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Methane (CH4) concentration during the Holocene started to increase around

5000 years ago, and there is ongoing debate about whether this increase was due to human activities.
To answer the question, we precisely measured CH4 concentration in the Greenland and Antarctic ice
cores and analyzed the inter-polar difference. We also constructed a three-box model to estimate the
CH4 emissions. We found that the CH4 emissions from the Northern Hemisphere remained nearly
constant during the Holocene, whereas emissions from the tropics decreased from about 8000 to 5000
years ago and increased from 3000 years ago to the pre-industrial era. This result suggests that the

increase in CH4 concentration during the latter half of the Holocene is due to an increase in the
emission from tropical sources, supporting the hypothesis that the natural emissions led to the
increase in the atmospheric CH4 concentration for the last 5000 years.



M)

@

Divide

©)
*

2.5

72

5000
Ruddiman, 2003
Singarayer et al., 2011
10

5000

NEEM North Greenland Eemian Ice Drilling
1
Oyabu et al. (2020

WAIS (West Antarctic Ice Seet) Divide

WAIS
WAIS Divide
NEEM WAIS Divide
NEEM
Rosen, 2014
30-90 30- 30 30-90 3



NEEM

6
NEEM 1 50 CH, , N2O ,
CO, , 0 15N'N2,6 180'02, 0 Oz/Nz, bo) Ar/Nz, la
2
Quaternary Science Reviews Oyabu et al., 2022
NEEM ®3)
1b
5000
4
8000 5000
3000 1lc
8200 8.2ka ;

800 © NEEM_This study
750 > NEEM_Rosen et al. (2014)
o) > GISP2_Mitchel et al. (2013)
g 700 © GISP2_Brook et al. (2009)
T 650 —e— Dome F_Oyabu et al. (2022)
© 600 — 50-yr running mean
550 WDC (Sowers/Brook)
- \WWD_filter
35 This study ( 1o)
O |~ This study
= (Greenland vs. WDC)
° Beck et al. (2018)
£ Mitchel et al. (2013)
o Chapellaz et al. (1997)
—— Mitchel et al. (2013)
_‘7-\120
5 ---3box model---
2 80 -
[}
I I
3 40
[}
O T { T { T { T { T { T
0 2,000 4,000 6,000 8,000 10,000
Age (yr BP)
1 a b Inter Polar Difference
c 3

1. Ruddiman, W.F,, 2003. The anthropogenic greenhouse era began thousands of years ago.
Climatic Change 61, 261-293.

2. Singarayer, J.S.et al., 2011. Late Holocene methane rise caused by orbitally controlled increase
in tropical sources. Nature 470, 82-85.

3. Rosen, J.L., 2014. Augmenting and interpreting ice core greenhouse gas records
(Dissertation). Oregon State University.

4. Oyabu, I. et al., 2020. New technique for high-precision, simultaneous measurements of CH,,
N.O and CO; concentrations; isotopic and elemental ratios of N, O, and Ar; and total air
content in ice cores by wet extraction. Atmospheric Measurement Techniques 13, 6703-6731.

5. Oyabu, I, et al., 2022. The Dome Fuiji ice core DF2021 chronology (0-207 kyr BP).
Quaternary Science Reviews 294, 107754.



18 18 14 15

Oyabu Ikumi Kawamura Kenji Fujita Shuji Inoue Ryo Motoyama Hideaki Fukui Kotaro 19

Hirabayashi Motohiro Hoshina Yu Kurita Naoyuki Nakazawa Fumio Ohno Hiroshi Sugiura

Konosuke Suzuki Toshitaka Tsutaki Shun Abe-Ouchi Ayako Niwano Masashi Parrenin Frederic

Saito Fuyuki Yoshimori Masakazu

Temporal variations of surface mass balance over the last 5000 years around Dome Fuji, 2023

Dronning Maud Land, East Antarctica

Climate of the Past 293 321
DOl

10.5194/cp-19-293-2023

Oyabu Ikumi Kawamura Kenji Buizert Christo Parrenin Frederic Orsi Anais Kitamura Kyotaro 204

Aoki Shuji Nakazawa Takakiyo

The Dome Fuji ice core DF2021 chronology (0-207 kyr BP) 2022

Quaternary Science Reviews

107754 107754

DOl
10.1016/j -quascirev.2022.107754

Lee Giyoon Ahn Jinho Ju Hyeontae Ritterbusch Florian Oyabu lkumi Buizert Christo Kim 16

Songyi Moon Jangil Ghosh Sambit Kawamura Kenji Lu Zheng-Tian Hong Sangbum Han Chang Hee

Hur Soon Do Jiang Wei Yang Guo-Min

Chronostratigraphy of the Larsen blue-ice area in northern Victoria Land, East Antarctica, and 2022

its implications for paleoclimate

The Cryosphere 2301 2324
DOl

10.5194/tc-16-2301-2022

Umezawa Taku Sugawara Satoshi Kawamura Kenji Oyabu lkumi Andrews Stephen J. Saito Takuya 22

Aoki Shuji Nakazawa Takakiyo

Towards reconstructing the Arctic atmospheric methane history over the 20th century: 2022

measurement and modelling results for the North Greenland lIce Core Project firn

Atmospheric Chemistry and Physics 6899 6917

DOl
10.5194/acp-22-6899-2022




Buizert, C., Shackleton, S., Severinghaus, J.P., Roberts, W.H.G., Seltzer, A., Bereiter, B., 19

Kawamura, K., Baggenstos, D., Orsi, A.J., Oyabu, I., Birner, B., Morgan, J.D., Brook, E.J.,

Etheridge, D.M., Thornton, D., Bertler, N., Pyne, R.L., Mulvaney, R., Mosley-Thompson, E.,

Neff, P.D., Petrenko, V.V.

The new Kr-86 excess ice core proxy for synoptic activity: West Antarctic storminess possibly 2023

linked to Intertropical Convergence Zone (ITCZ) movement through the last deglaciation

Climate of the Past 579 606
DOl

10.5194/cp-19-579-2023

Buizert, C., Kawamura, K. (9740 ), Oyabu, I. (10740 ), Aoki, S. (24740 ) et al. 372

Antarctic surface temperature and elevation during the Last Glacial Maximum 2021

Science 1097 1101
DOl

10.1126/science.abd2897

Kenji Kawamura Taku Umezawa Satoshi Sugawara Shigeyuki Ishidoya Kentaro Ishijima Takuya 5

Saito Ikumi Oyabu Shohei Murayama Shinji Morimoto Shuji Aoki Takakiyo Nakazawa

Composition of firn air at the North Greenland Ice Core Project (NGRIP) site 2021

Polar Data Journal 89 98
DOl

10.20575/00000030

Oyabu Ikumi Kawamura Kenji Uchida Tsutomu Fujita Shuji Kitamura Kyotaro Hirabayashi 15

Motohiro Aoki Shuji Morimoto Shinji Nakazawa Takakiyo Severinghaus Jeffrey P. Morgan Jacob

D.

Fractionation of 02/N2 and Ar/N2 in the Antarctic ice sheet during bubble formation and bubble 2021

clathrate hydrate transition from precise gas measurements of the Dome Fuji ice core

The Cryosphere 5529 5555

DOl
10.5194/tc-15-5529-2021




Uchida Tsutomu Shigeyama Wataru Oyabu Ikumi Goto-Azuma Kumiko Nakazawa Fumio Homma 68

Tomoyuki Kawamura Kenji Dahl-Jensen Dorthe

Discovery of argon in air-hydrate crystals in a deep ice core using scanning electron 2021

microscopy and energy-dispersive X-ray spectroscopy

Journal of Glaciology 547 556
DOl

10.1017/jog.2021.115

Morimoto Shinji Takebayashi Shuichiro Goto Daisuke Hashida Gen Aoki Shuji 29

Shipboard observations of atmospheric oxygen in the Southern Ocean during the 2017-2018 austral 2021

summer

Polar Science

100691 100691

DOl
10.1016/j .polar.2021.100691

CHANDRA Naveen PATRA Prabir K. BISHT Jagat S. H. [1TO Akihiko UMEZAWA Taku SAIGUSA Nobuko 99

MORIMOTO Shinji AOKI Shuji JANSSENS-MAENHOUT Greet FUJITA Ryo TAKIGAWA Masayuki WATANABE

Shingo SAITOH Naoko CANADELL Josep G.

Emissions from the Oil and Gas Sectors, Coal Mining and Ruminant Farming Drive Methane Growth 2021

over the Past Three Decades

Journal of the Meteorological Society of Japan. Ser. 11 309 337
DOl

10.2151/jmsj .2021-015

Aoki Nobuyuki Ishidoya Shigeyuki Tohjima Yasunori Morimoto Shinji Keeling Ralph F. Cox 14

Adam Takebayashi Shuichiro Murayama Shohei

Intercomparison of 02/N2 ratio scales among AIST, NIES, TU, and SI0 based on a round-robin 2021

exercise using gravimetric standard mixtures

Atmospheric Measurement Techniques 6181 6193

DOl
10.5194/amt-14-6181-2021




Oyabu Ikumi Kawamura Kenji Kitamura Kyotaro Dallmayr Remi Kitamura Akihiro Sawada 13

Chikako Severinghaus Jeffrey P. Beaudette Ross Orsi Anais Sugawara Satoshi Ishidoya

Shigeyuki Dahl-Jensen Dorthe Goto-Azuma Kumiko Aoki Shuji Nakazawa Takakiyo

New technique for high-precision, simultaneous measurements of CH4, N20 and CO2 concentrations; 2020

isotopic and elemental ratios of N2, 02, and Ar; and total air content in ice cores by wet

extraction

Atmospheric Measurement Techniques 6703 6731
DOl

10.5194/amt-13-6703-2020

Morimoto Shinji Goto Daisuke Murayama Shohei Fujita Ryo Tohjima Yasunori Ishidoya 27

Shigeyuki Machida Toshinobu Inai Yoichi Patra Prabir K. Maksyutov Shamil Ito Akihiko Aoki

Shuji

Spatio-temporal variations of the atmospheric greenhouse gases and their sources and sinks in 2021

the Arctic region

Polar Science

100553 100553

DOl
10.1016/j .polar.2020.100553

Fujita Ryo Morimoto Shinji Maksyutov Shamil Kim Heon- Sook Arshinov Mikhail Brailsford 125

Gordon Aoki Shuji Nakazawa Takakiyo

Global and Regional CH4 Emissions for 1995-2013 Derived From Atmospheric CH4, & 13C- CH4 and o 2020

D- CH4 Observations and a Chemical Transport Model

Journal of Geophysical Research: Atmospheres 1 23
DOl

10.1029/2020JD032903

Oyabu Ikumi Kawamura Kenji -

N2, 02, and Ar in ice cores: Elemental and isotopic compositions 2023

Encyclopedia of Quaternary Science, 3rd Edition

DOl
10.1016/B978-0-323-99931-1.00120-3




Inoue Ryo Fujita Shuji Kawamura Kenji Oyabu Ikumi Nakazawa Fumio Motoyama Hideaki Aoki 18
Teruo

Spatial distribution of vertical density and microstructure profiles in near-surface firn 2024
around Dome Fuji, Antarctica

The Cryosphere 425 449

DOl
10.5194/tc-18-425-2024

Hattori Shohei Ishino Sakiko Suzuki Nozomi Nakazawa Fumio Oyabu Ikumi Tsutaki Shun 162
Hirabayashi Motohiro Noro Kazushi Takenaka Norimichi Kawamura Kenji Yoshida Naohiro
Motoyama Hideaki

Latitudinal difference in sulfate formation from methanesulfonate oxidation in Antarctic snow 2024
imprinted on 170-excess signature

Applied Geochemistry 105901 105901

DOl
10.1016/j -apgeochem.2024.105901

38 8 29

Ikumi Oyabu, Kenji Kawamura, Christo Buizert, Frederic Parrenin and Ryu Uemura

Surface temperature at Dome Fuji during the last interglacial period

6th PAGES Open Science Meeting

2022

Ikumi Oyabu, Kenji Kawamura, Christo Buizert, Frederic Parrenin, Anais Orsi, Kyotato Kitamura, Shuji Aoki, Takakiyo Nakazawa

The Dome Fuji ice core DF2021 chronology (0 -200 kyr BP)

2022

2022




Taku Umezawa, Satoshi Sugawara, Kenji Kawamura, lkumi Oyabu, Stephen Andrews, Takuya Saito, Shuji Aoki, Takakiyo Nakazawa

Towards reconstructing the Arctic atmospheric methane history over the 20th century: measurement and modeling results for
the NGRIP firn

2022

2022

Ikumi Oyabu, Kenji Kawamura, Christo Buizert, Frederic Parrenin, Anais Orsi, Kyotato Kitamura, Shuji Aoki, Takakiyo Nakazawa

The Dome Fuji ice core DF2021 chronology (0-207 kyr BP)

IPICS 3rd Open Science Conference

2022

Kenji Kawamura, Ayaka Yonekura, lkumi Oyabu, Kyotaro Kitamura, Remi Dallmayr, Rachael Rhodes, Jun Ogata, Motohiro
Hirabayashi, Kaori Fukuda, Kumiko Goto-Azuma, Hideaki Motoyama

Methane concentration in the Dome Fuji ice core measured by a continuous flow analysis system: method and initial results
from the LGM to Holocene

IPICS 3rd Open Science Conference

2022

F. Parrenin, L. Bazin, C. Buizert, E. Capron, J. Chowdhry-Beeman, E. Corrick, R. Drysdale, K. Kawamura, A. Landais, R.
Mulvaney, 1. Oyabu, S. Rasmussen

The Paleochrono probabilistic model to derive a consistent chronology for several paleoclimatic sites

IPICS 3rd Open Science Conference

2022




Giyoon Lee, Jinho Ahn, Hyeontae Ju, Florian Ritterbusch, Ikumi Oyabu, Songyi Kim, Kenji Kawamura, Zheng-Tian Lu, Sangyoung
Han, Sambit Ghosh, Yeongcheol Han, Sangbum Hong, Changhee Han, Soon Do Hur, Wei Jiang, Guo-min Yang

Chronostratigraphy of Larsen blue ice area, and a reconstruction of surface temperature and accumulation rate during the
last glacial termination

IPICS 3rd Open Science Conference

2022

Ikumi Oyabu, Kenji Kawamura, Tsutomu Uchida, Shuji Fujita, Kyotaro Kitamura, Motohiro Hirabayashi, Shuji Aoki, Shinji
Morimoto, Takakiyo Nakazawa, Jeffrey P. Severinghaus, Jacob Morgan

Fractionation of 02/N2 and Ar/N2 in the Antarctic ice sheet during bubble formation and bubble-clathrate hydrate transition
from precise gas measurements of the Dome Fuji ice core

IPICS 3rd Open Science Conference

2022

Christo Buizert Frederic Parrenin Anais Orsi

DF2021

2022

Ikumi Oyabu, Kenji Kawamura, Christo Buizert, Frederic Parrenin, Anais Orsi, Kyotaro Kitamura, Shuji Aoki and Takakiyo
Nakazawa

The Dome Fuji ice core DF2021 chronology (0 -207 kyr BP)

13

2022




Ikumi Oyabu, Kenji Kawamura, Kyotaro Kitamura, Shinji Morimoto, Shuji Aoki, Kumiko Goto-Azuma and Thomas Blunier

Atmospheric CH4 concentration during the Holocene reconstructed from the NEEM (Greenland) and Dome Fuji (East Antarctica)
ice cores

1SAR-7

2023

Kumiko Goto-Azuma, N. Moteki, Jun Ogata, Kaori Fukuda, Motohiro Hirabayashi, Yuki Komuro, Ikumi Oyabu, Kyotaro Kitamura,
Shuji Fujita, Yoshimi Ogawa-Tsukagawa, T. Mori, S. Ohata, Y. Kondo, M. Koike, Kenji Kawamura, S. O. Rasmussen, D. Dahl-
Jensen

Abrupt shifts in terrestrial aerosol deposition in Greenland during Dansgaard-Oeschger events 9-13

1SAR-7

2023

Ikumi Oyabu, Kenji Kawamura, Kyotaro Kitamura, Anais Orsi, Frederic Parrenin, Christo Buizert

Climatic and atmospheric changes over the last three Terminations from 02/N2, d180atm and CH4 records of the Dome Fuji ice
core

2021

2021

Ayaka Yonekura, Kenji Kawamura, lkumi Oyabu, Kyotaro Kitamura, Jun Ogata, Motohiro Hirabayashi, Kaori Fukuda, Yoshimi
Tsukagawa, Tomotaka Saruya, Fumio Nakazawa, Shuji Fujita, Kumiko Goto-Azuma, Hideaki Motoyama

Methane concentration in Dome Fuji ice core measured with a continuous flow analysis system

2021

2021




Ikumi Oyabu, Kenji Kawamura, Tsutomu Uchida, Shuji Fujita, Kyotaro Kitamura, Motohiro Hirabayashi, Shuji Aoki, Shinji
Morimoto, Takakiyo Nakazawa, Jeffrey P. Severinghaus, Jacob Morgan

Fractionation of 02/N2 and Ar/N2 in polar ice cores during bubble formation, bubble-clathrate hydrate transition, and gas
loss during storage from precise gas measurements of the Dome Fuji ice core, Antarctica

2021
2021
15
2021 -
2021
Margareta Hansson Eric Wolff Mirko Severi Remi Dal Imayr
Jeffrey P. Severinghaus Ross Beaudette Anais Orsi Dorthe Dahl-Jensen
2021
2021

Ikumi Oyabu, Kenji Kawamura, Tsutomu Uchida, Shuji Fujita, Kyotaro Kitamura, Motohiro Hirabayashi, Shuji Aoki, Shinji
Morimoto, Takakiyo Nakazawa, Jeffrey P. Severinghaus, Jacob Morga

Fractionation of 02/N2 and Ar/N2 in the Antarctic ice sheet from precise gas measurements of the Dome Fuji ice core -
Constraining permeabilities of 02, N2 and Ar in the ice sheet with a simple diffusion model-

12

2021




Ayaka Yonekura, Kenji Kawamura, lkumi Oyabu, Kyotaro Kitamura, Jun Ogata, Motohiro Hirabayashi, Kaori Fukuda, Yoshimi
Tsukagawa, Tomotaka Saruya, Fumio Nakazawa, Shuji Fujita, Kumiko Goto-Azuma, Hideaki Motoyama

Reconstruction of methane concentration variations during the penultimate glacial period from a Continuous Flow Analysis of
the Dome Fuji ice core"

12

2021

F. Parrenin, L. Bazin, C. Buizert, E. Capron, J. Chowdhry-Beeman, E. Corrick, R. Drysdale, K. Kawamura, A. Landais, R.
Mulvaney, 1. Oyabu, S. Rasmussen

The Paleochrono probabilistic model to derive a consistent chronology for several paleoclimatic sites

EGU General Assembly 2021

2021

Ikumi Oyabu, Kenji Kawamura, Kyotaro Kitamura, Frederic Parrenin, Anais Orsi, Christo Buizert

Revising the Dome Fuji ice core chronology

JpGU-AGU Joint Meeting 2020

2020

Kawamura, K. ; Oyabu, I. ; Aoki, S. ; Nakazawa, T. ; Abe-Ouchi, A. ; Saito, F.

Accurate chronology and climatic reconstruction around MIS 11 from the Dome Fuji ice core

JpGU-AGU Joint Meeting 2020

2020




2020

Ikumi Oyabu, Kenji Kawamura, Kyotaro Kitamura, Shuji Fujita, Tsutomu Uchida, Jeffrey P. Severinghaus, Jacob Morgan, Motohiro
Hirabayashi

Fractionation of 02/N2 and Ar/N2 in polar ice cores during bubble formation, bubble-clathrate transition, and gas loss
during storage from precise gas measurements of the Dome Fuji ice core, Antarctica

The 11th Symposium on Polar Science

2020

Ayaka Yonekura, Kenji Kawamura, lkumi Oyabu, Kyotaro Kitamura, Jun Ogata, Motohiro Hirabayashi, Kaori Fukuda, Kumiko Goto-
Azuma, Hieaki Motoyama

Continuous methane measurement by a Continuous Flow Analysis system

The 11th Symposium on Polar Science

2020

Giyoon Lee, Jinho Ahn, Hyuntae Joo, Florian Ritterbusch, lkumi Oyabu, Songyi Kim, Kenji Kawamura, Zheng-Tian Lu, Sangyoung
Han, Sambit Ghosh, Youngchul Han, Sangbeom Hong, Chang Hee Han, Soon Do Hur

Searching for very old ice with continuous stratigraphy at Larsen Blue Ice Area, East Antarctica

AGU Fall Meeting 2020

2020




2020 , 2020

2020

Yoshimori, M

Connecting climates at different time periods through mechanism understanding

14th International Conference on Paleoceanography

2022

2023

CPS-ABC

2023




Buizert Christo Parrenin Frederic Orsi Anais

DF2021
2023
2023
Parrenin Fredrric
5000
2023
2023
, , ,Sune 0. Rasmussen,Giulia Sinnl,Trevor J. Popp,Dorthe Dahl-Jensen
CFA
EGRIP
2023
2023

K. Goto-Azuma, K. Fukuda, J. Ogata, Y. Komuro, M. Hirabayashi, F. Nakazawa, I|. Oyabu, K. Kitamura, S. Fujita, N. Moteki, T.
Mori, S. Ohata, Y. Kondo, M. Koike, N. Oshima Y. Ogawa-Tsukagawa, K. Kawamura, N. Kurita, S. O. Rasmussen, G. Sinn, T. J.
Popp, D. Dahl-Jensen

Black carbon deposition in Northeast Greenland over the past 350 years

14

2023




Ikumi Oyabu, Kenji Kawamura, Christo Buizert, Frederic Parrenin, Anais Orsi, Kyotato Kitamura, Shuji Aoki, Takakiyo Nakazawa

The Dome Fuji ice core DF2021 chronology (0-207 kyr BP)

AGU Fall Meeting 2023

2023

Ikumi Oyabu, Kenji Kawamura, Christo Buizert, Frederic Parrenin, Ryu Uemura

Surface temperature at Dome Fuji during the last interglacial period

AGU Fall Meeting 2023

2023

Chandra, N., P. K. Patra, R. Fujita, L. H. Isaksson, T. Umezawa, D. Goto and S. Morimoto

Verifying global fugitive fossil fuel CH4 emission trends using atmospheric CH4 and & 13C-CH4 observations

2023

2023

2023

2023




2023

790

2024

480

https://www.youtube.com/channel/UCTz85Z1tzqD6qINk8MpUwWQg
100

https://doi.org/10.1241/jstnews.2023.2024.1_16

(Kawamura Kenji)

(90431478)

(62611)




(Aoki Shuji)

(00183129) (11301)
(Shinji Morimoto)
(30270424) (11301)
(Abe-Ouchi Ayako)
(30272537) (12601)
(Yoshimori Masakazu)
(20466874) (12601)
(0"ishi Ryouta)
(90436600) (12601)
(Kitamura Kyotaro)

(62611)

(Blunier Thomas)

Professor




(Buizert Christo)

Professor

(Brook Edward)

(Parrenin Frederic)




