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Abstract: To reconstruct variations of atmospheric greenhouse gases in the glacial
period, air in an ice core recovered from a bare ice field in the southern part of the
Yamato Mountains, Antarctica was extracted and then the CO 2, CH4 and N 20 concen
trations and 813 C of CO2 were analyzed. The CO2, CH4 and N 2 0 concentrations were
obviously lower than the pre-industrial Holocene values, suggesting that this ice core
was formed in the glacial period. The variations of the CO 2 , CH 4 and N 20 concentra
tions during the glacial period showed a good correlation with that of <>1 8 0 of ice from
the core. The CO2 concentrations varied almost opposite in phase with 813 C, which
implies that CO 2 with isotopically light carbon was added to or subtracted from the
atmosphere in the glacial period.

1.

Introduction

For better understanding of the relationship between atmospheric greenhouse gases
and global climatic change, it is crucial to know how the concentrations of these gases
varied in the glacial and interglacial periods. In the early 1980s, D ELMAS et al. ( 1980)
reported from the Antarctic ice cores D57 and D 10 that the CO 2 concentrations decreased
in the glacial period to approximately half of those in the Holocene interglacial stage,
correlating with their 818 0 variations, which reflect air temperature when snow accumu
lated. Thereafter, NEFTEL et al. ( 1982) showed, using more precise analytical techniques,
that the CO 2 concentration was lower by about 30% in the last glacial maximum than in
the Holocene. By analyzing the Vostok ice core for CO 2 and 8D, BARNOLA et al. ( 1987)
also found that the decrease of the CO 2 concentration clearly lagged behind that of air
temperature during the period from the interglacial to the glacial epoch, while the CO 2
and air temperature increased almost simultaneously in the transition from the glacial to
the interglacial period. On the other hand, NEFT EL et al. ( 1988) showed, by analyzing
about 500 ice samples from Byrd Station for CO 2 and <51 8 0, that the increase of air tem
perature preceded the CO 2 concentration by 200-1200 years during the period from the
last glacial maximum to the Holocene.
* Present address: National Institute for Environmental Studies, 16-2, Onogawa, Tsukuba 305.
** Present address: Center for Atmospheric and Oceanic Studies, Faculty of Science, Tohoku University,
Sendai 980-77.
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The CH4 concentrations in the glacial period were first measured in the late 1980s
using Antarctic and Arctic ice cores. The results revealed that the concentration levels
were only half of those in the Holocene (STAUFFER et al. , 1988; RAYNAUD et al. , 1988).
CHAPP ELLAZ et al. ( 1990) reported by analyzing the Vostok core that the CH4 concentra
tions varied in phase with air temperatures estimated from measured values of DD. A
similar correlation was also found for CO 2 from the same core.
The N20 concentrations in the glacial period were also lower than the Holocene
levels. ZARDINI et al. ( 1989) reported that N2 0 concentrations during the transition pe
riod from the last glacial maximum to the early Holocene were lowered by 5-10% com
pared with those in the Holocene. B y analyzing the Byrd core, LEUENBERGER and
S1EGEN THALER (1992) found that the atmospheric N20 concentration was lower by about
30% in the last glacial maximum than in the Holocene.
A deep ice core, which covers the whole glacial-postglacial transition, is not avail
able yet in Japan. However, an ice core collected in a bare ice field in the southern part
of the Yamato Mountains, Antarctica is expected to originate from the last glaciation,
because the ice-flow vector inclines upward around the drilling site and continuous evapo
ration of bare ice is compensated for by such vertical movement (AZUMA et al., 1985). In
this paper, we will give the results obtained by analyzing this ice core and discuss varia
tions of the CO 2 , CH4 and N2 0 concentrations and D1 3C of CO 2 in the glacial period.

2.

Experimental Procedures

A 101.4 m long ice core with a diameter of 120 mm was recovered from a bare ice
field in the southern part of the Yamato Mountains, Antarctica (72° 05'S, 35° 11'E). The
drilling was carried out using a mechanical drill by the 24th Japanese Antarctic Re
search Expedition in December 1983. The core was segmented every 0.5 m at the drill
ing site and then transported to Japan. The core was kept at temperatures of -10° to -20
°C during the transportation and stored in a cold room with -20° C of Hokkaido Univer
sity until our analyses in 1992. Melt layers were hardly observed in the entire core.
Many vertical cracks have been observed in the upper part of the core but no cracks any
more in a depth below 7 m. No clathrate/hydrate could be confirmed by careful inspec
tion with a microscope (NAKAWO et al., 1988). Therefore, all air occluded during ice
formation was thought to be included in air bubbles of the core.
Due to the complex ice flow at the drilling site, it is difficult to date the South
Yamato core absolutely. However, NAKAWO et al. ( 1988) estimated the vertical velocity
of ice flow in the bare ice field from the vertical distribution of bubble pressure in the
South Yamato core. In this study, the age of the South Yamato core was calculated on the
basis of estimated vertical velocity of ice flow given in Fig. 4 of NAKAWO et al. (1988),
relative to the age of surface ice.
Details of our experimental procedures have been described elsewhere (NAKAZAWA
et al. , 1993a, b, c; MACHIDA et al. , 1995). Ice samples of 500-700 g were used for air
extraction. Each sample was placed in the stainless-steel chamber, and then, the cham
ber was evacuated for at least 2 hours to sublimate the ice surfaces for cleaning of the
sample, maintaining the temperature at -20° C. After the evacuation, the ice sample was
melted for analyses of the CH4 concentration or milled by an ice cutter into fine powder
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for analyses of the CO 2 and N 20 concentrations and <51 3 C of CO 2 • The air released from
the ice sample was collected into a sample tube cooled by liquid helium after removing
water vapor from the air by a glass trap held at -100 ° C. The CO 2 , CH 4 and N 2 0 concen
trations of the extracted air were determined against our air-based standard gases with
concentrations of 200.0, 250.1 and 300.0 ppmv for CO 2 , 552, 943 and 1115 ppbv for
CH 4 and 199.9, 2 57.7, 306.2 and 3 51.6 ppbv for N 2 0 by using gas chromatography.
After the concentration analyses, CO 2 was extracted cryogenically from the remaining
air in the sample tubes to measure the carbon isotopic ratios in CO 2 • The mass spec
trometer used in this study was a Finnigan MAT-8S installed in our laboratory. Since the
amount of CO 2 available for the mass spectrometer analysis was rather limited, we used
a cold finger inlet to introduce CO 2 samples into the mass spectrometer. Internal and
external reproducibilities of our mass spectrometer analysis for carbon isotope were
estimated to be within 0.01 and 0. 02%0 (one standard deviation), respectively. N 2 0 con
tained in the air samples cannot be removed from CO 2 by the cryogenic procedure. Since
the mass numbers of N 2 0 are the same as those of CO 2 , the contribution of N 2 0 has to be
corrected. The correction factor for the mass spectrometer we used is expressed by
L1<51 3 C = 250p,

( 1)

where pis the concentration ratio of N 2 0 to CO 2 (NAKAZAWA et al. , 1993c).
The overall precision of our ice core analyses was estimated to be better than ±1.0
ppmv for CO 2 , ±10 ppbv for CH 4 , ±2 ppbv for N 20 and 0.05%0 for <51 3 C (NAKAZAWA et al.,
1993a, b; MACHIDA et al., 1995).
3.

Results and Discussion

3.1. Concentration variations of CO2, CH4 and N2 0 in the glacial period
Variations of the CO 2 , CH 4 and N 2 0 concentrations obtained from the South Yamato
core are shown in Figs. 1, 2 and 3, respectively. Also shown are the concentrations
obtained from an ice core at Mizuho Station, Antarctica (our unpublished data) and in
situ measurements at Syowa Station, Antarctica or the South Pole (NAKAZAWA et al.,
1991; LANG et al., 1990; MoNTZKA et al., 1992), which represent the concentration varia
tions during the Holocene. The values obtained from the South Yamato core are plotted
against ice age relative to surface ice, whereas the results from the Mizuho core are
plotted against absolute air age. Average values of the CO 2 , CH 4 and N 2 0 concentrations
from the South Yamato core are 213.3±8.7 ppmv, 484±44 ppbv and 243±10 ppbv, re
spectively. These concentrations are apparently lower than average values from the
Mizuho core for the pre-industrial Holocene, i.e., 281.9±4.4 ppmv for CO 2 , 729±30 ppbv
for CH 4 and 265±6 ppbv for N 2 0. It has previously been reported that in the last glacial
epoch, the CO 2 concentrations were in the range of 180-240 ppmv (NEFTEL et al., 1982,
1988; BARNOLA et al., 1987), the CH 4 concentrations in the range of 350-600 ppbv
(STAUFFER et al., 1988; RAYNAUD et al., 1988; CHAPPELLAZ et al., 1990) and the N 2 0 con
centrations in the range of 180-250 ppbv (LEUENBERGER and SIEGENT HALER, 1992). Tak
ing account of the fact that the results obtained in this study ranged within the previous
estimates, the South Yamato core is thought to have possibly been formed in the glacial
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period. In this regard, NAKAWO et al. (1988) pointed out that the South Yamato ice ma�
have been deposited during the last glacial period, since the terrestrial age of meteorites
found in the bare ice field near the Yamato Mountains has been estimated to be younger
than 40-70 k years.
Since land biomass is expected to have been reduced in the glacial period ( BIRD et
al., 1994), the low concentrations of atmospheric CO 2 in this period may be ascribed to
changes in chemical and/or biological CO 2 processes in the oceans. BROECKER and PENG
( 1989) suggested that lower temperature of sea surface water in the glacial period ac
counts for only 17 ppmv decrease in the atmospheric CO 2 concentration. Therefore,
other causes are probably responsible for such low CO 2 concentrations. One convincing
candidate is an enhancement of a biological pump by which a large amount of carbon is
transported from the mixed layer to the deep ocean as a form of organic particles (SARMIENT
and TOGGWEILER, 1984; SIEGENTHALER and WENK, 1984); stronger biological pump might
have led to lowering the atmospheric CO 2 concentration through the depletion of total
CO 2 (.!'CO2 ) in surface water. Another candidate is changes in alkalinity of ocean water.
BROECKER and PENG (1989) estimated about 80 ppmv decrease in atmospheric CO 2 by an
increase in alkalinity of polar surface waters.
To explain the reason why the concentration of atmospheric CH 4 decreased in the
glacial period, the causes should be considered in terms of changes in both sources and
sinks of CH 4 • CH 4 emission from wetlands through bacterial processes is highly depen
dent upon the temperature (HAMEED and CEss, 1983). Based on the CH 4 emission rate
given by HAMEED and CEss (1983), the source strength would be lowered in the glacial
period by a factor of 0.59 than in the Holocene (RAYNAUD et al., 1988). Wetlands at high
latitudes should have been reduced during the glacial period, due to drier climate and
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more extended ice-covered area (RAYNAUD et al., 1988). This is also effective for reduc
ing CH4 emissions. On the other hand, by examining the temperature dependence of the
CH4-0H reaction rate coefficient and the production of OH from H2 0, it was estimated
that the CH4 sink was deactivated during the glacial period, which leads to an increase of
25% in the CH4 concentration (RAYNAUD et al., 1988). However, from the above-men
tioned observational facts, it is thought that the former effect dominated over the latter
in the glacial period. In this connection, CHAPPELLAZ et al. (1990) found, from marine
pollen profiles (VAN CAMPO et al., 1982; PRELL and VAN CAMPO, 1986) and sapropels in
the eastern Mediterranean Sea (Ross1GNOL-STR ICK, 1983), that the appearance of a strong
monsoon correlated well with the higher CH4 events seen in the Vostok record. This fact
probably suggests that area of wetlands at low latitudes may also have been changed by
changes in the monsoon circulation which controls hydrological cycles there.
Natural sources of N20 are primarily due to microbial processes in soils and oceans
(PRATHER et al., 1995). Therefore, the release rates of N2 0 by denitrification and nitrifi
cation are strongly dependent on environmental parameters, particularly on the tempera
ture (ZARDINI et al. , 1989) and the extent of vegetation and soils (LEUENBERGER and
SIEGENTHALER, 1992). In addition, the release rate of N2 0 from the oceans could be
different at different temperatures, because the solubility of N2 0 depends on water tem
perature. On the other hand, N2 0 is destroyed only in the stratosphere through reaction
with 0(1 D) as well as photolysis. Taking account of these facts, it is suggested that N2 0
emissions from natural sources were reduced in the glacial period and its concentration
in the atmosphere was lowered.
Variations of the CO 2 , CH4 and N2 0 concentrations obtained from the South Yamato
core for arbitrary 50000 years (50 kyrs) in the glacial period are given in Fig. 4. For
detailed discussion of their concentration variations, oxygen isotopic ratio (81 8 0) of ice
was also analyzed every 1 m of the core, which can be used as an index of air tempera
ture when snow accumulated. The curve of measured 818 0 values smoothed with a
Reinsch-type cubic spline are also shown in Fig. 4. The CO 2 and CH4 concentrations
vary similarly to each other between 46 and 13 kyrs relative to the age of surface ice
(before the surface age: BSA); the concentrations increase slowly from 201. 9 ppmv and
433 ppbv in 46 kyrs BSA to 224. 1 ppmv in 20 kyrs BSA for CO 2 and 533 ppbv in 28 kyrs
BSA for CH4 , and then the respective values decrease rapidly to 204. 7 ppmv and 439
ppbv around 13 kyrs BSA. However, the CO2 concentration shows a high value of 231. 9
ppmv at 6 kyrs BSA, whereas a minimum value of 427 ppbv is found for CH4 in almost
the same year. The N2 0 concentration shows high values of about 256 ppbv around 30
and 16 kyrs BSA and decreases from 16 kyrs BSA to I kyr BSA and from 32 kyrs BSA
to 47 kyrs BSA. A low value of about 230 ppbv is also found in 20 kyrs BSA. It is seen
in Fig. 4 that the value of 818 0 shows variations similar to the CO 2 concentration during
46-10 kyrs BSA and to the CH4 concentration during 46-6 kyrs BSA. A similar correla
tion with 818 0 is found for the N2 0 concentration except for 30-25 kyrs BSA and around
45 and 6-1 kyrs BSA when the concentrations are high and low, respectively. Good
correlations of 81 8 0 with the CO 2 and CH4 concentrations during the glacial period were
also reported by BARNOLA et al. (1987) and CHAPPELLAZ et al. ( 1990) from the Vostok
core. The high values of the CO2 , CH4 and N2 0 concentrations around 30-20 kyrs BSA
are probably related to high air temperatures; release of CO2 , CH4 and N2 0 from the
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oceans into the atmosphere was enhanced by lowering their solubilities in sea water and/
or their emissions from land surfaces by microbial processes were intensified. The varia
tions of the CO 2 concentration will be discussed in more detail in the following section.
3.2. Variations of 013 C in CO2 durin g the glacial period
To understand the causes of the CO 2 variations in more detail, the carbon isotopic
ratio (81 3 C) in CO 2 involved in the South Yamato core was also analyzed. The results
obtained are shown in Fig. 5, together with the CO2 concentrations. The measured val
ues of 013 C range from -9.5 to -6.8%0, an average value being -7.7%o. Our values are
clearly lower than the pre-industrial Holocene levels of -6.8 to -6.2%0 (FRIEDLI et al.,
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1984, 1986; SIEGENTHALER et al., 1988; LEUENBERGER et al. , 1992). LEUENBERGER et al.
( 1992) also reported the relatively low 81 3C v alue of -6. 84± 0. 12%0 for the glaci al period
(40-20 kyrs B P ). Their value i s, however, hi gher by about 1. 0%0 than tho se in thi s study.
Such a di screpancy i s probab ly due to differences i n the analyti cal procedures and the
q uality and the age of i ce co res used b y the two gro ups.
As mentioned above, the low CO 2 concentrations i n the glacial period may be mai nly
ascribed to changes i n biolo gi cal/chemi cal CO 2 processes i n the oceans. If thi s i s the
case, the atmo spheri c 81 3C would also be affected by the same effect. It i s expected that
by loweri ng sea surface temperature by abo ut 2° C , the atmo spheri c 81 3C i s decreased by
abo ut 0.2%0, due to enhanced 1 3C/ 12C fractionation of CO 2 exchanged b etween the atmo 
sphere and the oceans (MooK, 1986). According to MARINO et al. (1992) and DUP LESSY
et al. ( 1988), the atmo spheric 81 3 C is expected to have been decreased b y 0.32%0 i n the
glaci al period, si nce 81 3C o f .!'CO 2 in th e whole ocean was lowered by ab so rbi ng CO 2
wi th light carbon released by the reduction of terrestri al bio mass. LEUENBERGER et al.
(1992) suggested that the po sitive shi ft of 81 3 C fo und fro m early to late Holocene was
due to preferential wi thdrawal of iso topi cally light CO 2 fro m the atmosphere duri ng
bio mass bui ldup o n land. It was also poi nted o ut that the average oceani c surface-to 
depth gradi ent i n 81 3C was smaller i n the glaci al period than in the Holocene (JASP ER and
HAY ES , 1990). The atmospheric 81 3C was esti mated to be reduced b y 0.2%0 b y thi s ef
fect. On the o ther hand, the carbon cycle model that i nvokes only changes i n the bio
logi cal pump predi cts an i ncrease of abo ut 0.9%0 in the atmo spheric 81 3C for a CO 2 co n
centration decrease of 90 ppmv i n the glacial period (W ENK and SI EGENTHALER, 1985).
Howev er, the results of more recent model studi es sho wed changes of 81 3C smaller than
the above predi ction (KEIR, 1988). Even if the i ncrease of the atmospheri c 8' 3C due to
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enhanced biological pump is assumed to be negligible, the isotopic depression estimated
from the above-mentioned three e ffects is still smaller than our finding. This may imply
that ot her processes were also important during the glac ial period or the above-men
tioned three effects were underest imated.
As seen in F ig. 5, t he CO 2 concentration varies almost oppos ite in phase w it h 8 1 3 C
during t he glacial per iod, especially after 20 kyrs BS A. Such a correlation implies that
isotopically light CO 2 was added to or subtracted from the atmosphere. Assuming that
CO 2 is exchanged between the atmosphere and another single carbon reservoir, a bal
ance equat ion for 1 3 C0 2 in the atmosphere is given by

(2)
where C 0 and C denote the atmospheric CO 2 concentrations (in ppmv) before and after
CO 2 is exc hanged, respectively, <51\ and <51 3 are corresponding values of 8 13 C (in %0) and
<51\ is 8 1 3C of CO 2 in the carbon reservoir considered (MooK et al. , 1983 ; KEELING et al.,
1984 ; NA KAZAWA et al. , 1993c). By solving eq. (2) for <51 3 , we obtained the follow ing
linear relation between the isotopic ratio and the reciprocal of CO 2 concentrat ion :
(3)

where M denotes a constant equal to Co( b1\-8 1 \) . By applying eq. (3) to the CO2 con
centrat ions and the ir 8 1 3 C values dur ing the 26-1 kyrs BS A per iod us ing a least-squares
fitting tec hnique, <51\ was determined to be -24.0±5.9%0. T he 813 C value of the land
b iosp here at the last glac ial maximum was est imated to range between -19 and -29%0
(BIRD et al., 1994 ). Taking this fact into account, it is thoug ht that the variations of the
atmospheric CO 2 concentration during the glacial period arose ma inly from CO 2 ex
change w ith the land b iosphere. Biological activ ities in t he surface ocean may also be
partly respons ible for suc h CO2 variat ions. On t he other hand , the CO 2 concentrations
and b1 3 C values dur ing the period 47-32 kyrs BS A showed no clear correlation. Suc h
behavior suggests that imbalance of CO 2 exchange between the atmosphere and t he oceans
due to c hanges in alkal in ity and/or surface ocean temperature is responsible for t he CO 2
concentration variations dur ing this period. In this regard, the exchange of CO 2 between
the atmosphere and the oceans has a little effect on the atmospher ic 8 1 3 C (NAKAZAWA et
al. , 1993c ).
4.

Conclusions

The CO 2 , CH 4 and N 20 concentrations deduced from the South Yamato core were
obviously lower than the pre- industr ial Holocene levels, average values of the respective
components being 2 13.3±8.7 ppmv, 484±44 ppbv and 243±10 ppbv, respect ively. These
low concentrations suggest that the ice core was formed in the glacial period. T he varia
tions of the CO 2 , CH 4 and N 2 0 concentrations dur ing the glac ial per iod were almost
sim ilar to that of 8 1 8 0 of ice , re flecting t he fact t hat source activities of the respective
components are strongly dependent on temperature. During the per iod between 26 and
I kyrs BS A, the CO 2 concentrations varied almost opposite in phase w ith 8 13 C. Such a
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correlation implies that isotopically light CO 2 was added to or subtracted from the atmo
sphere, due mainly to terrestrial biological activities.
Acknowledgments
We would like to express our gratitude to the members of the 24th Japanese Antarc
tic Research Expedition for their cooperation in collecting the South Yamato ice core.
We also thank Dr. B. STAUFFER, Bern University and Dr. T. UCHIDA , Hokkaido National
Industrial Research Institute for thoroughly reviewing the manuscript.
References
AZUMA, N . , NAKAWO, M., HIGASHI , A. and NISHIO, F. ( 1 98 5 ) : Flow pattern near Massif A in the Yamato bare ice
field estimated from the structures and the mechanical properties of the shallow ice core. Mem.
Natl Inst. Polar Res . , Spec. Issue, 39, 1 7 3- 1 8 3.
BARNOLA, J.M., RAYNAUD, D . , KoROTKEVICH, Y.S . and LORIUS, C. ( 1 987): Vostok ice core provides 1 60,000year record of atmospheric CO 2 • Nature, 329, 408-4 1 4.
BIRD, M.I., LLOYD, J. and FARQUHAR, G.D. ( 1 994) : Terrestrial carbon storage at the LGM. Nature, 37 1 , 566.
BROECKER, W. S. and PENG, T. -H. ( 1 989) : The cause of the glacial to interglacial atmospheric CO 2 change: a
polar alkalinity hypothesis. Global Biogeochem. Cycles, 3, 2 1 5-239.
CHAPPELLAZ, J., B ARNOLA, J.M., RAYNAUD, D., KoROTKEVICH, Y. S. and LoRIUs, C. ( 1 990) : Ice-core record of
atmospheric methane over the past 1 60,000 years. Nature, 345 , 1 27- 1 3 1 .
DELMAS, R.J., AscENCIO, J.M. and LEGRAND, M. ( 1 980) : Polar ice evidence that atmospheric CO 2 20,000 yr B P
was 50% of present. Nature, 284, 1 5 5-1 57.
DUPLESSY, J.C., SHACKLETON, N.J., FAIRBANKS, R.G., LABEYRIE, L., 0PPO, D. and KALLEL, N. ( 1 988): Deepwater
source variations during the last climatic cycle and their impact on the global deepwater circula
tion. Paleoceanography, 3, 343-360.
FRIEDLI, H . , MooR, E., 0ESCHGER, H . , SIEGENTHALER, U. and STAUFFER, B. ( 1 984): 1 3C/ 1 2C ratios in CO2 ex
tracted from Antarctic ice. Geophys. Res. Lett. , 1 1 , 1 1 45-1 1 48 .
FRIEDLI, H . , L6TSCHER, H . , 0ESCHGER, H., SIEGENTHALER, U . and STAUFFER , B . ( 1 9 86) : I ce core record of the
1 3 C/ 1 2C ratio of atmospheric CO in the past two centuries. Nature, 324, 237-23 8.
2
HAMEED, S. and CESS, R.D. ( 1 98 3 ) : Impact of global warming on biospheric sources of methane and its cli
matic consequences. Tellus, 35B, 1 -7 .
JASPER, J . P. and HAYES , J.M. ( 1 990): A carbon isotope record of CO 2 levels during the late Quaternary. Na
ture, 347, 462-464.
KEELING, C.D., CARTER, A.F. and MooK, W. ( 1 984): Seasonal, latitudinal, and secular variations in the abun
dance and isotopic ratios of atmospheric carbon dioxide; 2. Results from oceanographic cruises in
the tropical pacific ocean. J. Geophys . Res ., 89, 461 5-4628.
KEIR, R. S . ( 1 988): On the late Pleistocene ocean geochemistry and circulation. Paleoceanography, 3, 4 1 3445 .
LANG, P.M . , STEELE, L .P. , MARTIN, R.C. and MASARIE, K.A. ( 1 990): Atmospheric methane data for the period
1 983- 1 985 from the NOAA/GMCC global cooperative fl ask sampling network. NOAA Technical
Memorandum ERL CMDL- 1 . NOAA, ERL, Boulder, Colorado, 90 p.
LEUENBERGER, M. and SIEGENTHALER, U. ( 1 992): Ice-age atmospheric concentration of nitrous oxide from an
Antarctic ice core. Nature, 360 , 449-45 1 .
LEUENBERGER, M . , SIEGENTHALER, U . and LANGWAY, C . C . , Jr. ( 1 992) : Carbon isotope composition of atmo
spheric CO 2 during the last ice age from an Antarctic ice core. Nature, 357, 488-490.
MACHIDA, T. , NAKAZAWA, T. , Furn, Y. , AoKr, S. and WATANABE, 0. ( 1 995): Increase in the atmospheric nitrous
oxide concentration during the last 250 years. Geophys. Res. Lett. , 22, 292 1 -2924.
MARINO, B .D., McELROY, M.B., SALAWITCH, R.J. and SPAULDING, G. ( 1 992): Glacial-to-interglacial variations
in the carbon isotopic composition of atmospheric CO 2 • Nature, 357, 46 1 -466.

Variations of the CO 2 , CH4, N 20 and 81 3C in the Glacial Period

65

MoNTZKA, S.A., ELKINS , J.W. , B ULTER, J.H. , THOMPSON, T.M . , STURGES, W.T. , SWANSON, T.H., MYERS, R.C.,
GILPIN, T.M.,BARING, T.J . ,CUMMINGS, S.0., HOLCOMB, G.A., LoBERT, J.M. and HALL, B.D. ( 1 992):
Nitrous Oxide and Halocarbons Division. Climate M onitoring and Diagnostics Laboratory/ Sum
mary Report 1 99 1 , No.20, ed by E. E. FURGUSON and R. M. RossON. NOAA, ERL, B oulder, 60-8 1 .
MooK, W.G. ( l 986): 1 3 C in atmospheric CO 2 . Neth. J. Sea Res., 20, 2 1 1 -223.
MooK, W.G., KooPMANS, M., CARTER, A.F. and KEELING, C.D. ( 1 983 ): Seasonal, latitudinal, and secular varia
tions in the abundance and isotopic ratios of atmospheric carbon dioxide; 1 . Results from land
stations . J. Geophys. Res . , 88, 1 09 1 5- 1 0933.
NAKAWO, M., NAGOSI, M . and MAE, S. ( 1 988): A stratigraphic record of an ice core from the Yamato meteorite
ice field, Antarctica. Ann. Glaciol., 10, 1 26- 1 29.
NAKAZAWA, T. , AOKI , S . , MURAYAMA, S . , FUKABORI, M . , yAMANOUCHI, T. , MURAYAMA, H., SHIOBARA, M . , HASHIDA,
G., KAWAGUCHI, S. and TANAKA, M. ( 1 99 1 ) : The concentration of atmospheric carbon dioxide at the
J apanese Antarctic Station, Syowa. Tellus, 43B, 1 26- 1 35 .
NAKAZAWA , T. , MACHIDA, T. , EsuMI, K., TANAKA, M . , Furn, Y. , AoKI, S. and WATANABE, 0. ( 1 993a) : Measure
ments of CO 2 and CH4 concentrations of air in polar ice cores. J. Glaciol. , 39, 209-2 1 5 .
NAKAZAWA, T. , MACHIDA, T. , TANAKA, M . , Furn, Y. , AoKI, S. and WATANABE, 0. ( 1 993b): Differences of the
atmospheric CH 4 concentration between the Arctic and Antarctic regions in pre-industrial/pre-agri
cultural era. Geophys. Res. Lett., 20, 943-946.
NAKAZAWA, T. , MoRIMOTO, S . , AoKI , S. and TANAKA, M. ( 1993c): Time and space variations of the carbon
isotopic ratio of tropospheric carbon dioxide over Japan. Tellus, 45B, 25 8-274.
NEFTEL, A., OESCHGER, H., SCHWANDER, J . , STAUFFER, B. and ZuMBRUNN, R. ( 1 982): Ice core sample measure
ments give atmospheric CO 2 content during the past 40,000 yr. Nature, 295 , 220-223.
NEFTEL, A., 0ESCHGER, H . , STAFFELBACH, T. and STAUFFER, B. ( 1 98 8 ) : CO 2 record in the B yrd ice core 50,0005 ,000 years B P. Nature, 331, 609-6 1 1 .
PRATHER, M . , DERWENT, R., EHHALT, D., FRASER, P. , SANHUEZA, E. and ZHOU , X . ( 1 995 ) : Other trace gases and
atmospheric chemistry. Climate Change 1 994 : Radiative forcing of climate change and an evalua
tion of the IPCC IS92 emission scenarios, ed. by J. T. HouGHTON et al. C ambridge, Cambridge
University Press, 73- 1 26.
PRELL, W. L. and VAN CAMPO, E. ( 1 9 86): Coherent response of Arabian sea upwelling and pollen transport to
late Quaternary monsoonal winds. Nature, 323, 526-5 28.
RAYNAUD, D., CHAPPELLAZ, J., B ARNOLA, J.M., KoROTKEVICH, Y.S . and LoRrus, C. ( 1 98 8 ) : Climatic and CH4
cycle implications of glacial-interglacial CH4 change in the Vostok ice core. Nature, 333, 655-657.
RossIGNOL-STRICK, M. ( 1 98 3 ) : African monsoon, an immediate climate response to orbital insolation. Nature,
304, 46-49.
SARMIENT, J .L. and ToGGWEILER, J. R. ( 1 984): A new model for the role of the oceans in determining atmo
spheric Pc02 . N ature, 308, 62 1 -624.
SIEGENTHALER, U. and WENK, T. ( 1 984 ): Rapid atmospheric CO 2 variations and ocean circulation. Nature,
308, 624-626.
SIEGENTHALER, U., FRIEDLI, H . , LoETSCHER, H., MooR, E., NEFTEL, A., 0ESCHGER, H. and STAUFFER, B . ( 1 98 8 ) :
Stable-isotope ratios and concentration of CO 2 i n air from polar ice cores. Ann. Glaciol. , 10, 1 5 1 1 56.
STAUFFER, B . , LocHBRONNER, E., 0ESCHGER, H. and SCHWANDER, J. ( 1 988): Methane concentration in the glacial
atmosphere was only half that of the preindustrial Holocene. Nature, 332 , 8 1 2-8 1 4.
V AN CAMPO, E., DUPLESSY, J.C. and Ross1GNOL-STRICK, M. ( 1 982): Climatic conditions deduced from a 1 50kyr oxygen isotope-pollen record from the Arabian Sea. Nature, 296, 5 6-59.
WENK, T. and SIEGENTHALER, U. ( 1 98 5 ) : The high latitude ocean as a control of atmospheric CO2 . The Carbon
Cycle and Atmospheric CO 2 : Natural Variations Archean to Present, ed. by E.T. SUNDQUIST and W. S.
B ROECKER. Washington, D . C . , Am. Geophys. Union, 1 85-1 94 (Geophysical Monograph 32).
ZARDINI, D . , RAYNAUD, D . , ScttARFFE, D. and SEILER, W. ( 1 989): N 20 measu rements of air extracted from
Antarctic ice cores : Implication on atmospheric N 20 back to the last glacial-interglacial transition.
J. Atmos. Chem., 8, 1 89-20 I .
(Received January 18, 1 996; Revised manuscript accepted April 22, 1 996)

