
1

Cryosphere, Climate,
and Climate Change



2Outline:

• Definitions (climate, climate change)

• State of the climate: past, present and future

• State of the cryosphere: past, present and future

• Snow cover – climate interaction, snow in a future climate

Consequences of climate change – more than melting ice… !



3The (terrestrial) Cryosphere

Components:

• Snow (seasonal and perennial)

• Glaciers (alpine and polar), incl. ice caps

• Ice sheets (Greenland, Antarctica)

• Sea ice (Arctic, and Southern Ocean)

• Ice shelves and icebergs

• Permafrost (frozen ground)

• Lake and river ice



4Definitions

Climate: 

“Climate in a narrow sense is usually defined as the average weather, or more rigorously, as 

the statistical description in terms of the mean and variability of relevant quantities over a 

[sufficiently long] period ranging from months to thousands or millions of years. […] Climate 

in a wider sense is the state, including a statistical description, of the climate system. […]”

IPCC (2012) Glossary of terms

Note: climate is not weather.



5Definitions

Climate change:

“A change in the state of the climate that can be identified (e.g., by using statistical tests) 

by changes in the mean and/or the variability of its properties and that persists for an 

extended period, typically decades or longer. Climate change may be due to natural 

internal processes or external forcings, or to persistent anthropogenic changes in the 

composition of the atmosphere or in land use.”

IPCC (2012) Glossary of terms

RCP: Representative Concentration Pathways (used in earlier IPCC, AR)
SSP: Shared Socioeconomic Pathways (used in IPCC AR6, after 2023)
RCPs are greenhouse gas concentration trajectories, whereas 
SSPs are socioeconomic narratives that describe how societies might develop.



6Definitions

Forcing: 

“A physical influence (or set of influences) acting (e.g.) on the earth climate 

system, on a variable, or on the energy balance”.

(Example: Variation in solar radiation over time is an external forcing; 

increase of atmospheric water vapor is an internal forcing.)

Feedback: 

“Response to a forcing causes positive or negative change of a physical quantity to 

either amplify or mitigate a forcing (Example: Albedo-temperature feedback)”.
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Climate system

Hydrological system

CryosphereAir temperature
Precipitation
Radiaiton

Evaporation
Local climate

Snow and
glacier melt

Albedo
Local climate

Air temperature
Precipitation

Radiaiton

Cryosphere – Climate feedback

• Water availability
• Water resources management
• Sea level rise



8Global water resources

Global Water Resources
100%

Freshwater
2.5%

Salt Water
97.5%

Groundwater, Soil moisture, 
swamp water, permafrost

30.8%

Lakes and Rivers
0.3%

Glaciers and Snow cover
including polar ice sheets

68.9%

≈1.7% of GWR
Atmosphere ?



9 State and future of the Climate / Cryosphere

The State of Knowledge 
about Climate Change

Global Warming of 1.5 ºCClimate Change 2022: 
Mitigation of Climate Change

WGIII

Climate Change and Land

Special Report

Ocean and Cryosphere in a 
Changing Climate

Climate Change 2022:  
Impacts, Adaptation and 
Vulnerability

WGII

AR6 Climate Change 2021: 
The Physical Science Basis

WGI

Sixth Assessment Report | Synthesis Report

State of knowledge: IPCC Sixth Assessment Reports (AR6)

“The Intergovernmental Panel on Climate Change is the United 
Nations body for assessing the science related to climate change.”

https://www.ipcc.ch/



10Dimensions and consequences of climate change

Why do scientists (and all of us) care about climate (change)?
Understanding the climate system and all its interactions is key to being able to reliably 
simulate and forecast changes and to propose solutions avoiding, reducing, and mitigating 
climate change.



11State of the climate

Consequences of climate change – more than melting ice… !

Credit: WMO SoC, 2022



12Past global temperature evolution

(IPCC AR6, WG1, SPM, F1, 2021) 

Natural vs. anthropogenic climate change



13Future global temperature evolution (RCP and SSP)

SSP = Shared Socioeconomic Pathways

SPM

 Summary for Policymakers

21

Figure SPM.7 |  CMIP5 multi-model simulated time series from 1950 to 2100 for (a) change in global annual mean surface temperature relative to 
1986–2005, (b) Northern Hemisphere September sea ice extent (5-year running mean), and (c) global mean ocean surface pH. Time series of projections 
and a measure of uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution 
using historical reconstructed forcings. The mean and associated uncertainties averaged over 2081−2100 are given for all RCP scenarios as colored verti-
cal bars. The numbers of CMIP5 models used to calculate the multi-model mean is indicated. For sea ice extent (b), the projected mean and uncertainty 
(minimum-maximum range) of the subset of models that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea 
ice is given (number of models given in brackets). For completeness, the CMIP5 multi-model mean is also indicated with dotted lines. The dashed line 
represents nearly ice-free conditions (i.e., when sea ice extent is less than 106 km2 for at least five consecutive years). For further technical details see the 
Technical Summary Supplementary Material {Figures 6.28, 12.5, and 12.28–12.31; Figures TS.15, TS.17, and TS.20}
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14Future change in air temperature

(IPCC AR6, WG1, SPM, F5a, 2021) 
à Note: polar amplification!



15Global surface air temperature evolution, spatial

Ed Hawkins, Univ. Reading, UK



16 Global surface air temperature evolution, seasonal

Neil Kaye, Met Office, UK



17“Climate spiral”
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18Global surface air and sea surface temperature



19Future change in precipitation and soil moisture

(IPCC AR6, WG1, SPM, F5b, 2021) 



20Causes of global warming: greenhouse gases, CO2

Source: NOAA



21CO2 emission – annual cycle (2020-2021)

Video
NASA’s Scientific Visualization Studio



22Future temperature evolution and CO2 emissions

(IPCC AR6, WG1, SPM, F10, 2021) 

Paris agreement (COP21)



23Fossil fuel consumption and related emissions



24Projections of climate-relevant variables

(IPCC AR6, WG1, SPM, F8, 2021) 

today today

today
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Annual air temperature anomaly compared to the period 1961-1990

Historic air temperature evolution in CH



26 Historic air temperature evolution in CH

NCCS (Pub.) 2018: CH2018 - Climate Scenarios for Switzerland. National Centre for Climate Services, Zurich. 24 pp. 



27Summer temperature Europe (2003 heat wave)

Schär et al., (2004), Nature

Schär et al. (2019?), ETHZ 
based on MeteoSwiss data
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Schär et al. 2004, Nature



28Polar heat waves – Antarctica 2022 and 2024

31.07.2024

ca. 28 C above



29 Historic precipitation evolution in CH

CH2018, NCCS (2018)
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Future changes: Precipitation

CH2018, NCCS (2018)

What do you expect for changes in the phase of precipitation?



31CH2025 Climate Change scenarios, Switzerland

published on 04.11.2025



32Hydro – CH2018: Impact of CC on hydrology

Effects of climate change 
on Swiss water bodies
Hydrology, water ecology and water management

Hydrology2021 | Environmental studies



33State of the Cryosphere – high latitude, high altitude 
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https://mosaic-expedition.org/

MOSAIC: Largest polar expedition in history !
September 2019 – October 2020



34Polar sea ice



35Sea ice characteristics

• Forms (and melts) on the ocean surface

• Can be of seasonal or multi-year duration

• Forms when the ocean is at its freezing temperature (ca. -1.8°C) – Why?

• Most of the ocean water salt gets rejected during freezing

• Gets advected by winds (drag) and ocean currents 

• Does not contribute to sea level rise – Why?

• Significantly changes the surface albedo and surface energy balance



36Sea ice: the changing Arctic (situation 2009)
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37Sea ice in a changing Arctic

Video

NASA’s Scientific Visualization Studio
https://svs.gsfc.nasa.gov/5170/



38Sea ice: Arctic sea ice extent
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39Sea ice: Arctic Sea Ice Extent
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40Sea ice: Arctic sea ice evolution
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41Sea ice: Antarctic sea ice extent (winter/summer)

Maps of Antarctic sea ice extent at the most recent winter maximum on 28 September 2020 (left) and summer minimum 
on 21 February 2021 (right). The pink lines show the 1981-2010 average extent for that month. Credit: NSIDC.

https://nsidc.org/arcticseaicenews/2020/10/lingering-seashore-days/
https://nsidc.org/arcticseaicenews/2021/03/fluctuating-pressures/


42Antarctic sea ice evolution

NASA’s Scientific Visualization Studio
https://svs.gsfc.nasa.gov/3862/

Video
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43Sea ice: Antarctic sea ice extent
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44Sea ice: Antarctic sea ice extent



45Sea ice: Comparison polar sea ice extent maxima

Data: NSIDC



46Sea ice: Comparison polar sea ice extent minima

Data: NSIDC



47Ice sheets: Greenland Ice Sheet

Greenland Ice Sheet with melt water stream



48Polar ice sheet characteristics

• Continental scale of thousands of km horizontal extent

• Up to 3km (Greenland) and 4km (Antarctica) vertical extent

• Ice flowing from the center to the edges where it melts or breaks off

• Oldest ice: 800’000 yrs (EPICA), up to 4M yrs recently estimated

• Forming ice sheets which release icebergs

• Essential component for stabilizing global climate

• Largest global freshwater reservoirs



49Ice sheets: 2012 Greenland record melting
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à Sea level rise !!!

July 8



50Ice sheets: Illulissat calving event 2012

Video
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51State of the cryosphere: Greenland
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52State of the cryosphere: Greenland ice loss

Figure from: Fischer H, Chanteloup L, Csonka Y, Holm P, Jaccard S, Schaepman-Strub G, Schmale J, Vieli A (2022) 
Die Arktis unter Druck. Menschgemachter Wandel in der Arktis und die Rolle der Schweiz. Swiss Academies Reports 17 (4)



53Ice sheets: Antarctica

4500 km

Credit: John Sonntag, Nature



54Mass balance Antarctica – spatial distribution 
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55Antarctic land ice mass changes and sea level rise

Data: GRACE
NASA SVS

Total cumulative Antarctic ice sheet mass. 
Change relative to 1992. 
Data source:  IMBIE Shepherd et al., (2020) 
Credit: IMBIE/ESA/NASA.



56Ice sheets: Mass change and sea level rise

IPCC AR5 2014



57State of the cryosphere: Sea level rise

Miami – scenario, The Guardian



58Sea surface temperatures



59Sea level rise

SINCE 1880

Also note:
Thermal expansion

Seasonal (3-month) sea level estimates from Church 
and White (2011) (light blue line) and University of 
Hawaii Fast Delivery sea level data (dark blue). The 
values are shown as change in sea level in millimeters 
compared to the 1993-2008 average. NOAA Climate.gov 
image based on analysis and data from Philip 
Thompson, University of Hawaii Sea Level Center.

19
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http://www.cmar.csiro.au/sealevel/GMSL_SG_2011.html
http://www.cmar.csiro.au/sealevel/GMSL_SG_2011.html
http://uhslc.soest.hawaii.edu/data/?fd


60State of the Cryosphere: Sea level

IPCC AR5 2014

Cumulative ice mass loss and corresponding uncertainty range
SLE = sea level equivalent



61Future change cryosphere and sea level

IPCC (2019) 



62Alpine glaciers



63Alpine and polar glacier characteristics

• Alpine glaciers have a temperature at the pressure melting point (temperate)

• Polar glaciers are “cold” (< 0°C) or “poly-thermal”

• Gravity driven ice flow, visco-plastic flow regime

• Basal gliding on loose or frozen sediment or on solid bedrock

• Feature a neutral mass balance when in equilibrium with present climate

• Reliable freshwater water reservoir (as long as they resist climate change)

• Flow velocity typically 10 to 500 m yr-1 



64Glacier flow

Video

Exit Glacier, Kenai Peninsula, AK
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65Glaciers: Regional changes in glacier length

(from IPCC AR4, 2007; Chapter 4; based on Oerlemans, 2005) (from WGMS)
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Glacier changes: Gorner and Rhône glacier (VS)

1900 2008
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67Glaciers: Aletsch glacier (VS)
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68Glaciers: Tschierva glacier (GR)

M. Maisch et al., UZH
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GLAMOS (2021)

Alpine glaciers: past changes in ice volume



70 Alpine glaciers: future changes in ice volume

I. Time lag

II. Some unavoidable effects

III. Impact of mitigation

IV. Peak discharge now

Hydro-CH2018 (2021); Zekollari et al. (2020)



71

2596 L. Compagno et al.: Why 0.5
�
C matters

Figure 1. Evolution of annual global and Alpine (a) average air temperature and (b) precipitation total compared to the preindustrial (1850–
1900) baseline. Series are smoothed with a 30-year running mean. The coloured bands show the standard deviation of the projection given
by individual GCM members. n is the considered number of GCM members.

Figure 2. Modelled evolution of total glacier (a) volume, (b) area, (c) annual runoff, and (d) monthly runoff. The total refers to all glaciers
of the European Alps. The time series in panel (c) are smoothed with a 30-year running mean. In all panels, the thick line represents the
mean, and the transparent band corresponds to 1 standard deviation of the results obtained by forcing GloGEMflow with the selected GCM
members. The number of GCM members is given (n) in panel (a).

three members all come from SSP126 but stem from three
different GCMs (see Fig. S3).

These results show that, owing to slow lowering of air tem-
peratures and enhanced precipitation implied by this partic-
ular scenario after 2100, slow glacier recovery might happen
(Fig. S3). While glacier volume losses of 80 %–85 % are cal-
culated for 2100, the experiment projects that Alpine glaciers
will regain a part of this volume, reaching a total volume be-
tween 28 % and 53 % of the 2020 level by 2300. Although

this result is only based on three GCM members and is, thus,
very uncertain, it suggests that considering projections be-
yond 2100 might change the current perception of a possi-
bly irreversible glacier loss. From the physical point of view,
the result that glaciers might regrow after a potential cool-
ing of global temperatures is not surprising. Still, increas-
ing the number of GCM members that consider such longer-
term horizons and having different research groups perform-
ing similar analyses would help in verifying the robustness of

The Cryosphere, 15, 2593–2599, 2021 https://doi.org/10.5194/tc-15-2593-2021

+1.0 °C  à -44%

+1.5 °C  à -68%

+2.0 °C  à -81%

Compagno et al. (2021)

Glaciers: Future changes in ice volume



72Glaciers: Future changes in ice volume

The full spread between scenarios 
is only developed AFTER 2100

Marzeion et al. (2012), Huss & Hock (2015)



73State of the cryosphere: Permafrost

© mauritius images / nature picture library / Jeff Vanuga



74Permafrost: evolution of temperature and area

Mean annual ground temperatures at depths 
between 10 and 20 m for Arctic boreholes. IP
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75State of the cryosphere: Seasonal or perennial snow



76Hemispheric (large-scale) snow cover

Alps

Different snowpack characteristics due to regional climate

Extent and relevance for climate



77Snow cover characteristics

• Seasonal (ephemeral) and permanent (perennial) snow cover

• Different characteristics due to regional climate

• Highly transformative medium, varies in space and time

• Highly reflective for solar radiation (visible light, VIS) – high albedo

• But, due to transmission and absorption, snow is still a radiative sink for VIS

• High emissivity and low reflectivity for infrared radiation (IR)

• Efficient thermal insulator à large vertical temperature gradients

• Reduces aerodynamic roughness of the landscape and thus atmospheric 

turbulence and mixing

Snow significantly changes the surface energy budget from local to global scale.



78Climate change impacts on snow

• Less snow at low elevations (below 1800 m)

For every 1oC increase in temperature, there will be a ~150 m rise in snow line 
(more on south-facing slopes, less on north-facing slopes)

• Shorter snow cover duration (especially below 2000 m)

• Later winter and earlier spring (fewer freezing days)

• Higher frequency of rain-on-snow events

• Possible increase in snowfall at high elevations (local effect)

• Water availability will be adversely impacted



79Northern hemisphere snow cover

EXTENT DURATION



80Snow cover: NH area and mass

IPCC AR6, WG1, 2021 



81Snow cover: inter-annual variability – Switzerland

Relative departures [%] of annual mean (Nov-Apr) snow depth, compared to long-term 1971-2000 mean. SLF, C. Marty



82Snow cover: inter-annual variability

Example: Snow depth in Davos



83Snow cover: inter-annual variability
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Hydro-CH2018 (2021); 
Michel et al. (2021) 

Snow cover: future changes (Switzerland)
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• Less snow at low elevations (below 1800 m)

Every 1oC increase in air temperature, entails a ~150 m rise in snow line 
(more on south-facing slopes, less on north-facing slopes)

• Shorter snow cover duration (especially below 2000 m)

• Later winter and earlier spring (fewer freezing days, < 0oC)

• Higher frequency of rain-on-snow events à floods

• Change in precipitation phase (shift from snow to rainfall)

• Possible increase in snowfall at high elevations

• Water and energy availability will be adversely impacted

• Increasing uncertainties due to non-linear system changes

Climate change impacts on snow



86Changes in snow cover duration 
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Reliability of snow conditions in ski 
resorts in the European Alps

Dark blue is percentage of resorts with reliable 
snow conditions

Changes for winter recreation

Each degree warmer in 
the winter means poor 
snow conditions for 
more ski resorts. 

Many low elevation ski 
resorts will be forced to 
shut down. 
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Hydro-CH2018 (2021); Michel et al. (2021) 
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89Future Earth…

Stairway to Heaven ?

Highway to Hell ?



90UN Climate Change Conferences 

UN Framework Convention on Climate Change (UNFCCC)
UN Climate Change Conference of the Parties (COP)
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COP 2
1996

Geneva

Science – Politics – Economy – Justice…



91Conference of Parties – COP 29, COP 30

COP28: about 100’000 “climate savers” attended.
After 28 COPs and almost 30 years, delegates have relized, that there is a 
“relation between global warming and fossil fuel burning”. 🤓
The COP28 final declaration suggests a “transitioning away from fossil fuels”. 
No deadlines are mentioned. 👏 

Not shown in the COP28 logo:

The host country president told at COP29 that 
oil and gas are …

“a gift of God”
(BBC, 12.11.2024)



92DOE climate ‘assessment’

 
 
 
 
 
 
 

  

The Practice and Assessment of Science:  
Five Foundational Flaws in the Department of 

Energy’s 2025 Climate Report 

A Statement of the American Meteorological Society 
(Adopted by the Executive Committee of the AMS Council on 27 August 2025) 

 

Here we identify five foundational flaws in the Department of Energy’s (DoE’s) 2025 
Climate Synthesis report1. Each of these flaws, alone, places the report at odds with 
scientific principles and practices. For the report to accurately characterize scientific 
understanding and to be useful as a basis for informed policy and decision making, the 
DoE must first rectify all five flaws and then conduct a comprehensive assessment of 
scientific evidence. Were DoE to do so, the result will almost certainly be conclusions 
that are broadly consistent with previous comprehensive scientific assessments of 
climate change, such as those from the National Academies of Sciences, Engineering, 
and Medicine (NASEM); American Association for the Advancement of Science (AAAS); 
Intergovernmental Panel on Climate Change (IPCC), American Meteorological Society 
(AMS), and a wide-range of other scientific organizations. 
 
The Department of Energy’s recent attempt to synthesize climate science has five 
foundational flaws as a scientific effort:  
 

1) Lack of breadth across scientific fields. The science of climate change spans 
dozens of fields and sub-fields within the physical, natural, and social sciences 
relating to the Earth and environment. These include (but are not limited to): 
atmospheric physics; atmospheric chemistry; oceanography (physical, chemical, 
and biological); cryology; glaciology; biology; physiology; biogeography; 

 
1 This document emphasizes overarching flaws with the process used in the development of the DoE 
report. Point-by-point rebuttals of specific evidence and conclusions also have value but are beyond the 
scope of this document (and are available from and being prepared by other climate scientists). 

Reference 1

5 climate sceptics 
hand-picked by the DOE

Is seems that the U.S. climate 
ends at the Canadian border and 
at the wall to Mexico

Reference 2 Reference 3

https://www.energy.gov/sites/default/files/2025-07/DOE_Critical_Review_of_Impacts_of_GHG_Emissions_on_the_US_Climate_July_2025.pdf
https://www.nature.com/articles/d41586-025-02505-x
https://www.ametsoc.org/ams/about-ams/ams-statements/statements-of-the-ams-in-force/the-practice-and-assessment-of-science-five-foundational-flaws-in-the-department-of-energys-2025-climate-report/
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94Happy Holidays !

Wishing you a pleasant and relaxing break
and a successful exam session and spring semester

Hendrik, Michi, Grégoire, Liza, Sam, Lola, Francesca


