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GLOBAL METHANE BUDGET 2010-2019
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Arctic Methane Emissions Remain Low

 Despite Rapid Warming and Permafrost Thaw

CH4 mole fraction (ppb)
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% Permafrost GHG Budget @esa

for the perlod 2000 — 2020
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Bottom-up budget components: Anthrop-
RECCAP2 i
CO,: -270 230 120 72 2.9 73
M CHy 1.1 9.4 1.8 28 2.1 3.8
oo o el ng o | === N,O: 0.14 0.002 0.12 0.18 0.23 NA
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Timeline AGU journals and other Partners who are
relevant publications making RECCAP2

possible
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O Weak annual CO, sink and stable source of CH, and N,O during the
period 2000-2020
O Bottom-up and top-down methods agree on the sign, but different

Virkkala et al. [2025] magnitudes of estimates that cannot be reconciled
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Ramage et al. [2024], Treat et al. [2024],



3 Hypotheses Why

Arctic Methane Emissions Remain Low

H1: The Arctlc IS warmlng and drylng

" H2: Northern high latitude methanotrophy is underestimated

. H3: Fe(lll) mobilization from thawing permafrost inhibits methanogenesis

https://cce.nasa.qgov/methane challenge.html
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H1: Low Pan-Arctic methane
emissions suggest a warmer,
drier Arctic

Other evidence for a drying
' Arctic:

 Loss of lake area

e Shrubification

Waldrop et al., PPP (2025)
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Hypothesis 2: Northern High Latitude ,
Methanotrophy Is Underestimated

H2: Northern high latitude
methanotrophy is underestimated

120 _ Arctic (>50N) net CH4 Emissions
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4 High-affinity methanotrophs (HAMs)
oxidize >90% of subsurface CH4 in
wetlands

HAMSs oxidize atmospheric CH4 in
high Arctic and upland mineral soils

Future wetland emissions increases
offset by increasing methanotrophy

* RECOMMEND improved
. characterization of mineral soill,

Net methane emission (Tg CH4 yr)

upland, high Arctic CH4 fluxes o0 L . ! |
— — 2020 2040 2060 2080 2100
Year
. s XPTEM-XHAM RCP2.6 PTEM-HAM RCP2.6 4 TEM RCP2.6
Oh et al., Nature Clim Change (2020) -~ 9~ XPTEM-XHAM RCP4.5 PTEM-HAM RCP4.5 - ¢ - TEM RCP4.5 -—+— Bottom-up models
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Hypothesis 3: Fe(lll) Mobilization @ cSa

Inhibits Methanogenesis

Chemically mediated reactions

ROS

Oxidation

Fe?* + O, 5> Fe* + 0,

Fe? + O, + 2H* - Fe** + H,0,

Fe? + H,0, + H* > Fe?* + -OH + H,0
Fe?* +-OH + H* — Fe** + H,0

S _— = & -. = “ | Microbially mediated reactions

Methanogenesis is the metabolic
pathway of last resort (least

Microaerophiles
4Fe?* + 10H,0 + O, — 4Fe(OH), + 8H*

Gallionella spp., Leptothrix spp.,
Mariprofundus spp., Sideroxydans spp.

Photoferrotrophs Feli) :
HCO,~ + 4Fe?* + 10H,0 hy Oxic ((Refuction .
CH,0 + 4Fe(OH), + 7H* O, +Fe(m) > O, +Fe

Fe(lll) from thawing permafrost:

Rhodopseudomonas palustris TIE-1, Light reactions
Rhodobacter sp. SW2, F = i s S e
Chlorobium ferrooxidans KoFox, )

Thiodictyon sp. F4

Reduction
Fe(mn)-L ﬂ’ Fe(n)-L

1) Provides more thermodynamically

Photic
favorable metabolic pathways that Pk s , St
. 10Fe* + FHZ4HO SN L L A e 2, =~ =
outcompete methanogenesis 10Fe(OH), + N, + 18H* | oDl G o
et i A TasT R
y 3 iobacillus denitrificans o2+ 4 +3H,0— 2 Fe +N,0 +4H*
2) Forms strong complexes with humic — - T -
substances, thereby sequestering labile NH,' + 6Fe0OH + 10H" = 3 E 3 Oxidation
~ | NO;+6Fe™ +10H,0 & = o [ 2Fe” + MnO, + 2H,0 —
& = Mn?* + 2FeOOH + 2H*

Acidimicrobiaceae sp. A6

C from potential methanogenesis

Fe(m)-reducing organic C, CH, and/or Manganese. | Hums

H, oxidizers
8Fe(OH), + CH, + 15H* — 8Fe?* +

Reduction
Fe() + HumS™ — HumS + Fe(i)

3 HCOs 21,0 Sulfur species
e 4FeOOH + CH,CHOHCOO" + TH*— -
o 4Fe?* + CH,COO™ + HCO;™ + 6H,0 i Hum$S Iron | Reduction "
ZFe(OH)3 + H2 + 4H* — 2Fe?* + GHZO 2FeOOH + 3HZS — 2FeS+ 5%+ 4HZO
Geobacter spp., Shewanella spp.,

Albidoferax ferrireducens, Geothrix spp.,
‘Candidatus Methanoperedens nitroreducens’,

Kappler et al., Nature Rev Microbiol (2021) ‘Gandidatus Methanoperedens ferrireducens’

Pyrite formation
4FeS + 4H,S + CO, — 4FeS, + CH, + 2H,0

Pyrite formation (via polysulfide)
it ey s R Bery Waae) pEs T777 | Fe? +H,S +S° > FeS, + 2H*

Sulfur




NAsA

Methanogens

Bio_8 tipping point Bio_13 tipping point

Mean temperature of wettest quarter Precipitation of wettest month

»

Shift from Methylobacter
to Methylomirabilaceae-
dominated niche

\

Shift from Methanoregula
to Methanobacterium-
dominated niche

3: Methanoregula 2: Methanobacterium Methylomirabilaceae 11: Methylobacter

Microbial Community Tipping Points
Drive Future Arctic Methane Emissions

Methanotrophs

Bio_1 tipping point

Annual mean temperature

Shift from Methylomonas
to Methylocystis-
dominated niche

4: Methylocystis

| Induced community &

Proportion of samples that
will pass the threshold:

I in 2021-2040
7 in 2041-2060

in 2081-2100
- No shift before 2100

Based on regional predictions
(IPCC, SSP2-4.5)

shifts

12: Methylomonas



Arctic Methane and Permafrost Challenge
(AMPAC)

An ESA and NASA collaborative community initiative

- Questions?

https://cce.nasa.gov/methane challenge.html
.esa.int/communities/scientists/arctic-methane-and-permafrost/
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