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Cryosphere

Sub-zero temperatures 
Low water availability
Low nutrients
UV/gamma radiation
High salinity

Challenges 
for Life



Cryosphere Warming

Annual [January to December (J-D)] mean temperature 
change (°C) in the Northern (left) and Southern (right) 
hemispheres for 1986–2005 (upper) and 1986–2018 
(lower) relative to the mean period of 1951–1980. 
Generated from the NASA/Goddard Institute for Space 
Studies (GISS) online plotting tool (2); the GISS analysis is 
based on updated Global Historical Climatology Network 
v3/SCAR (2, 3) and updates to Analysis (v3).

•Eric Post et al. 2019

,
The polar regions in a 2°C warmer world.Sci. 
Adv.5,eaaw9883(2019).

•Theodore G. Shepherd

,
Effects of a warming Arctic.Science353,989-990(2016).

Post et al. 2019

https://www.science.org/doi/10.1126/sciadv.aaw9883#core-R2
https://www.science.org/doi/10.1126/sciadv.aaw9883#core-R2
https://www.science.org/doi/10.1126/sciadv.aaw9883#core-R3


Loss of Sea Ice



Arctic and Alpine “Greening”



Forest fires

Fig. 1 | Trends in Arctic temperature and sea-ice cover. a, Near-
surface air temperature (T2m) trend (°C per decade) over 
1979-2018 from ERA-Interim 17,70 . Areas without a 
statistically significant change (determined using a one-sided 
Student's t-test, with P < 0.05 indicating a significant 
difference) are masked out (no colour). b, Sea-ice 
concentration trend (percentage per decade) over 1979-2018 
from ERA-Interim 17,70 . Trends with a magnitude smaller than 
±1% per decade are masked out (no colour). The blue and 
maroon contour lines in the panels signify the area from Fig. 1a 
with a near-surface air temperature trend greater than 1 °C per 
decade. The trends are calculated for the entire 40-yr period 
and expressed as the change per decade.

Jansen, 2020



Forest fires

Global Forest Watch



Permafrost

Permafrost: ground that 
has been frozen for at 
least two consecutive 
years (often for 
hundreds of thousands 
of years)

Active Layer: overlays 
permafrost, this layer 
thaws each summer 
and freezes again in 
winter.

repeat frost cracking and ice-vein growth

An ice wedge is a crack in the ground formed by a narrow or thin piece of ice that measures up to 

3–4 meters in length at ground level and extends downwards into the ground up to several 

meters. During the winter months, the water in the ground freezes and expands.

https://en.wikipedia.org/wiki/Ice


Permafrost

Permafrost: ground that 
has been frozen for at 
least two consecutive 
years (often for 
hundreds of thousands 
of years)

Active Layer: overlays 
permafrost, this layer 
thaws each summer 
and freezes again in 
winter.

Ice Wedge: a crack in 
the ground formed by a 
narrow piece of ice and 
extends downwards 
into the ground.

repeat frost cracking and ice-vein growth

An ice wedge is a crack in the ground formed by a narrow or thin piece of ice that measures up to 

3–4 meters in length at ground level and extends downwards into the ground up to several 

meters. During the winter months, the water in the ground freezes and expands.

C. Taylor

https://en.wikipedia.org/wiki/Ice






Permafrost

• Continuous vs Discontinuous permafrost
• Talik: Portion of year-round unfrozen ground in a permafrost zone



Permafrost

Obu, 2019



Permafrost thaw

L. Sanguineti



Grosse, 2013



Permafrost thaw

Abrupt thaw results in 
thermokarst lake formation in 
ice-rich continuous permafrost

Grosse, 2013

Zandt, 2020

M. Schwab



Permafrost thaw

Infrastructure damage

engineers elevated the train on the Qinghai-Tibet Railway, as seen here. — Credit:Henry Chen/Flickr



In Inuvik, Northwest Territories, Canada, utilities cannot be put underground because of the 
permafrost, so water, electricity, sewage is housed in these above ground utilidors. — Credit: Marc 
Shandro/Flickr



https://arctic.noaa.gov/report-card/report-card-2020/coastal-permafrost-erosion/

Coastline erosion

Permafrost thaw

thermal and mechanical drivers



https://arctic.noaa.gov/report-card/report-card-2020/coastal-permafrost-erosion/

Coastline erosion







Permafrost x Forest Fires

Fig. 1 | Trends in Arctic temperature and sea-ice cover. a, Near-
surface air temperature (T2m) trend (°C per decade) over 
1979-2018 from ERA-Interim 17,70 . Areas without a 
statistically significant change (determined using a one-sided 
Student's t-test, with P < 0.05 indicating a significant 
difference) are masked out (no colour). b, Sea-ice 
concentration trend (percentage per decade) over 1979-2018 
from ERA-Interim 17,70 . Trends with a magnitude smaller than 
±1% per decade are masked out (no colour). The blue and 
maroon contour lines in the panels signify the area from Fig. 1a 
with a near-surface air temperature trend greater than 1 °C per 
decade. The trends are calculated for the entire 40-yr period 
and expressed as the change per decade.

Jansen, 2020

Kim 2024



Permafrost x Forest Fires

Fig. 1 | Trends in Arctic temperature and sea-ice cover. a, Near-
surface air temperature (T2m) trend (°C per decade) over 
1979-2018 from ERA-Interim 17,70 . Areas without a 
statistically significant change (determined using a one-sided 
Student's t-test, with P < 0.05 indicating a significant 
difference) are masked out (no colour). b, Sea-ice 
concentration trend (percentage per decade) over 1979-2018 
from ERA-Interim 17,70 . Trends with a magnitude smaller than 
±1% per decade are masked out (no colour). The blue and 
maroon contour lines in the panels signify the area from Fig. 1a 
with a near-surface air temperature trend greater than 1 °C per 
decade. The trends are calculated for the entire 40-yr period 
and expressed as the change per decade.

Jansen, 2020



Permafrost carbon stores

Permafrost thaw

Organic Carbon 
stores

Microbial 
metabolism

Greenhouse 
gasses

Climate 
Warming

CO2

CH4

Map of estimated 0–3 m SOC storage (kg C m−2 ) in the 

northern circumpolar permafrost region. Panels show 0–0.3 m 

and 0–1 m SOC calculated subdivided following NCSCD 

regions while 1–2 m and 2–3 m SOC is calculated subdivided 

for areas of thick thin sedimen- tary overburden. Projection: 

Azimuthal Equidistant, datum: WGS84. ---Hugelius 2014 

• estimated 
1500000000000000 kg of 
carbon stored in permafrost 
(1,500 gigatonns)

• twice as much as the 
atmosphere contains



Permafrost carbon stores

 Pleistocene: 

• 2.58 million to 11,700 years ago

• Repeated glaciation events
Kjær, 2022

Ancient DNA



Permafrost thaw positive feedback
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Atmospheric Methane

• Second most important anthropogenic GHG

• ~30X more global warming potential compared to CO2

• Increase from ~700ppb during preindustrial times to ~1900ppb in 2019



Sources Sinks

IPCC, AR6
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Anthropogenic Natural
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Sources
Anthropogenic Natural

Sinks

CH4 + •OH →  •CH3 + H2O 



Methanogens 

CH3COO− + H+ → CH4 + CO2

4 H2 + CO2 → CH4+ 2 H2OHydrogenotrophic

Methylotrophic

Acetoclastic

4 CH3OH → 3 CH4 + CO2+ 2 H2O

CH4 generating

Methanobrevibacter 
ruminantium

Miller et al. 1986

Sources Sinks

Anaerobic 
environments



Methanogens 
Methanotrophs

CH3COO− + H+ → CH4 + CO2

4 H2 + CO2 → CH4+ 2 H2OHydrogenotrophic

Methylotrophic

Acetoclastic

4 CH3OH → 3 CH4 + CO2+ 2 H2O

CH4 generating

Methanobrevibacter 
ruminantium

Miller et al. 1986

Sources

Hur et al. 2016

Methylomonas sp.

CH4 consuming

CH4 →  CH3OH

Methane oxidation & 
assimilation as a carbon 

source

Sinks

Anaerobic 
environments

Aerobic environments



Permafrost thaw positive feedback
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M. Schwab

CH4 CO2



Alpine Permafrost

Fig. 1 | Trends in Arctic temperature and sea-ice cover. a, Near-
surface air temperature (T2m) trend (°C per decade) over 
1979-2018 from ERA-Interim 17,70 . Areas without a 
statistically significant change (determined using a one-sided 
Student's t-test, with P < 0.05 indicating a significant 
difference) are masked out (no colour). b, Sea-ice 
concentration trend (percentage per decade) over 1979-2018 
from ERA-Interim 17,70 . Trends with a magnitude smaller than 
±1% per decade are masked out (no colour). The blue and 
maroon contour lines in the panels signify the area from Fig. 1a 
with a near-surface air temperature trend greater than 1 °C per 
decade. The trends are calculated for the entire 40-yr period 
and expressed as the change per decade.

Jansen, 2020

PERMOS, 2023
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Fig. 1 | Trends in Arctic temperature and sea-ice cover. a, Near-
surface air temperature (T2m) trend (°C per decade) over 
1979-2018 from ERA-Interim 17,70 . Areas without a 
statistically significant change (determined using a one-sided 
Student's t-test, with P < 0.05 indicating a significant 
difference) are masked out (no colour). b, Sea-ice 
concentration trend (percentage per decade) over 1979-2018 
from ERA-Interim 17,70 . Trends with a magnitude smaller than 
±1% per decade are masked out (no colour). The blue and 
maroon contour lines in the panels signify the area from Fig. 1a 
with a near-surface air temperature trend greater than 1 °C per 
decade. The trends are calculated for the entire 40-yr period 
and expressed as the change per decade.

Jansen, 2020

PERMOS, 2023; Donhouser, 2018

Alpine 
Permafrost
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surface air temperature (T2m) trend (°C per decade) over 
1979-2018 from ERA-Interim 17,70 . Areas without a 
statistically significant change (determined using a one-sided 
Student's t-test, with P < 0.05 indicating a significant 
difference) are masked out (no colour). b, Sea-ice 
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Fig. 1 | Trends in Arctic temperature and sea-ice cover. a, Near-surface air temperature (T2m) trend (°C per decade) over 
1979-2018 from ERA-Interim 17,70 . Areas without a statistically significant change (determined using a one-sided 
Student's t-test, with P < 0.05 indicating a significant difference) are masked out (no colour). b, Sea-ice concentration 
trend (percentage per decade) over 1979-2018 from ERA-Interim 17,70 . Trends with a magnitude smaller than ±1% per 
decade are masked out (no colour). The blue and maroon contour lines in the panels signify the area from Fig. 1a with a 
near-surface air temperature trend greater than 1 °C per decade. The trends are calculated for the entire 40-yr period 
and expressed as the change per decade.

Jansen, 2020

PERMOS, 2023; Donhouser, 2018
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Plaine Morte







Warmer temperature 
stimulates microbial 
metabolism

Permafrost zones in the 
Alps act as sinks of CH4

CH4 →  CH3OH
Methanotrophs



‘

Sea Ice Loss



‘

Sea Ice Loss
Increased shipping activity in the Arctic ocean
 - oil prospecting
 - commercial and private boat traffic

Increased risk of oil spills and fuel contamination

Exxon Valdez oil spill - 1989
Smith et al. 2013

The Arctic Institute



Arctic oil spill 
Nutrient addition

Extremely oligotrophicNitrogen

Biostimulation



Arctic fuel spill 

Oil 
degradation



Arctic fuel spill 

OilNo Oil Oil+ Fertilizer

Oil 
degradation



Arctic fuel spill 

Large scale population changes 
and loss of biodiversity

Increase in species with 
hydrocarbon degradation ability

Oil  degradation

Flavobacteriales
Burkholderiales
Sphingomonadales

Chitinophagales
Xanthomonadales
Granulosicoccales

Pseudomonadales

No 
Oil

Oil Oil + Fertilizer



Snow Landscapes



Touchette at all. 2023. In review 

‘

Snow is a Microbial Habitat



‘

Snow inhabiting organisms

Dry deposition Wet deposition

Long-distance
transport

Short-distance
transport



‘

Soil and snow interplay

Winter Snowmelt

Solutes



‘

Reduction of Snow Cover and 
Depth in Alpine Ecosystems

• Reduced albedo

• Loss of snow insulation 

• Loss of native local biodiversity

• Reduced soil microbial buffering 
capacity

 







Community 
structure and 

function

Sequencing

Culturable 
microorganisms

CFU 
enumeration

Bacterial 
abundance

Flow 
cytometry

Chemical 
composition

IC* 
measurements

What is the chemisty?

Community 
activity

Biolog 
Ecoplate

How many microorganisms are 
there?

Who are they? What are they 
doing?



Anastasiia Kosolapova 

Meteodata: where did the snow come from?

6504.11.2024



Focus on local snow microbial biodiversity and 
biogeographic distributions of species in 
neighbouring valleys



Monitor soil temperature, snow depth, and  snow 
chemistry/microbiology across altitudinal gradients to 
understands their impacts on soil biodiversity 



Lichen species

Bacteria
Fungi
Algae

Monitor soil temperature, snow depth, and  snow 
chemistry/microbiology across altitudinal gradients to 
understands their impacts on soil biodiversity 



Glacial Outwash Plains







Questions:

Narsarsuaq



Narsarsuaq



South Greenland

74

Soil, sediment, and water

Gas flux measurements

• In situ gas analysis of CO2 

and CH4

Environmental measurements

• temperatures, soil 
moisture, chemistry

Microbial data

• abundance and 
metagenomics

2km

Site 1

Site 2

Site 3



Waterlogged sediments

2km

Site 1

Site 2

Site 3



Dry baren sediments

2km

Site 1

Site 2

Site 3



Vegetated soils

2km

Site 1

Site 2

Site 3



Gas Fluxes

C
H

4
C

O
2

Distance from glacier (km)

2km

Site 1

Site 2

Site 3



Microbial Drivers

2km

Site 1

Site 2

Site 3



80Upscaling: Mapping Greenland outwash plains 
~4000 km2

Summer 2023 Outwash plains annotations

Geographic distribution



Satellite Indices
• Spectral indices calculated from satellite imagery 

• vegetation index (NDVI)
• soil surface temperature
• elevation
• water content

• Satellite data was correlated with ground truth 
measurements

NDVI Temperature

Visual images from Sentinel-2 (Copernicus Browser) with 10m resolution

ground truth satellite



CH4
Upscaling

Predicted net flux: 
-316.5 nmol CH4/h



CO2
Upscaling

Predicted net flux: 
627 umol CO2/hr



Thank you for listening
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