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• the smallness
• 1.5° C
• 2.0° C
• 3.7° C

• Largeness
• 37.1 billion tonnes of carbon emissions in 2018

• 1.8 trillion tons carbon 
stored in permafrost

• abstractness of the numbers
• 408.7 parts per million carbon dioxide in 

the atmosphere

Why: the incomprehensible scale of the 
problem

Presenter
Presentation Notes
Smallness – numbers taken from IPCC Special Report 1.5 (IPCC 2018)Largeness – numbers taken from: - gigatonnes of carbon emissions - https://www.globalcarbonproject.org/carbonbudget/18/presentation.htm - permafrost - Tarnocai, C., J. G. Canadell, E. a. G. Schuur, P. Kuhry, G. Mazhitova, and S. Zimov. 2009. Soil organic carbon pools in the northern circumpolar permafrost region. Global Biogeochemical Cycles 23.Abstractness – PPM measured by Scripps Institute – ‘Keeling Curve’Photo credit: NASA photographs by John Sonntag - http://earthobservatory.nasa.gov/IOTD/view.php?id=89257These photograph shows the detail view of the rift in Larsen C from the vantage point of NASA’s DC-8 research aircraft. NASA scientist John Sonntag snapped the photos on November 10, 2016, during an Operation IceBridge flight. The mission, which makes airborne surveys of changes in polar ice, completed its eighth consecutive Antarctic deployment later that month. The rift in Larsen C measures about 100 meters (300 feet) wide and cuts about half a kilometer (one-third of a mile) deep—completely through to the bottom of the ice shelf. While the rift is long and growing longer, it does not yet reach across the entire shelf.



Create impact in your curriculum by using 
local to global publically available data



Case Study 1: Localizing global warming



Case Study 1: Localizing global warming

1989

Abisko temperatures have risen 1.7°C since 1913

ANS (unpublished data 2018)

Presenter
Presentation Notes
Data from ANS (unpublished 2018)Why use temperature differences or anomaly plots to describe patterns and trends?“The term temperature anomaly (or difference) means a departure from a reference value or long-term average. A positive anomaly indicates that the observed temperature was warmer than the reference value, while a negative anomaly indicates that the observed temperature was cooler than the reference value.”https://www.ncdc.noaa.gov/monitoring-references/faq/anomalies.php“In climate change studies, temperature anomalies are more important than absolute temperature. A temperature anomaly is the difference from an average, or baseline, temperature. The baseline temperature is typically computed by averaging 30 or more years of temperature data. A positive anomaly indicates the observed temperature was warmer than the baseline, while a negative anomaly indicates the observed temperature was cooler than the baseline. When calculating an average of absolute temperatures, things like station location or elevation will have an effect on the data (ex. higher elevations tend to be cooler than lower elevations and urban areas tend to be warmer than rural areas). However, when looking at anomalies, those factors are less critical. For example, a summer month over an area may be cooler than average, both at a mountain top and in a nearby valley, but the absolute temperatures will be quite different at the two locations.Using anomalies also helps minimize problems when stations are added, removed, or missing from the monitoring network. The above diagram shows absolute temperatures (lines) for five neighboring stations, with the 2008 anomalies as symbols. Notice how all of the anomalies fit into a tiny range when compared to the absolute temperatures. Even if one station were removed from the record, the average anomaly would not change significantly, but the overall average temperature could change significantly depending on which station dropped out of the record. For example, if the coolest station (Mt. Mitchell) were removed from the record, the average absolute temperature would become significantly warmer. However, because its anomaly is similar to the neighboring stations, the average anomaly would change much less.” https://www.ncdc.noaa.gov/monitoring-references/dyk/anomalies-vs-temperatureWhat is a baseline and why use it?“A climate change scenario is defined with respect to a climatological baseline, which determines a reference point for the projected climate changes. Climate scenarios that are developed for impacts applications usually require that some estimate of climate change be combined with baseline observational climate data. Thus, the demand for more complete and sophisticated observational data sets of climate has grown in recent years. The important considerations for the baseline include the time period adopted as well as the spatial and temporal resolution of the baseline data. IPCC have usually taken the year '1990' as the baseline year for the presentation of emissions scenarios and for calculations of future climate and sea-level change. '1990' has also been adopted by the United Nations Framework Convention on Climate Change (UNFCCC) in their definition of emissions reductions targets. Choosing a single year as a baseline is appropriate for some applications, but not for climate change studies. Due to climate variability a single year may be unusually warm, cold, dry or wet and thus will not make a useful reference point for measuring climate change. It is more common to use the average climate over a 30-year period to define the baseline climate. A 30-year climatic average smoothes out many of the year-to-year variations in the climate. In addition, the individual 30 years of such a period captures much of the interannual and short time-scale variability of climate that may be relevant for an impact application. The IPCC Data Distribution Centre (IPCC DDC) suggests the period 1961-90 to be used as the baseline period. This period has generally good observed data and it represents the recent climate to which many present-day human or natural systems are likely to be reasonably well adapted. The period also ends in 1990, the year adopted by many IPCC and UN FCCC applications.” https://www.igi-global.com/dictionary/climate-change-impact-on-the-water-resources-of-the-limpopo-basin/61469



Abisko Warming

1986
ANS (unpublished data 2018); GISTEMP (v4, 2018)

Presenter
Presentation Notes
Data from ANS (unpublished data 2018) and NASA GISSTemp (2018; https://data.giss.nasa.gov/gistemp/)Why use temperature differences or anomaly plots to describe patterns and trends?“Absolute estimates of global average surface temperature are difficult to compile for several reasons. Some regions have few temperature measurement stations (e.g., the Sahara Desert) and interpolation must be made over large, data-sparse regions. In mountainous areas, most observations come from the inhabited valleys, so the effect of elevation on a region's average temperature must be considered as well. For example, a summer month over an area may be cooler than average, both at a mountain top and in a nearby valley, but the absolute temperatures will be quite different at the two locations. The use of anomalies in this case will show that temperatures for both locations were below average.Using reference values computed on smaller [more local] scales over the same time period establishes a baseline from which anomalies are calculated. This effectively normalizes the data so they can be compared and combined to more accurately represent temperature patterns with respect to what is normal for different places within a region.For these reasons, large-area summaries incorporate anomalies, not the temperature itself. Anomalies more accurately describe climate variability over larger areas than absolute temperatures do, and they give a frame of reference that allows more meaningful comparisons between locations and more accurate calculations of temperature trends.” https://www.ncdc.noaa.gov/monitoring-references/faq/anomalies.php



Arctic amplification

1977

Arctic temperatures are rising at twice the global rate

ANS (unpublished data 2018); GISTEMP (v4, 2018)
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Presentation Notes
Data from ANS (unpublished data 2018) and NASA GISSTemp (2018; https://data.giss.nasa.gov/gistemp/)



Long-term reduction of over 44 days per year

Connecting processes: Torneträsk Ice 
Cover

1989

ANS (unpublished data 2018)
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Presentation Notes
Figure taken from: Andrews, C., Dick, J., Jonasson, C. & Callaghan, T. Assessment of Biological and Environmental Phenology at a Landscape Level from 30 Years of Fixed-Date Repeat Photography in Northern Sweden. AMBIO 40, 600 (2011).As the seventh largest lake in Sweden, a locally maritime climate is created by Lake Torneträsk, and the surrounding SAT during the summer is lowered, while during late autumn/early winter the energy exchange between the (still incompletely frozen) lake and surrounding terrain results in a warming influence on areas immediately surrounding the lake…



85-90% reflection 
by snow and ice

10% reflection by 
ocean (water)

20% reflection by 
vegetation and 

dark soil Solar radiation
Atmosphere
thinner in Arctic

• Melting of 
snow and ice

• greater 
absorption of 
heat

• warming of 
thinner 
atmosphere

• Positive 
feedback!

Accelerated warming of the Arctic

Arctic Climate Impact Assessment (2004)

Presenter
Presentation Notes
Arctic Climate Impact Assessment (2004). Impacts of a Warming Arctic - Arctic Climate Impact Assessment.



Temperature change from 1913 to 2017• Green (1913) • Red (2008)

Comparison of the area around Abisko above 
0°C mean annual temperature between 1913 
and 2008.

When is the warming occurring?

Yang, Z., et al. Met. Apps 19, 454–463 (2012)
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Presentation Notes
Yang, Z., E. Hanna, T. V. Callaghan, and C. Jonasson. 2012. How can meteorological observations and microclimate simulations improve understanding of 1913–2010 climate change around Abisko, Swedish Lapland? Meteorological Applications 19:454–463.This figure illustrates that the mean annual temperature was above 0 C primarily around the margins of the lake, but this has expanded upslope into the valleys.



Temperature change from 1913 to 2017• Green (1913) • Red (2008)

Comparison of the area around Abisko above 
10°C in July (warmest month) between 1913 
and 2008.

• Green (1913) • Red (2008)

Warming across the year?

The climate is warming in the winter not the summer…

Yang, Z., et al. Met. Apps 19, 454–463 (2012)
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Yang, Z., E. Hanna, T. V. Callaghan, and C. Jonasson. 2012. How can meteorological observations and microclimate simulations improve understanding of 1913–2010 climate change around Abisko, Swedish Lapland? Meteorological Applications 19:454–463.This illustrates that the change has primarily occurred outside the summer months.



Temperature change from 1913 to 2017

Growing season change from 1913 to 2017

* Mean weekly temperature above 0°C (Körner 2012)

4 weeks longer over the last 100 years

ANS (unpublished data 2018)
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Presentation Notes
Data from ANS (2017)



21 February 1925

21 February 2017

Species shifting their distributions
Approximately 230 m, 30 m elev.

Presenter
Presentation Notes
Treeline shifts and shrub zone expansion are driven by warming coupled with relaxed grazing pressure. Warming alone cannot account for the dramatic changes we have seen in the last century in places like Abisko National Park.



Case Study 2: Permafrost in Sweden

Abisko

Presenter
Presentation Notes
Taken from: http://gtnp.arcticportal.org/“In high-latitude regions of Earth, temperatures have risen 0.6°C per decade over the last 30 years, twice as fast as the global average1. This is causing normally frozen ground to thaw, exposing substantial quantities of organic carbon to decomposition by soil microbes.”Schuur, E. A. G., A. D. McGuire, C. Schädel, G. Grosse, J. W. Harden, D. J. Hayes, G. Hugelius, C. D. Koven, P. Kuhry, D. M. Lawrence, S. M. Natali, et al. (2015). Climate change and the permafrost carbon feedback. Nature 520:171–179. doi: 10.1038/nature14338



Aerial view of permafrost mire

Case Study 2: Permafrost in Sweden

Permafrost: Earth material that 
remains at or below 0°C for at least 

2 consecutive years

Presenter
Presentation Notes
“Permafrost carbon is the remnant of plants and animals accumulated in perennially frozen soil over thousands of years, and the permafrost regioncontains twice as much carbon as there is currently in the atmosphere.”Schuur, E. A. G., A. D. McGuire, C. Schädel, G. Grosse, J. W. Harden, D. J. Hayes, G. Hugelius, C. D. Koven, P. Kuhry, D. M. Lawrence, S. M. Natali, et al. (2015). Climate change and the permafrost carbon feedback. Nature 520:171–179. doi: 10.1038/nature14338Data: CALM (unpublished 2018), https://www2.gwu.edu/~calm/data/webforms/s2_f.html



Active 
Layer
Permafrost

Active layer: the top layer of permafrost that 
thaws each year during the warm season and 
freezes again in winter

Active Layer

Permafrost

Winter Summer

Presenter
Presentation Notes
Figure source: http://www.acia.uaf.edu/ - Arctic Climate Impacts Assessment (2004)Photo source: Climate Impacts Research Centre, Umeå University



Warming increases biological productivity

Warmer climate leads to expansion of shrubs into the 
tundra

Ground temperature under snow not linked to air 
temperature when snow greater than 1 meter

Presenter
Presentation Notes
Prediction increase in shrub vegetation in tundra habitatsFurther prediction that increase in shrub vegetation increase downwind snow cover  thus increasing the depth of the active layer resulting in increased availability of CO2 and CH4 previously captured in permafrost.Need plot (Niki’s talk) and citation for the decoupling of ground temperature from air temperature when snow depth reaches 1 meter



Snow fence experimental design

Johansson et al. (2013)
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Presentation Notes
Johansson, M., T. V. Callaghan, J. Bosiö, H. J. Åkerman, M. Jackowicz-Korczynski, and T. R. Christensen (2013). Rapid responses of permafrost and vegetation to experimentally increased snow cover in sub-arctic Sweden. Environmental Research Letters 8:035025. doi: 10.1088/1748-9326/8/3/035025



Johansson et al. (2013)

Snow depth increases

Presenter
Presentation Notes
Storflaket Snow fencesPermafrost thaw causes the ground to become unstable as the soil collapses. This can damage building and roads built on permafrost. Cracks also expose the carbon stored within to sunlight, which may speed the release of carbon dioxide, a greenhouse gas.Johansson, M., T. V. Callaghan, J. Bosiö, H. J. Åkerman, M. Jackowicz-Korczynski, and T. R. Christensen (2013). Rapid responses of permafrost and vegetation to experimentally increased snow cover in sub-arctic Sweden. Environmental Research Letters 8:035025. doi: 10.1088/1748-9326/8/3/035025



Johansson et al. (2013)

Below ground temperatures decreases

Below ground temperatures increased 1.5 C
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Presentation Notes
Storflaket Snow fencesPermafrost thaw causes the ground to become unstable as the soil collapses. This can damage building and roads built on permafrost. Cracks also expose the carbon stored within to sunlight, which may speed the release of carbon dioxide, a greenhouse gas.Johansson, M., T. V. Callaghan, J. Bosiö, H. J. Åkerman, M. Jackowicz-Korczynski, and T. R. Christensen (2013). Rapid responses of permafrost and vegetation to experimentally increased snow cover in sub-arctic Sweden. Environmental Research Letters 8:035025. doi: 10.1088/1748-9326/8/3/035025



Johansson et al. (2013)

Active layer depth increases

Active layer depth increased 20%
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Johansson, M., T. V. Callaghan, J. Bosiö, H. J. Åkerman, M. Jackowicz-Korczynski, and T. R. Christensen (2013). Rapid responses of permafrost and vegetation to experimentally increased snow cover in sub-arctic Sweden. Environmental Research Letters 8:035025. doi: 10.1088/1748-9326/8/3/035025



Increasing biological productivity

Johansson et al. (2013)
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Johansson, M., T. V. Callaghan, J. Bosiö, H. J. Åkerman, M. Jackowicz-Korczynski, and T. R. Christensen (2013). Rapid responses of permafrost and vegetation to experimentally increased snow cover in sub-arctic Sweden. Environmental Research Letters 8:035025. doi: 10.1088/1748-9326/8/3/035025Additionally, we know from these studies that annual greenhouse gas emissions from thawed permafrost exceed that taken up by plants and animals (need to CITE).



Johansson et al. (2013)

Surface subsidence leads to thaw ponds

Surface subsidence as much as 35 cm
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Presentation Notes
Johansson, M., T. V. Callaghan, J. Bosiö, H. J. Åkerman, M. Jackowicz-Korczynski, and T. R. Christensen (2013). Rapid responses of permafrost and vegetation to experimentally increased snow cover in sub-arctic Sweden. Environmental Research Letters 8:035025. doi: 10.1088/1748-9326/8/3/035025



Kuhn et al. (2018)

Thaw ponds lead to significant changes in 
greenhouse gas emissions

CH4
CO2

Source

CO2

CH4

Sink

Permafrost Thaw

MeHg

Fahnestock et al. (2019)
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Kuhn, M., E. J. Lundin, R. Giesler, M. Johansson, and J. Karlsson. 2018. Emissions from thaw ponds largely offset the carbon sink of northern permafrost wetlands. Scientific Reports 8:9535.As thaw ponds form they drive the permafrost mire ecosystems from a carbon sink to a source.Isidorova, A., A. G. Bravo, G. Riise, S. Bouchet, E. Björn, and S. Sobek. 2016. The effect of lake browning and respiration mode on the burial and fate of carbon and mercury in the sediment of two boreal lakes. Journal of Geophysical Research: Biogeosciences 121:233–245.



Feedbacks from the Arctic: Permafrost

Abisko

24% of the terrestrial soils in the Northern Hemisphere 
and 12% globally
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Presentation Notes
Taken from: http://gtnp.arcticportal.org/“In high-latitude regions of Earth, temperatures have risen 0.6°C per decade over the last 30 years, twice as fast as the global average1. This is causing normally frozen ground to thaw, exposing substantial quantities of organic carbon to decomposition by soil microbes.”Schuur, E. A. G., A. D. McGuire, C. Schädel, G. Grosse, J. W. Harden, D. J. Hayes, G. Hugelius, C. D. Koven, P. Kuhry, D. M. Lawrence, S. M. Natali, et al. (2015). Climate change and the permafrost carbon feedback. Nature 520:171–179. doi: 10.1038/nature14338



Photo: Megan Thompson

Total amount of soil carbon in permafrost 
regions

• Approx. 1,035 billion tons in top 3 m

• 50% of global soil organic C pool

• Approx. twice the amount of C in atmosphere

• Forecast: 13-28% will thaw in Arctic by 2050

• Slow climate feedbacks not incorporated in the global 
climate models
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Presentation Notes
Photo: Megan ThompsonThe rest of Earth’s biomes, excluding the Arctic and boreal regions, are thought to contain 2,050 Pg carbon in the surface 3m of soil. Even though these northern regions account for only 15% of global soil area, the 0–3m global soil carbon pool is increased by 50% when fully accounting for the carbon stored deeper in permafrost zone soil profiles.50% of global soil organic C poolTarnocai, C., J. G. Canadell, E. a. G. Schuur, P. Kuhry, G. Mazhitova, and S. Zimov. 2009. Soil organic carbon pools in the northern circumpolar permafrost region. Global Biogeochemical Cycles 23:GB2023.Approx. twice the amount of C in atmosphereZimov, S. A., E. A. G. Schuur, and F. S. Chapin. 2006. Permafrost and the Global Carbon Budget. Science 312:1612–1613.Climate change models predict a 13%–28% decrease in Arctic permafrost by 2050 (Schuur et al., 2015 and Tarnocai et al., 2009)Tundra ecosystems contain huge stores of carbon in soil organic matter (Jones et al., 2014), and any shifts in the balance between photosynthesis and respiration could potentially have a major impact on carbon sequestration (Oechel et al., 1994).Jones AG, Scullion J, Ostle N, Levy PE, Gwynn-Jones D. 2014. Completing the FACE of elevated CO2 research. Environment International 73:252-258Oechel WC, Cowles S, Grulke N, Hastings SJ, Lawrence B, Prudhomme T, Riechers G, Strain B, Tissue D, Vourlitis G. 1994. Transient nature of CO2 fertilization in Arctic tundra. Nature 371:500-503



Permafrost crater in Siberia

Batagaika crater

Siberia
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Presentation Notes
Photo: The ground here is frozen year-round (Credit: Alexander Babyshev)Map: taken from https://en.wikipedia.org/wiki/File:Russia_edcp_location_map.svgSource: http://www.bbc.com/earth/story/20170223-in-siberia-there-is-a-huge-crater-and-it-is-getting-biggerMore information: https://en.wikipedia.org/wiki/Batagaika_craterThe land began to sink due to the thawing permafrost in the 1960s after the surrounding forest was cleared.Read more at: https://www.nationalgeographic.com/environment/2019/08/arctic-permafrost-is-thawing-it-could-speed-up-climate-change-feature/



Permafrost crater in Siberia

Batagaika crater
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Photo: The crater grows more each year (Credit: Julian Murton) Source: http://www.bbc.com/earth/story/20170223-in-siberia-there-is-a-huge-crater-and-it-is-getting-biggerMore information: https://en.wikipedia.org/wiki/Batagaika_crater



Keith.Larson@umu.se
www.arcticcirc.net/stories-of-change
@ArcticCIRC

Thank You
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