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Atmospheric methane variability through 
the Last Glacial Maximum and deglaciation 
mainly controlled by tropical sources

Ben Riddell-Young    1  , Julia Rosen1, Edward Brook1  , Christo Buizert1, 
Kaden Martin    1, James Lee    2, Jon Edwards1, Michaela Mühl    3, 
Jochen Schmitt    3, Hubertus Fischer    3 & Thomas Blunier    4

Constraining the causes of past atmospheric methane variability is 
important for understanding links between methane and climate. Abrupt 
methane changes during the last deglaciation have been intensely studied 
for this purpose, but the relative importance of high-latitude and tropical 
sources remains poorly constrained. The methane interpolar concentration 
difference reflects past geographic emission variability, but existing records 
suffered from subtle but considerable methane production during analysis. 
Here, we report an ice-core-derived interpolar difference record covering 
the Last Glacial Maximum and deglaciation, with substantially improved 
temporal resolution, chronology and a critical correction for methane 
production in samples from Greenland. Using box models to infer latitudinal 
source changes, we show that tropical sources dominated abrupt methane 
variability of the deglaciation, highlighting their sensitivity to abrupt 
climate change and rapidly shifting tropical rainfall patterns. Northern 
extratropical emissions began increasing ~16,000 years ago, probably 
through wetland expansion and/or permafrost degradation induced by 
high-latitude warming, and contributed at most 25 Tg yr−1 (45% of the total 
emission increase) to the abrupt methane rise that coincided with rapid 
northern warming at the onset of the Bølling–Allerød interval. These 
constraints on deglacial climate–methane cycle interactions can improve 
the understanding of possible present and future feedbacks.

Methane (CH4) is a potent greenhouse gas. Predominantly anthro-
pogenic CH4 emissions have nearly tripled the atmospheric mixing 
ratio ([CH4]) from preindustrial values1, with record growth rates in 
the past few years linked to tropical sources2. Large uncertainties in 
future CH4 climate forcing stem from a range of anthropogenic emis-
sion pathways and poorly constrained natural emission responses to 
changing climate3. Fears that warming will trigger rapid releases of 

ancient CH4 trapped in high-latitude permafrost4 and/or marine and 
subglacial clathrates5 have received substantial attention, but positive 
feedbacks have also been proposed for tropical microbial CH4 emis-
sions6,7. Uncertainties surrounding these feedbacks can be reduced 
using studies of past [CH4] variability.

Ancient air in ice cores has revealed that past [CH4] fluctuated 
between ~350 and ~800 parts per billion (ppb) over the past 800,000 
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to variables other than changes in total tropical and northern extra
tropical source strength (Methods)9,29. We show that tropical sources 
dominated abrupt, millennial-scale CH4 variability, while northern  
extratropical sources played an influential but secondary role in the 
deglacial [CH4] rise.

CH4 IPD trends of the LGM and deglaciation
The rIPD varied between 0 and 6% from 27.5 to 11.6 ka (Holocene 
onset). Correcting for CH4xs greatly decreased both the NEEM- and 
GISP2-derived rIPDs in key stadial intervals with high Ca2+. Because our 
uncorrected rIPD agrees with previous studies (Fig. 2, Supplementary  
Information Section 6 and Supplementary Table 4), we suspect  
that CH4xs impacted all previous CH4 records from Ca2+-rich Greenland 
samples measured using discrete melt-extraction systems.

Our CH4xs-corrected record reveals new trends in the rIPD across 
the deglaciation. First, we find that the rIPD was lowest (0–1%) during 
HS2a and HS1. Second, we find a 5 percentage point increase in the rIPD 
from mid-HS1 to the YD. Multi-centennial-scale agreement between 
the GISP2- and NEEM-derived rIPD reconstructions, which overlap 
from 18.5 to 14.5 ka, is excellent, suggesting that interpretations of our 
rIPD at sub-millennial timescales are robust (Fig. 3a). These results are 
discussed in detail for specific time intervals below.

years8–11. During glacial periods, [CH4] varied abruptly, with decadal- to 
centennial-scale shifts of ~50–250 ppb9,10,12,13 that closely followed the 
abrupt, millennial-scale Northern Hemisphere (NH) climate transi-
tions of the Dansgaard–Oeschger (DO) cycle9,14. This linkage has been 
attributed to shifts in the meridional position and regional strength of 
tropical rain belts in response to abrupt NH climate change, impacting 
tropical wetland CH4 emissions8,9,15,16.

[CH4] variability during the Last Glacial Maximum (LGM) and  
deglaciation captures the full glacial–interglacial range and millennial- 
scale features such as Heinrich Stadials 2b, 2a and 1 (HS2b, HS2a 
and HS1, respectively), the Bølling–Allerød Warming (BA) and the 
Younger Dryas cold interval (YD)17. The stable isotopic composition 
of atmospheric CH4 (δD-CH4 and δ13C-CH4) reflects contributions from 
different source types and sinks18–21, and suggests that both orbital- 
and millennial-scale [CH4] variability was largely driven by changes 
in microbial (primarily wetland) rather than geologic or pyrogenic 
emissions11,15,19,20,22,23. Interpretations, particularly distinctions between 
tropical and high-latitude microbial emissions, are complicated  
by potential temporal variability in the atmospheric sink fractiona-
tion factor and isotopic source signatures11,15,21,24. The radiocarbon  
content (14C) of atmospheric CH4 reflects the contribution of geologic 
(14C-free) CH4 sources, such marine clathrates or fossil seeps. 14C data 
indicate that geologic emissions were small during the Holocene25 
(<5.4 Tg yr−1) and contributed to less than 10% of the deglacial [CH4]  
rise22, although a noteworthy contribution of permafrost-derived  
CH4 cannot be ruled out22,23.

Stable isotope and 14C results22 agree with Earth-system modelling 
studies, which suggest wetland emission changes were large enough 
to explain the observed deglacial [CH4] change26–28. However, we have 
limited knowledge of which wetland regions were most influential. The 
[CH4] interpolar difference (IPD) can be used to constrain the latitudinal 
distribution of CH4 sources. The relative IPD (rIPD) is normalized for 
[CH4] change and is defined as:

rIPD = (
CH4,N
CH4,S

− 1) × 100% (1)

where CH4,N is Arctic [CH4] and CH4,S is Antarctic [CH4]29. Positive or 
negative changes in the rIPD indicate net northward or southward 
shifts of sources, respectively, assuming variables such as atmospheric 
lifetime and interhemispheric mixing times remain constant (Methods).

Previous work reconstructed the past rIPD by measuring the dif-
ference between synchronized [CH4] records from Greenland and 
Antarctic ice cores9,12,29–34. This work was challenging due to sparse sam-
pling, imprecise ice-core age scale synchronization and measurement 
uncertainties. Further, previous studies pre-date the recognition of 
non-atmospheric CH4 release during the commonly used wet-extraction 
analysis method35. This excess methane (CH4xs) ranges from 5 to 40 ppb 
and is strongly correlated with the non-sea-salt calcium (Ca2+) content of 
the ice, a common proxy for dust36. Because CH4xs is only found in Green-
land ice during high-Ca2+ stadial periods, published rIPD reconstructions 
consequently overestimated the rIPD, and thus the contribution of 
northern extratropical sources to the CH4 budget, during these stadials.

We present a reconstruction of the CH4 rIPD from 27.5 to 11.6 kyr 
ago (ka) using [CH4] data from the North Greenland Eemian (NEEM), 
Greenland Ice Sheet Project phase 2 (GISP2) and West Antarctic Ice 
Sheet Divide (WD) ice cores (Fig. 1 and Table 1). The NEEM and GISP2 
[CH4] data were smoothed and synchronized to the smoothed WD [CH4] 
data to calculate independent records of the rIPD (Fig. 2). Our results 
improve on previous efforts in two ways. First, a considerable increase 
in temporal resolution and measurement precision permits improved 
synchronization of the Antarctic and Greenland [CH4] records. This 
allows rIPD reconstruction at sub-millennial resolution. Second, we 
reconstruct the true rIPD by correcting for CH4xs (Fig. 2). A four-box 
troposphere model is used to interpret the rIPD (Fig. 3) and its sensitivity 
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Fig. 1 | Summary of all discrete-sample CH4 data and corrections used in this 
study. a–c, NEEM (a), GISP2 (b) and WD (c) CH4 data plotted on their original gas 
age scale chronologies, coloured by measurement campaign. The data are blank, 
solubility, gravity and analytical campaign offset-corrected. The Greenland data 
(NEEM and GISP2) are also corrected for CH4xs. Colours and symbols correspond 
to the year samples were measured (see legend). The vertical dashed line at the 
HS1–BA [CH4] rise, which should be synchronous in each core, demonstrates the 
small disagreements between the three independently developed gas age scale 
chronologies that we correct for in our synchronization (Methods).
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HS2 and LGM
At the start of our record, the rIPD gradually decreased from ~2% to 
a minimum of 0% at the onset of HS2a (Fig. 3a), when [CH4] abruptly 
increased by 40 ppb. Box-modelled total tropical emissions, primarily 
comprising microbial wetland sources1,37–39, increased by 20 Tg yr−1, to 
105 Tg yr−1, across this [CH4] rise, while northern extratropical emissions 
decreased to a minimum of 5 Tg yr−1 (Fig. 3e). In our four-box model,  
we assumed equal northern and southern tropical emissions.  
Tests exploring the sensitivity of this assumption to our analyses  
(Methods) indicate that a shift of only ~10% of total tropical emissions 
from north to south of the equatorial barrier to interhemispheric  
mixing is necessary to reproduce the observed rIPD drop between  
HS2b and HS2a. Had such a shift occurred, the assumption of  
equal northern and southern tropical emissions would have caused 
an overestimate of the influence of total tropical sources on the HS2a 
[CH4] increase by up to 5 Tg yr−1 (Methods).

In fact, a southward shift of tropical CH4 emissions during HS2a 
is supported by proxy evidence of weak monsoon conditions across 
the NH tropics and mid-latitudes (Fig. 3c)40,41. Coincident intensifica-
tion of precipitation across the southern tropics may have expanded 
wetland extent and enhanced microbial CH4 emissions there, coun-
teracting emission decreases in the drying NH tropics42,43. Further, the 
abrupt, centennial-scale [CH4] features found within HS intervals have 
been attributed to enhanced southern tropical wetland CH4 emissions 
driven by southerly precipitation shifts41,44. In contrast, the rIPD, [CH4] 
and box-modelled emissions remained stable during HS2b. Proxy 
evidence indicates that HS2b was weaker than HS2a (Fig. 3c)40,45,46, 
with less extensive increases in southern tropical rainfall and wetland 
emissions. The contrast in emission patterns between HS2a and HS2b, 
consistent with proxy evidence of the relative strength of each event, 
suggests that climate variability associated with Heinrich stadials  
contemporaneously regulated the latitudinal distribution and strength 
of sources, and thus [CH4].

The short-lived Dansgaard–Oeschger 2 (DO2) interstadial was 
characterized by NH warming47, a northward shift of tropical rain 
belts48, but minimal change in [CH4]. At face value, our four-box model 
suggests that decreasing tropical emissions and increasing northern 
extratropical emissions caused the ~4 percentage point rIPD increase 
between HS2a and DO2 (Fig. 3). This is contrary to the longstand-
ing hypothesis that DO interstadials were associated with enhanced 
tropical CH4 emissions driven by rainfall migrating northward to more 
wetland-prone regions9,16,29. Increased northern extratropical emissions 
during DO2 are also unlikely, given low NH insolation49 and maximum 
NH ice-sheet extent50. More likely, a northward tropical emission shift, 
evidenced by the northward migration of tropical rain belts40, increased 

the rIPD without changing net emissions or the proportion of northern 
extratropical to total tropical emissions (Methods). From DO2 to the 
HS1 onset, [CH4], the rIPD, and modelled tropical and northern extra-
tropical emissions remained relatively stable at 390 ppb, 3%, 85 Tg yr−1 
and 20 Tg yr−1, respectively. Our interpretation that tropical wetland 
CH4 emissions, modulated by millennial-scale climate variability, were 
the primary regulator of [CH4] change during this interval is supported 
by CH4 stable isotope11,21 and Earth-system modelling studies16,28,39.

HS1
The GISP2- and NEEM-derived rIPDs were ~3% at the start of HS1, 
decreased to 0–1% and increased again to ~3% by the end of HS1. Unlike 
HS2a, [CH4] gradually increased by 100 ppb during HS1, which our box 
model attributes primarily to a 25 Tg yr−1 increase in tropical emissions. 
This rIPD decrease but tropical emissions increase is probably due to 
the impacts of the southward migration of tropical rain belts associated 
with HS1 superimposed on longer-term increasing global temperatures 
and fertilization effects through rising [CO2] during the deglaciation27,28. 
Precession-driven increases in NH tropical summer insolation may have 
also enhanced HS1 tropical wetland activity (Fig. 3a)38,51.

HS1 rIPD trends also provide insight into contemporaneous 
changes to CH4 biogeochemistry in boreal regions. Box-modelled 
northern extratropical emissions began rising ~16 ka and increased by 
10 Tg yr−1 by the end of HS1. However, our interpretations of the precise 
timing of this onset and magnitude of the rise are within the uncertainty 
bounds of our box model and sensitive to unconstrained latitudinal 
shifts in tropical emissions within HS1 that may have impacted the 
rIPD. Nonetheless, the rIPD provides indirect, top-down evidence of 
the onset of enhancing northern extratropical microbial CH4 emis-
sions during the deglaciation, probably driven by increasing NH 
summer insolation, early NH ice-sheet retreat and increasing global 
temperatures28,38,51,52.

The BA and YD
The HS1–BA transition (14.6 ka) was characterized by an abrupt increase 
in Greenland temperature47,53 and a rapid, ~150 ppb [CH4] rise8,38. The 
BA–YD transition (12.8 ka) occurred 2 kyr later with equally abrupt 
decreases in [CH4] and Greenland temperature47. From the start of the 
BA to the end of our record 11.6 ka, the rIPD gradually increased from  
3 to 6% (Fig. 3a), providing constraints on the high-latitude contribution 
to the deglacial [CH4] rise.

At the HS1–BA transition, box-modelled CH4 emissions increased 
by 30 Tg yr−1 in the tropics and 25 Tg yr−1 in the northern extratropics. 
As above, the model assumes equal contributions from the northern 
and southern tropics, but proxies suggest enhanced northern tropical 

Table 1 | Summary of the corrections made to CH4 data from each ice core and corresponding measurement campaign

Core Year No. samples 
(duplicates)

Duplicate 
pooled s.d.

Blank correction 
(ppb)

Solubility 
correction (%)

Average gravitational 
fractionation correction (%)

2013 offset 
(ppb)

Offset s.d. 
(ppb)

NEEM 2010 2011 496 (315) 4.3 −8.8 +1.4 +0.39 −1.2 7.8

NEEM 2012 14 (0) −8.9 +1.4 +0.39 −1.2 7.8

NEEM 2013 130 (106) 2.8 −7.5 +1.4 +0.39

WD 2012 518 (313) 1.6 −8.9 +1.7 +0.36 0.1 3.9

WD 2013 99 (99) 2.0 −7.5 +1.4 +0.36

WD 2018 65 (9) 3.4 −7.8 +1.7 +0.36 +3.9 5.3

WD 2019 20 (6) −7.3 +1.7 +0.36 +4.0 4.1

GISP2 2018 253 (169) 3.1 −7.8 +1.7 +0.44 +3.9

GISP2 2019 276 (175) 3.4 −7.3 +1.7 +0.44 +4.0

Shown from left to right are the total number of samples and duplicate measurements in parentheses, duplicate pooled standard deviation (s.d.), blank correction, solubility correction, 
average gravitational fractionation correction, and offset correction and its standard deviation applied to each sample group relative to the 2013 measurement campaign. The sign of the 
correction represents whether the correction increased (+) or decreased (−) the [CH4].
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rainfall associated with northern warming40,41. A resulting shift of emis-
sions to the northern tropics would have increased the rIPD, causing 
our box model to overestimate northern extratropical emissions by 
up to 10 Tg yr−1 (Supplementary Fig. 10). Our rIPD thus provides strong 
evidence that northern extratropical sources contributed at most 45% 
of the global CH4 source increase across the HS1–BA transition [CH4] 
rise (15–25 Tg yr−1 of the cumulative 55 Tg yr−1 increase in emissions). 
CH4 stable isotope records show minimal change across the HS1–BA 
transition11,19,21, and 14C data imply limited contributions from geologic 
sources22,23, supporting the hypothesis that tropical wetland emissions 
dominated the [CH4] increase.

Our four-box model attributes the 200 ppb decrease in [CH4] 
across the BA–YD transition to a modest 5 Tg yr−1 drop in northern 
extratropical emissions and large ~50 Tg yr−1 drop in tropical emissions, 
in agreement with recent Earth-system modelling estimates54. Abrupt 
NH cooling probably caused a southward displacement of tropical 
rain belts and net drying of tropical wetland regions (Fig. 3c)8,14,55. 
The resulting southward shift of tropical emissions during the BA–YD 
transition would have violated the assumption of equal southern and 
northern tropical emissions, causing our box model to overestimate 

YD tropical emissions and underestimate northern extratropical emis-
sions, each by up to 10 Tg yr−1 (Supplementary Fig. 10). Therefore, it is 
probable that northern extratropical emissions remained relatively 
stable across this transition, despite the dramatic drop in [CH4] and 
considerable NH cooling50,56, presumably because YD cooling mainly 
affected temperatures during winter rather than summer when most 
CH4 emissions occurred56,57.

Proxy evidence suggests that the latitudinal distribution of 
tropical precipitation during HS1 and the YD was similar40,41,55, so the 
observed rIPD difference between these two intervals was probably 
driven by enhanced northern extratropical and reduced total tropical 
emissions, not latitudinal shifts in the tropical source. This suggests 
that our box-modelled 15 Tg yr−1 decrease in tropical emissions between 
the end of HS1 and the YD is accurate, despite similar [CH4] and weak 
regional drying in wetland-prone regions during the YD (Fig. 3c.)40,55. 
Additionally, NH tropical summer insolation (Fig. 3a), global average 
temperatures and [CO2] all increased from HS1 values; each thought 
to cause enhanced wetland CH4 emissions and increased [CH4]38,51. The 
considerable 40 m of sea level rise between HS1 and the YD (Fig. 3d)58 
may explain the reduced YD tropical emissions relative to HS1. The 
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Fig. 2 | The CH4 rIPD records derived using GISP2 and NEEM. a,e, Tie points 
(black triangles), CH4xs-corrected (blue) and -uncorrected (red) discrete 
Greenland [CH4] records (a: GISP2, e: NEEM), discrete WD [CH4] record (green), 
and WD continuous flow analysis (CFA) [CH4] record (black)61. The WD CFA 
record is shown for visual aid when discrete data are not available. b,f, The [Ca2+] 
record for GISP2 (b)62 and NEEM (f)63 plotted on each core’s WD-synchronized 
gas age scales (orange). c,g, IPD measurements corrected (blue) and uncorrected 
(red) for CH4xs derived using GISP2 (c) and NEEM (g). d,h, rIPD measurements 

corrected (blue) and uncorrected (red) for CH4xs and their 95% confidence 
intervals derived using GISP2 (d) and NEEM (h). In the NEEM-derived rIPD, 
abrupt transitions in [CH4] where the rIPD is not well defined are not shown in g 
and h. We suspect that the abrupt oscillations in the rIPD from 22 to 21 ka are an 
artefact of our analysis and are caused by a brief lack of available tie points and 
low data resolution. The interval-averaged rIPD estimates from previous studies 
are plotted in black12, green9, purple29 and magenta31. Heinrich stadial45,64 and DO 
interstadial17 climate intervals are shaded in light blue and grey, respectively.
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resulting extensive saltwater inundation of low-elevation floodplains, 
such as the Sunda Shelf, may have reduced net tropical wetland pro-
ductivity and CH4 emissions11,26,54. Increased southern tropical rainfall 
during the YD55 may have also been too weak to stimulate wetland  
emissions capable of counteracting reduced emissions from the  
drying northern tropics.

Although our rIPD reconstruction does not continue into the early 
Holocene due to limited discrete WD [CH4] data (Methods), we find it 
probable that the abrupt ~250 ppb [CH4] increase at the YD–Holocene 
transition was also driven by enhanced net tropical wetland emissions 
due to an abrupt northward shift of tropical rain belts40. Existing rIPD 
data from the early Holocene indicate that the rIPD was ~6%9,29,33,34  

(Fig. 2h), a value not impacted by CH4xs due to low Ca2+ in Greenland 
Holocene ice36. Coupled with our YD rIPD of 6%, this indicates a rela-
tively stable rIPD across the YD–Holocene transition. Thus, the propor-
tion of tropical to northern extratropical emissions probably changed 
little and increased tropical CH4 emissions drove the abrupt [CH4] rise 
at this transition. This is consistent with interpretations of CH4 stable 
isotope and radiocarbon data11,19,21,22.

Box-modelled northern extratropical emissions increased by  
25 Tg yr−1 from HS1 to the end of the YD. This could be explained by 
expansions of CH4-emitting boreal wetlands and intensifying CH4 emis-
sions from permafrost degradation following the rapid retreat of NH ice 
sheets during the deglaciation and subsequent warming52,59. The ferti-
lization effect of rising [CO2] during the deglaciation may have further 
enhanced northern extratropical microbial emissions27,28. This 25 Tg yr−1 
increase is well within 14C-derived estimates of permafrost emissions, 
which place a ~50 Tg yr−1 upper limit on the contribution of this source to 
the deglacial [CH4] rise22. Furthermore, northern extratropical summer 
insolation began increasing 21 ka (Fig. 3a), which possibly enhanced 
already increasing boreal wetland productivity from accelerating NH 
ice-sheet retreat38,49. These trends in deglacial northern extratropical 
emissions agree well with Earth-system modelling studies16,28,60, which 
suggest a secondary role of high-latitude NH microbial emissions19,21.

The ice-core-derived CH4 rIPD record presented here provides 
insight into the timing and geographic distribution of the major ter-
restrial biogeochemical changes of the LGM and deglaciation. Our 
CH4xs-corrected record reveals rIPD values near 0% during Heinrich  
stadials and a large increase across the deglaciation. Box-model  
analyses indicate that tropical sources dominated the CH4 budget  
and mainly controlled abrupt millennial-scale [CH4] variability for 
much of the record, with northern extratropical sources playing an 
influential but secondary role in the deglacial [CH4] rise. Sensitivity 
tests reveal that variables other than changes in the ratio of tropical  
to northern extratropical emissions could explain some of the  
observed variability in the rIPD, but cannot provide alternative expla-
nations of the general drivers of LGM and deglacial [CH4] variability.

We suggest that increasing northern extratropical emissions 
beginning ~16 ka were driven by wetland expansion and/or permafrost 
degradation induced by accelerating ice-sheet retreat, increasing NH 
summer insolation and rising temperatures. On the millennial scale, 
the migration of tropical rain belts and monsoon intensity induced 
by abrupt NH climate variability rapidly modulated tropical wetland 
productivity and, consequentially, tropical CH4 emissions and [CH4]. 
We place an upper, 25 Tg yr−1 limit on the northern extratropical contri-
bution to the rapid HS1–BA [CH4] rise; 45% of the total increase in emis-
sions. Although noteworthy, this change is small with respect to the 
modern CH4 budget1. Instead, the dominant tropical role underscores 
the sensitivity of tropical microbial CH4 emissions to rapid climate and 
hydrological change, and the need to better understand how this rela-
tionship will modify future emissions at a time when annual emissions 
continue to rapidly increase2.
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Methods
Ice-core CH4 records
To reconstruct the rIPD, samples from the WD ice core were used to meas-
ure the Antarctic [CH4] record across the entire interval (27.5–11.6 ka).  
The NEEM and GISP2 ice cores were used to generate records of Green-
land [CH4] that broadly represent NH [CH4]: GISP2 from 27.5 to 14.5 ka 
and NEEM from 18.5 to 11.6 ka (see Supplementary Information Sections 
1 and 2 for measurement details). Each of these NH [CH4] records were 
independently synchronized to the longer WD record, which captures 
mean SH [CH4]. The overlap of our NEEM and GISP2 [CH4] records 
during HS1 allows for the direct comparison of two, independently 
derived rIPD records.

CH4 was measured using a vacuum melt/refreeze extraction system 
for discrete ice-core samples in the Oregon State University ice-core 
laboratory (Supplementary Information Section 1). Several corrections 
were made to the raw data65,66. Each measurement was first corrected 
for instrumental offset (blank) and the differential solubility of CH4 
compared to bulk air components. Our blank correction varies over 
time (1σ = ~2 ppb), so we use a four-month running mean of daily blanks. 
The solubility correction is dependent on sample mass, which varied 
slightly between measurement campaigns. Next, measurements were 
corrected for gravitational settling in the firn air column. Because the 
molar mass of CH4 (16.04 g mol−1) is lighter than air (28.97 g mol−1), [CH4] 
is slightly depleted at the lock-in depth relative to the atmosphere67. 
This mass-dependent gravitational fractionation is regulated by firn 
thickness, which varies between warm and cold climate intervals and 
can be estimated using measurements of δ15N-N2 that are corrected for 
the effect of thermal fractionation67. Existing estimates of gravitational 
fractionation as a function of depth for NEEM61, GISP268 and WD13 were 
interpolated onto the depths of each sample and used to correct the 
[CH4] data. The corrections are summarized by equation (2):

[CH4]f = ([CH4]i × S − ([CH4]B × S − [CH4]S)) × G (2)

where [CH4]f is the gravity-, blank- and solubility-corrected [CH4], [CH4]i 
is the raw value, [CH4]B is the measured [CH4] of the NOAA calibrated 
standard when introduced over and processed with gas-free ice, [CH4]S 
is the known [CH4] of the NOAA calibrated standard, S is an empirically 
determined solubility correction constant and G is the gravitational 
fractionation factor per unit mass ( ~1.0003–1.0005) multiplied by 
molar mass difference between CH4 and air (12.92 g mol−1)65. Lastly, we 
correct for CH4xs and systematic offsets between each campaign and the 
2019 reference measurement campaign (see below). Table 1 displays 
the samples measured to generate our [CH4] records separated by ice 
core and year measured (Supplementary Information Section 2), and 
summarizes the corrections applied to the data.

Correcting for campaign offsets
Offsets between measurement campaigns can be caused by small 
changes in the analytical system and methods, or drift in the calibrated 
reference standards. To constrain these offsets, we linearly interpolate 
the data from each campaign onto the depths of the 2013 WD and 
NEEM samples for intervals where depth adjacent samples are available 
(Supplementary Fig. 1). The mean difference between the interpolated 
and measured [CH4] is used to estimate each campaign offset. We then 
adjust the [CH4] data to the 2018/2019 measurement campaigns using 
these offsets so that our GISP2 data agree with ref. 64. Offsets between 
WD and the two Greenland records were avoided by measuring samples 
from both cores on the same day.

Overall, the offsets are small (<6 ppb; Table 1) but important to 
account for, given our IPD approaches 0 ppb at times (Fig. 2). No statisti-
cally significant offsets were found between the GISP2 2018 and 2019, 
WD 2018 and 2019 or the WD 2012 and 2013 data. The WD 2018/2019 
data are on average 4 ppb higher than the WD 2012/2013 data. The 
NEEM 2011 and 2012 data are on average 1.2 ppb lower than the NEEM 

2013 data. To match the 2018/2019 data, the 2010–2011 NEEM data were 
increased by 1.2 ppb to match the 2013 NEEM data, and then all WD 
and NEEM data from 2010–2013 were increased an additional 4.0 ppb 
to match the 2018/2019 data. Figure 1 shows the excellent agreement 
between each measurement campaign for each of the three cores after 
all corrections were applied.

Correcting for CH4xs in Greenland ice
A recent study35 showed that non-atmospheric CH4 release during 
melt-extraction analysis, or CH4xs, could change the measured [CH4] 
by up to 40 ppb in Greenland samples with high Ca2+, a proxy for dust 
content36. These anomalies are comparable to or sometimes greater 
than the magnitude of the IPD (Fig. 2), so a correction is essential. We do 
not observe CH4xs in Antarctic ice, probably because the dust contents 
are too low for the phenomenon to be detectable35.

We adopt the correction procedure outlined in ref. 35, which uses 
a multiple melt/refreeze technique to calculate the quantity of CH4xs 
released during analysis (Supplementary Information Section 3.1). The 
[CH4] difference between the first and second melt/refreeze analysis  
is used to estimate how much CH4xs was released during the first melt/
refreeze cycle. This method assumes that the quantities of CH4xs 
released during the first and second melt/refreeze are equal, although 
evidence suggests that more is released during the first35,69. We find 
that despite this assumption, our CH4xs correction agrees well with 
independently derived correction procedures that do not depend on 
assumptions of the temporal release69 (Supplementary Information 
Section 3.3, Supplementary Fig. 4 and Supplementary Table 2).

The linear regression between CH4xs and Ca2+ can be used with 
existing Ca2+ data to estimate CH4xs when direct measurements thereof 
are not available. We combine 298 new GISP2 and 29 new NEEM CH4xs 
measurements with the published 108 GISP2 and 41 NEEM data points in 
ref. 35 to derive an updated CH4xs-to-Ca2+ regression (5.41 ± 0.197 micro-
moles of CH4xs per mole of Ca2+ (mean ± s.d.), R2 = 0.66; Supplementary 
Information Section 3.1, Supplementary Table 1; and Supplementary 
Figs. 2 and 3), which is comparable to ref. 35 (5.16 ± 0.25, R2 = 0.78). We 
find no statistically significant difference between the slopes of the 
GISP2- and NEEM-derived CH4xs-to-Ca2+ regressions (Supplementary 
Information Section 3.1). We do, however, find significant differences in 
the slope within the GISP2 regression when measurements are binned 
by core depth (ice age) and the sample measurement year (Supplemen-
tary Information Section 3.1). This variability is noteworthy because the 
Greenland CH4 measurements made in this study cover a wide range 
of ice ages and were measured over the course of nearly a decade. The 
considerable scatter in the CH4xs-to-Ca2+ regression probably stems 
from the fact that Ca2+ is not the true origin of CH4xs, but only a proxy for 
processes that are occurring more strongly in Ca2+-rich ice69. To account 
for this, we use an uncertainty in the CH4xs correction that incorporates 
these potential variations in the CH4xs-to-Ca2+ regression (Supplemen-
tary Information Section 3.1) and find that the added uncertainty does 
not impact our interpretation of the rIPD (see below).

To make the CH4xs correction, we calculate the absolute molar 
quantity of CH4 and Ca2+ in each sample and use the linear regression 
described above to determine the amount of CH4xs expected using the 
following equation (Supplementary Information Section 3.2):

[CH4]c = [CH4]f −
Ca2+ × 109 × R × TSTP × Cxs

TAC × PSTP
(3)

where [CH4]c is the CH4xs-corrected [CH4], Cxs is the CH4xs correction  
factor, R is the ideal gas law constant, and TSTP and PSTP are the standard 
air temperature and pressure, respectively. TAC is the total air content 
of the sample, which is calculated using the methods described in 
ref. 70. The molar Ca2+ content of each sample (Ca2+) was calculated 
by linearly interpolating published [Ca2+] records for NEEM63 and 
GISP262 onto the depth range of each sample. Figure 2 displays the 
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CH4xs-corrected and uncorrected [CH4] measurements for all GISP2 
(Fig. 2a) and NEEM (Fig. 2e) data used in this study, and the [Ca2+] data 
for each core (Fig. 2b, f).

Ice-core air is offset in depth from ice of the same age because bub-
ble close-off occurs 50–100 m below the ice-sheet surface71. Because 
CH4xs is determined from ice impurity measurements (Ca2+) and gas 
ages are younger at any depth than ice ages, the CH4xs corrections 
impact both stadial and portions of interstadial intervals of the gas 
record, despite enhanced dust deposition occurring only during stadial 
periods. Plotting Ca2+ on the gas age scale demonstrates this effect 
(Fig. 2).

Synchronization of Greenland and WD CH4 records
Gas age chronologies have been independently developed for NEEM72, 
GISP268 and WD13,73. Because of uncertainties in the gas age models for 
each core, these chronologies disagree by up to several hundred years 
(Fig. 1). To calculate the rIPD, synchronizing each [CH4] record onto a 
single gas age scale is essential. As the interhemispheric mixing time 
is fast (~1 year) relative to the atmospheric lifetime of CH4 (~10 years), 
temporal variability in the Greenland and WD [CH4] records should 
covary nearly perfectly. We synchronize our CH4xs-corrected NEEM 
and GISP2 [CH4] records to the WD gas age chronology following a 
Monte Carlo approach66.

First, observable [CH4] changes were used to stratigraphically tie 
the Greenland gas age scales to the WD2014 gas age scale (32 for NEEM, 
31 for GISP2). Next, evenly spaced chronological anchors were chosen 
to allow the age–depth relationships to change more continuously 
between the tie points (50 for NEEM, 60 for GISP2). For each of the 10,000 
Monte Carlo iterations, a normally distributed random age uncertainty 
with a standard deviation of 20 years was assigned to the anchors. 
Additionally, normally distributed analytical error and uncertainty 
from the CH4xs correction (Supplementary Information Section 3.1)  
for each data point were included in the synchronization. The itera-
tion that produced the maximum correlation for the linear regression 
between each Greenland core and WD (R2 = 0.995 for each) was chosen 
as the new Greenland gas age scale. We stress that our synchronized 
chronologies make small changes to the existing chronologies, within 
uncertainties, and we do not recommend their general use in lieu of the 
existing GISP2 and NEEM timescales64,68,72. Figure 2a,e shows each of the 
Greenland [CH4] records with the WD [CH4] record on the synchronized 
WD2014 gas age scale. This comparison illustrates the robust temporal 
agreement between the synchronized Antarctic and Greenland [CH4] 
records, as well as between NEEM and GISP2 where they overlap.

Calculation of CH4 rIPD
Measurements of the rIPD are sensitive to measurement noise, outliers, 
synchronization uncertainty and aliasing of short-term [CH4] variability 
by sparse sampling. Additionally, firn smoothing of the atmospheric 
record via gas diffusion and bubble trapping occurs to differing degrees 
in each ice core67,74, resulting in calculated rIPD anomalies during peri-
ods of abrupt and short-lived [CH4] change. To explore the impact of 
these factors on calculations of the rIPD, we smooth each [CH4] record 
using Gaussian smoothing windows ranging from 250 to 750 years 
(Supplementary Fig. 5). We find that differing degrees of smoothing 
within this range have little impact on the mean value of the rIPD on mil-
lennial scales. Shorter smoothing windows retain unrealistically large 
centennial-scale rIPD variability that is probably an artefact of differing 
levels of firn smoothing between each core, synchronization errors, 
data scatter/outliers and temporal data gaps. An optimal smoothing 
window of 450 years was chosen because it mitigates those effects with-
out dampening some of the more prominent, multi-centennial-scale 
and longer features of the rIPD record (Supplementary Fig. 5).

To calculate the smoothed rIPD (Fig. 2), we first linearly inter
polate the 450-year smoothed and synchronized Antarctic and Green-
land [CH4] records onto the same evenly spaced, 50-year-resolution 

timescale. Next, the interpolated data are used to calculate the rIPD 
at each interpolated data point. To determine the uncertainty, a 
smoothed rIPD record is calculated for each iteration of our Monte 
Carlo synchronization approach, which includes tie point age uncer-
tainties, analytical errors and CH4xs correction uncertainties. For each 
50-year time step, the standard deviation of all iterations is calculated  
and used to create the 95% confidence interval for our rIPD record 
(Figs. 2d,h and 3a).

Four-box model for reconstructing source distribution
We use a four-box troposphere model30 to estimate the latitudinal 
distribution of emissions at each time step of our rIPD reconstruc-
tion. The northern tropical (0°–30° N) and extratropical (30°–90° N), 
and southern tropical (0°–30° S) and extratropical (30°–90° S) boxes 
each contain ¼ of the atmosphere by volume. Four-box, as opposed to 
two-box, models are advantageous because they account for the higher 
atmospheric CH4 sink strength in the tropics and can differentiate 
between tropical and high-latitude sources across large [CH4] changes, 
which are difficult to distinguish using the stable and radioisotopes of 
CH4

11,22. The mass balance of the model is:

dC
dt

= F +Ω × C (4)

where C, F, and dC/dt are vectors representing the atmospheric  
CH4 burden (Tg), CH4 emission strength (Tg yr−1), and change in the 
atmospheric CH4 burden (Tg) in each box, respectively. Ω is a matrix 
describing transport between boxes and the CH4 lifetime in each box. 
Ω is defined as:

Ω =

⎡
⎢
⎢
⎢
⎢
⎢
⎣

(−λNeT − neT) neT 0 0

neT (−λNT − neT − nT) nT 0

0 nT (−λST − neT − nT) neT
0 0 neT (−λSeT − neT)

⎤
⎥
⎥
⎥
⎥
⎥
⎦
(5)

where λ (yr−1) is the inverse of sink strength of each box (indicated by the 
four subscripts, where N and S indicate north and south, respectively) 
and n (yr−1) is the inverse of the transport times between tropical and 
extratropical (eT) and the two tropical (T) boxes. We use the lifetimes 
used in previous studies of the CH4 rIPD9,12,29,30, but update the hemi-
spheric and interhemispheric exchange rates, which were originally 
derived in ref. 30, using the modern atmospheric distribution of sulfur 
hexafluoride (SF6) (Supplementary Table 3). SF6 is ideal for this purpose 
because of robust atmospheric monitoring in recent decades75,76, long 
lifetime (>3,200 years) and well-characterized, NH-dominant emis-
sions77 (Supplementary Information Section 4).

[CH4] from 30° S to 90° S (CS) is well mixed in the modern atmos-
phere so Antarctic records should record the average [CH4] in that box. 
The regions from 30° N to 90° N (CN) are not homogenously mixed, with 
[CH4] increasing with latitude37. To address this, we follow previous 
studies9,29 and modern observations1, and decrease [CH4] in our NEEM 
and GISP2 records by 7% of the Greenland–Antarctica [CH4] difference 
to better represent the mean [CH4] of the northern extratropical box.

With only two data constraints (northern and southern extra
tropical [CH4]), the four-box model is under-constrained and requires 
several assumptions. First, we hold southern extratropical emissions 
constant at the 1 Tg yr−1 estimated by recent Earth-system modelling 
studies28,54, and modern inversion studies78. Changes in the small emis-
sions of the southern extratropical box during the deglaciation were 
presumably minimal compared with those in northern extratropical 
and tropical boxes28. Second, we assume that southern and northern 
tropical emissions were equal, although the sensitivity of our analyses 
to this assumption is explored in detail.
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Box-model sensitivity tests
The CH4 rIPD is sensitive to several variables other than the ratio of 
total tropical to northern extratropical emissions, including atmos-
pheric transport times, CH4 lifetime and the location of the equatorial 
barrier to interhemispheric mixing. For example, the strength of the 
Hadley cell, a major component of interhemispheric mixing, is sensi-
tive to the mean position of tropical rain belts79. Changing lifetimes 
across climate intervals due to varying atmospheric OH concentra-
tions from changing temperature and/or forest biogenic volatile 
organic compound emissions16,80 could have also impacted the rIPD, 
although several studies suggest that deglacial OH inventories were 
relatively stable24,81–83. We performed four-box-model sensitivity 
tests to evaluate if such changes could provide alternative interpreta-
tions of the rIPD. Using the average of our GISP2- and NEEM-derived 
rIPDs across the climate intervals defined by ref. 12 (Supplemen-
tary Table 4), we calculate steady-state tropical and northern extra-
tropical emissions12. We then varied the global mean CH4 lifetime  
by ±25%, lifetime in the northern extratropical box only by ±25%  
and the interhemispheric exchange rate by ±50% (Supplementary 
Figs. 6–8, respectively).

Panels c and f of Supplementary Figs. 6–8 display the ratio of 
total tropical to northern extratropical emissions for the defined 
climate intervals. This allows us to calculate the changes in lifetime 
or interhemispheric exchange rate required to produce our observed 
rIPD change between climate intervals in the scenario that source 
distribution (y axis) remained constant. In principle, changes to life-
time and atmospheric transport are most likely to have occurred at  
the rapid changes to the climate system during the deglaciation  
(HS1–YD). We find that the observed 5 percentage point increase of our 
rIPD across the deglaciation could be caused by a ~4-year increase in 
global average lifetime (Supplementary Fig. 6), although such a change 
is currently not supported by Earth-system modelling studies16,80. 
Increases in northern extratropical CH4 lifetime (Supplementary 
Fig. 7c,f), perhaps driven by rising regional biogenic volatile organic  
compound emissions that would have reduced OH abundance80,  
and changes to interhemispheric exchange rates (Supplementary  
Fig. 8c,f), each cannot explain the observed deglacial rIPD change. 
More subtle changes in the rIPD and [CH4] could plausibly be 
explained by varying lifetime and interhemispheric exchange rate 
rather than source distribution (that is, Stadial 2, Stadial 1 and the 
LGM in the GISP2-derived rIPD), but the large-scale changes during  
the deglaciation must be driven by changes in the strength and  
latitudinal distribution of CH4 emissions.

Another possible and perhaps more influential driver of rIPD  
variability is the spatial variability of CH4 emissions within the tropics 
(30° N–30° S). Tropical emissions, which mainly originate from wet-
lands, probably shifted latitudinally in response to migrating rainfall 
patterns during the deglaciation8,12,39,44. We used our four-box tropo-
sphere model to test the impact of such shifts and found that shifting 
from a scenario with 75% of all tropical emissions in the northern trop-
ics to 75% in the southern tropics decreases the rIPD by 7 percentage 
points, which is roughly the full range of variability of our calculated 
rIPD (Supplementary Fig. 9a). These experiments assumed that the 
equatorial ‘barrier’ to interhemispheric mixing, determined mainly by 
the meridional position of the intertropical convergence zone, would 
not shift with shifting rainfall patterns, although further sensitivity 
tests that explore this possibility suggest the effect would be small 
(Supplementary Information Section 5 and Supplementary Fig. 9b). 
Considering these results, if a northward migration of tropical CH4 
emissions increased the rIPD, our four-box model would incorrectly 
attribute this increase to enhanced northern extratropical emissions, 
therefore underestimating tropical emissions and overestimating 
northern extratropical emissions. In other words, northern extratropi-
cal CH4 emissions may be overestimated during NH interstadials when 
tropical rain belts, and thus wetland CH4 emissions, are thought to have 

shifted north, with the opposite true for a southward shift during NH 
stadials. Despite this, we find that the impact that realistic shifts in 
tropical emissions may have on box-modelled sources is small (at most, 
±10 Tg yr−1; Supplementary Fig. 10 and Supplementary Information 
Section 5), and does not hinder our interpretations of the LGM and 
deglacial CH4 budget.

Data availability
The [CH4], rIPD and box-model data are published on the Arctic Data 
Center, US Antarctic Program Data Center (USAP DC) and NOAA 
National Climatic Data Center. NEEM [CH4], WD [CH4] and GISP2 [CH4] 
data are publicly available and archived at https://doi.org/10.18739/
A2ZC7RW3H and USAP DC 601737, the new CH4,xs data are archived at 
https://doi.org/10.18739/A2TM7229J, and the GISP2- and NEEM-derived 
rIPD results and four-box-model output are archived at https://doi.
org/10.18739/A2PZ51N77 and USAP DC 601736. Additional GISP2 [CH4] 
data are archived at https://doi.org/10.18739/A2639K65M. Source data 
are provided with this paper.

Code availability
The code and data used to calculate the GISP2- and NEEM-derived 
rIPD records, run the four-box model and plot the results in Figs. 1–3 
are archived and publicly available on Github at https://github.com/
benryoung23/Riddell-Young_etal_2023.git.
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