t 
which is centered, on the average, in the vicinity of 
60OS. 

Fr iedman, Redfield, Schoen and Harris [1] deduce 
f r o m their model that the source of water fo r the pré­
cipi tat ions at King Baudouin Base is at + 5 ° C in winter 
and +15°C in summer, in gênerai agreement wi th our 
value, a l though they assume the cooling of the mois t 
air t o be produced only by an isobaric process. 

As po in ted out by Dansgaard ( [ 2 ] and private com­
munica t ion) the values of p réc ip i ta t ions over the 
océan are close to zéro only in equator ia l régions; t hey 
could be as low as -8%o at la t i tudes a r o u n d 50*^S, due 
to exchange and up take of new vapor over the océan. 
The origin of water vapor in the p r o p o s e d mode l 
would consequently move towards higher la t i tudes, 
still remaining plausible. 
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