
In conclusion, microparticle analysis of 39 sections of the 416-
meter core from J-9 reveals a substantial increase in particle
concentrations between 275 and 350 meters; the increase is
believed to signal the presence of late Wisconsin ice from up the
flow line in West Antarctica. In the near future, detailed oxy-
gen-isotopic ratios (5180) will be available for many of the sam-
ples for which microparticle data are presented. The 5180 re-
suits will reveal whether the lower third of the Ross Ice Shelf
contains late-glacial ice. The oxygen-isotopic analyses are being
conducted at the University of Washington.

This work was supported by National Science Foundation
grant DPP 77-19371A02. We thank R. Tope for the illustrations
and J. Wood for the typing.
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Intra-annual relationships between
oxygen-isotopic composition of
precipitation and temperature

at the South Pole

DAVID H. BROMWICH

Institute of Polar Studies
Ohio State University
Columbus, Ohio 43210

An understanding of the physical basis for the oxygen-iso-
topic composition (8 180, or 5) of precipitation in central Ant-
arctica is a prerequisite for confident interpretation of long-term
8-records derived from ice cores drilled in this area. Robin (1976,
1977) summarizes various lines of evidence which suggest, for
recent millennia, that 8-values in antarctic precipitation are
closely related to temperature. Jouzel and others (in press) have
carried out a detailed comparison between the isotopic varia-
tions in firn samples from the South Pole and the corresponding
in situ temperature data for the period 1957-78. The resulting
statistically significant relationships demonstrate that stable iso-
topic ratios can be used to reconstruct some characteristics of
the temperature regime prevailing at the time of precipitation.
To provide a link between individual isotopic measurements in
precipitation and the multiannual picture, and to get a more
detailed idea of the governing physical mechanisms, the exten-
sive set of 8-observations of south polar precipitation for the
period November 1964 to October 1965 have been analyzed in
greater detail than attempted by Aldaz and Deutsch (1967).
Preliminary empirical results of this study are reported here
and are contrasted with the conclusions reached by Bromwich
and Weaver (in press) as to the seasonal behavior of the oxygen-
isotopic composition in coastal precipitation. A limited com-
parison with the work of Jouzel and others (in press) also is
included. Unfortunately, the 1964-65 interval considered here is
poorly represented in their samples.

Aldaz and Deutsch's (1967) 89 observations of the oxygen-
isotopic composition of freshly fallen snow were examined as
monthly averages as well as individually. Because only the
precipitation signal is of interest here, the accretion measure-
ments are not included in the analysis. For the resulting sample
sizes of 11 and 44, correlation coefficients (r) between S and
temperature must be at least 0.6 and at least 0. 3, respectively, to
be significantly different from zero with a confidence level of 95
percent. Corresponding values of the coefficient of determina-
tion (r2) are 0.36 and 0.09.

Some of the results of the monthly analyses are given in table
1. The surface temperature at the time of sample collection (T5)
has a closer relationship with S (monthly average of 5) than does
the average surface temperture (T). This result is in marked
contrast to the situation at the coastal Syowa Station, where T5
and S are almost unrelated (Bromwich and Weaver in prepara-
tion). There is a weak increase in association between S and
mean temperature with increasing height; the reverse applies
for the 8-sampled precipitation temperature. Thus the best in-
terpretation for 8 appears to be the monthly average of the
simultaneous surface temperatures. This is also supported by
scatter plots of the data. When temperatures above the surface
are considered, both temperature variables appear, in general,
to be correlated equally well with 5; however, consideration of
nonlinear equations may-reveal closer relationships between P
and 5.

Another important result from the monthly analysis is that
there is no significant lag between the mean temperature cycle
and the 6-signal (table 2). In contrast, average coastal tempera-
ture leads the stable isotopic content of precipitation by about 1
month. This result is interpreted to mean that 8-values in coastal
precipitation reflect the amount of sea ice to the north of Ant-
arctica (Bromwich and Weaver in preparation). No such effect is
apparent at the South Pole. The slight change with height of the
relative phase of S and temperature is consistent with the verti-
cal variation of the annual temperature cycle above the South
Pole; surface temperature changes slightly precede temperature
changes aloft. A similar vertical phase variation occurs at Syowa
Station (Weaver 1981).

To examine interseasonal changes, individual 8-observations
are divided into two time groups: November to February values

1982 REVIEW	 85



Table 1. Results of the regression analysis on a monthly time scale between S (dependent variable) and temperature at various levels In
the atmosphere (independent variable)'

Level of temperature
measurements (average
height above surface)

Surface
650 millibars

(340 meters)
600 millibars

(890 meters)
500 millibars

(2,140 meters)

r	r 2

078	0.61
0.82	0.67

0.85	0.72

0.85	0.72

Slope ± 1 s.e
(% per 1°C)

0.35 ± 0.09
0.76 ± 0.18

1.3 ± 0.3

1.5 ± 0.3

Intercept ± 1 s.e.
(%)

-33 ± 5
-22 ± 7

-4 ± 10

11 ± 13

r	r2

	0.90 	0.82

	

0.81	0.66

	

0.71	0.50

	

0.79	0.62

Slope

0.46 ± 0.07
1.1 ± 0.3

1.3 ± 0.5

1.5 ± 0.4

Intercept

-29 ± 3
-13 ± 9

-5 ± 15

10 ± 16

aMean temperatures were taken from Department of Commerce (1965, 1966).
b(i): Regression equation is S = AT + B, where Sand Tare the unweighted monthly averages of the 6-observations and of all temperature measurements,
respectively. The caret indicates a monthly time average. A and B are the slope and intercept of the line. Based on 80 6-observations.

c(ii): Regression is S = AT + B, where T is the monthly mean of the temperature observations at the time precipitation samples were collected for 5-
determination. Because of missing temperature data, only 44 8-values were considered.

d r 2 = coefficient of determination, fraction of the variance of the dependent variable explained by the regression equation.

Table 2. Coefficients of determination resulting from regression of
with the mean temperature at various levels as a function of lag. For

a lag of +1, 5 is compared with T of the previous month.

Lag in months between 9 and T

Level	 -2	-1	0	+1	+2

Surface	 0.14	0.51	0.61	0.52	0.13
650 millibars	0.27	0.62	0.67	0.41	0.10
600 millibars	0.37	0.66	0.72	0.38	0.08
500 millibars	0.38	0.62	0.72	0.35	0.07

represent conditions during the warm part of the year, and the
March to October interval primarily monitors the polar night
(compare Schwerdtfeger 1977). A slightly different annual
breakdown was used by Jouzel and others (in press).

Table 3 shows that there is a pronounced seasonal variation in
the 8-temperature relationship. For the November-February
period, individual 8-values are unrelated to simultaneous tem-
peratures at any level. In contrast, Jouzel and others (in press)
found a fairly close connection over a 21-year period between
isotopic maxima in the firn and corresponding mean tempera-
tures (for December and January). These results are compatible
if the individual warm-period 8-values reflect the prevailing
temperature regime. During the colder part of the year, the

Table 3. Results of the regression analysis between individual 8-observations and simultaneous temperatures at different levels

November-
February	 March-September	 Entire year

Independent
variable	n	r2	n	r2	Slope ± 1 s.e.	Intercept ± 1 s.e.	n	r2	Slope	Intercept

T5 b	17	.06
T650c	 17	.07
T600	 17	.02
T500	 17	.01
TMAX d	 10	.15

27	.36	.38 ± .10
27	.43	.57 ± .13
27	.60	.81 ± .13
27	.54	.93 ± .17
27	.62	.81 ± .13

-34 ± 5	44	.64	.47 ± .05 -29 ± 2
-33 ± 5	44	.47	.85 ± .14 -21 ± 5
-26±5	44	.39	1.1 ±.2	-14±7
-15 ± 7	44	.44	1.3 ± .2	1 ± 9
-27±4	37	.61	1.1 ±.1	-16±5

'All data are from Aldaz and Deutsch (1967).
'Tr, = surface temperature.
CT650 = temperature at the 650-millibar level.
dIMAX = temperature at top of surface inversion (only assigned a value when a surface inversion was detected during a radiosonde ascent).
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Table 4. Comparison of regression analyses between oxygen-isotopic ratio and temperature at various levels for winter conditions at the
South Pole

(i)a	 fjj)b

Level	 r	 r2	 Slope ± 1 se.	 r	 r2	 Slope ± 1 s.e.

Surface	 0.06	0	 0.14 ± 0,51
	

0.60	0.36	0.38 ± 0.10
650 millibars	 0.31	0.10	0.44 ± 0.31

	
0.65	0.43	0.57 ± 0.13

600 millibars	 0.37	0.14	1.0 ± 0.6
	

0.78	0.60	0.81 ± 0.13
500 millibars	 0.38	0.14	 1.2 ± 0.7

	
0.73	0.54	0.93 ± 0.17

a(i): Calculated from table 3 of Jouzel and others (in press); obtained from a 21-year time series of mean values.
b(ii): March-September results from table 3; obtained from individual observations of S in precipitation and concurrent temperatures during one winter; n =
27.

association between S and temperature increases with height
above the surface (table 3). Jouzel and associates (in press)
compared isotopic minima in the firn and mean April-Septem-
ber temperatures and obtained rather similar 8-temperature
gradients, as summarized in table 4. These results for winter are
consistent with the idea that the surface layer is largely sepa-
rated from the free atmosphere where snow forms, by the
strong low-level atmospheric stability (e.g., Jouzel et al. in
press); this effect should be minimal during the warmer
months, when the surface temperature inv..rsion is much weak-
er (Schwerdtfeger 1970).

These seasonal differences disappear when monthly aver-
ages are considered. Therefore, the warm-period 8-values must
be determined by general temperature conditions, as proposed
previously; this is also suggested by scatter plots of the data.
Comparison of tables 1 and 3 reveals that statistically indis-
tinguishable results are obtained from both the (monthly) anal-
ysis of S versus T& (table 1, ii) and from the individual 8-tempera-
ture comparison for the entire year. The notable difference is as
expected, the decrease in the coefficients of determination ac-
companying the increase in sample size.

It should be noted that the regression equations obtained
from comparison of S and the 500-millibar temperature for the
entire year (tables 1 and 3) are indistinguishable from the equa-
tion derived by Aldaz and Deutsch (1967):

S = 1.4t + 4.0,

which relates individual S (in parts per thousand) observations
in precipitation to the "effective condensation temperature" t (in
°C). If precipitation is uniformly distributed throughout the
year, insertion of the annual mean isotopic ratio in the equation
will give a t value close to the annual mean 500-millibar tem-
perature. Most likely this is the basis for Robin's (1977) con-
clusion that, on an annual time scale, the average temperature
above the surface inversion is within 4°C of the effective con-
densation temperature.

The isotopic content of precipitation at the South Pole proba-
bly is determined by local moisture advection conditions, as
monitored by t. During the dark period, the moisture available
for precipitation is tied closely to the temperature regime imme-

diately above the surface inversion; this region is likely to be
supersaturated with respect to ice (Miller and Schwerdtfeger
1972) and holds most of the atmosphere's water vapor. Around
the time of the summar solstice, 8-values reflect the prevailing
temperature conditions but are unrelated to the temperature
variations accompanying precipitation. A physical explanation
for this result is being sought.

This research was supported by National Science Foundation
grant DPP 81-00142.
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