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History of Earth’s Climate

e Earth formed ~4.6 billion years ago

* Originally very hot

* Sun’s energy output only 70% of present
* Liquid water present ~4.3 billion years



History of Earth’s Climate

* Life appeared ~3.8 billion years ago

* Photosynthesis began 3.5-2.5 billion years ago
— Produced oxygen and removed carbon dioxide and
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The temperature of the earth is directly related to the ~ ’
energy input from the Sun. Some of the Sun’s energy is “ g . inog ‘
reflected by clouds. Other is reflected by ice. The TR
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by Laurent Cousineau (Montreal)
http://www.climate-change-guide.com/global-warming-potential-definition.html

 Atrace gas is a gas that makes up an extremely small portion of a mixture of gases.

 When discussing climate change, trace gas refers to any of the less common gases found in the
Earth's atmosphere.

Essentially, nitrogen and oxygen are the most common gases representing about 78.1% and 20.9%
of the Earth's atmosphere respectively.

Hence, every other gas is considered a trace gas.

These include:
carbon dioxide

e methane

e oxides of nitrogen

* ozone

* water vapor

* ammonia

« argon (the most abundant trace gas representing about 0.934% of the Earth's atmosphere)

* Despite their very small concentrations, trace gases have several important effects on both the
Earth's weather and climate.

More importantly, many of the gases mentioned above are greenhouse gases responsible for
the greenhouse effect.




by Laurent Cousineau (Montreal)
http://www.climate-change-guide.com/global-warming-potential-definition.html

* Global Warming Potential Definition

* The global warming potential (GWP) of a gas is measure of its total contribution to global
warming.

More specifically, it measures the warming impact from the emission of one unit of a certain
gas when compared to one unit of carbon dioxide.

Carbon dioxide is the reference gas and is thus assigned a value of 1.

The values found below originate from the IPCC’s Fourth Assessment Report in 2007:

GasGWP
* Carbon Dioxide 1
* Methane 25
* Nitrous Oxide 298
* Hydrofluorocarbons 140 to 11,700P
* Erfluorocarbons 7,390 to 12,200
e Sulfur Hexafluoride 22 800




Climate Feedback Definition

A climate feedback is a process that will either amplify or reduce climate forcing.

Climate forcing, also known as radiative forcing, refers to changes in net irradiance between the
different layers of the atmosphere.

These changes in irradiance (the power of electromagnetic radiation per unit area) will either
cause a cooling or warming effect.

Positive Feedback Loops
There are many positive feedback loops that will accelerate global warming.

For example, as more ice melts due to global warming, there will be less sunlight reflected away
(albedo) and consequently, surface temperatures will increase.

Also, global warming will cause more wild fires which will release large amounts of carbon dioxide
into the atmosphere which will in turn cause even more warming via the greenhouse effect.

Yet another example, as global warming melts permafrost in both Northern Canada and Siberia,
huge amounts of methane, a powerfu lgreenhouse gas, will be released into the atmosphere.

In addition, mankind is currently increasing its annual carbon dioxide emissions which will even
further accelerate global warming.

Truly, we need to unite and stop climate change before we hit a point of no return.




Carbon Dioxide Definition

Carbon dioxide (COZ) is the primary anthropogenic greenhouse gasresponsible for global warming.

Although carbon dioxide is a naturally occurring gas, it is also released into the atmosphere as a
result of:

biomass

fossil fuel combustion (as a by-product)
land-use changes

various industrial processes

Moreover, carbon dioxide is given a global warming potential of 1 and all other greenhouse gases
are measured against it.Greenhouse Gases

Carbon Dioxide
Chlorofluorocarbons
Hvdrochlorofluorocarbons
Hydrofluorocarbons
Methane

Nitrous Oxide

Ozone

Perfluorocarbons

Sulfur Hexafluoride

Water Vapour




Methane Definition

Methane (CH,) is a hydrocarbon and an important greenhouse gas.

According to the |IPCC’s Fourth Assessment Report in 2007, methane has a global warming potential 25
times stronger than carbon dioxide.

In general, methane is produced from:

anaerobic (without oxygen) decomposition of waste in landfills
animal digestion

coal production

decomposition of animal wastes

incomplete fossil fuel combustion

production and distribution of natural gas and petroleum
Positive Feedback Loop

There is an important climate feedback regarding methane gas.

Notably, as temperatures rise worldwide, permafrost in both Northern Canada and Siberia will melt which
will cause huge amounts of methane to be released into the atmosphere.

Since methane is a greenhouse gas, this will cause even more global warming which will further enhance
the melting of permafrost.Greenhouse Gases
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Natural sources of atmospheric carbon dioxide include volcanic outgassing, the combustion of organic

matter, wildfires and the respiration processes of living aerobic organisms. Man-made sources of carbon dioxide
include the burning of fossil fuels for heating, power generation and transport, as well as some industrial processes
such as cement making. It is also produced by various microorganisms from fermentation and cellular

respiration. Plants, algae and cyanobacteria convert carbon dioxide to carbohydrates by a process

called photosynthesis.

Atmospheric carbon dioxide plays an integral role in the Earth's carbon cycle whereby carbon dioxide is removed
from the atmosphere by some natural processes such as photosynthesis and deposition of carbonates, to form
limestones for example, and added back to the atmosphere by other natural processes such as respiration and the
acid dissolution of carbonate deposits.

Photosynthetic organisms are photoautotrophs, which means that they are able to synthesize food directly from
CO, and water using energy from light.

In plants, algae and cyanobacteria, photosynthesis releases oxygen.
Carbon dioxide is converted into sugars in a process called carbon fixation.

Carbon fixation is an endothermic redox reaction, so photosynthesis needs to supply both a source of energy to
drive this process, and the electrons needed to convert CO, into a carbohydrate. This addition of the electrons is

a reduction reaction. In general outline and in effect, photosynthesis is the opposite of cellular respiration, in which
glucose and other compounds are oxidized to produce CO, and water, and to release exothermic chemical energy
to drive the organism's metabolism. However, the two processes take place through a different sequence of
chemical reactions and in different cellular compartments.




The Calvin cycle proceeds in three stages: carboxylation, reduction, and regeneration

Ribulose-1,5-
bisphosphate

Carbon input

Start of cycle

Three stages of
the Calvin cycle
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3-Phosphoglycerat

i

Carboxylation of the CO, acceptor,
ribulose-1, 5-biphosphate, forming
two molecules of 3-phosphoglcerate.

Rubisco — the enzyme ribulose
biphosphate carboxylase/oxygenase

Reduction of 3-phosphoglycerate to
form glyceraldehyde-3-phosphate
which can be used in formation of
carbon compounds that are
translocated.

Regeneration of the CO, acceptor
ribulose-1, 5-biphosphate from
glyceraldehyde-3-phosphate

NADP*

PLANT PHYSIOLOGY, Fourth Edition, Figure 8.2 © 2006 Sinauer Associates, Inc.
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Research and Extension
“What is the difference between C3 plants and C4 plants?”

Animals need to eat all year round, however there is no “all season” plant to use for forage. Knowing this allows us to
view the plants in their seasonal and photosynthetic. These patterns can be characterized by C3 plants (cool-season,
temperate) and C4 plants (warm-season, tropical). It is these growth patterns that are the basic key to having quality
forage all year long.

C3 and C4 plants both use the process of photosynthesis to convert light to energy and atmospheric CO; into plant food
energy (carbohydrates). The plants differ in the leaf anatomy and enzymes used to carry out photosynthesis. These
differences are important with respect to their optimal growing conditions, nitrogen and water-use efficiency, forage
quality, and seasonal production profile.

Sunlight
Carbon dioxide (CO,) + water (H20) -> carbohydrate (food) + oxygen (O,)
Green plant material




C3 Plants- Cool Season Plants

C3 plants are called temperate or cool-season plants. They reduce (fix) CO, directly by the enzyme ribulose
bisphosphate carboxylase (RUBPcase) in the chloroplast. The reaction between CO2 and ribulose bisphophate, a
phosphorylated 5-carbon sugar, forms two molecules of a 3-carbon acid. This 3-carbon acid is called 3-phosphoglyceric
acid and explains why the plants using this reaction are called C3 plants.

C3 plants have an optimum temperate range of 65-75°F. Growth begins when the soil temperature reaches 40-45°F. C3
plants become less efficient as the temperature increases. However, they provide a higher percentage of crude protein
than C4 plants. Cool-season grasses are productive in the spring and fall because of the cooler temperatures during the
day and night, shorter photoperiods, and higher soil moisture. During the summer, growth is reduced and dormancy is
induced by high temperatures and low precipitation.

C3 plants can be annual or perennial. Annual C3 plants include wheat, rye, and oats. Perennial C3 plants include
orchardgrass, fescues, and perennial ryegrass. The breakdown of C3 plants in the rumen of the Bovine is often faster
than C4 grasses because of the thin cell walls and leaf tissues and are therefore often higher in forage quality.

C4 Plants- Warm-Season Plants

C4 plants are often called tropical or warm season plants. They reduce carbon dioxide captured during photosynthesis
to useable components by first converting carbon dioxide to oxaloatcetate, a 4-carbon acid. This is the reason these
plants are referred to as C4 plants. Photosynthesis then continues in much the same way as C3 plants. This type of
photosynthesis in highly efficient and little fixed CO, is lost through photorespiration.

C4 plants are more efficient at gathering carbon dioxide and utilizing nitrogen from the atmosphere and in the soil. They
also use less water to make dry matter. C4 plants grow best at 90-95°F. They begin to grow when the soil temperature is
60-65°F. Forage of C4 species is generally lower in protein than C3 plants but the protein is more efficiently used by
animals.

C4 plants can be annual or perennial. Annual C4 plants include corn, sudangrass, and pearlmillet. Perennial C4 plants
include big bluestem, indiangrass, bermudagrass, switchgrass, and old world bluestem.



Net Ecosystem Exchange (NEE)

NEE = Respiration - Photosynthesis

] ]

Enhanced by Enhanced
Permafrost by CO,
Carbon Fertilization
Feedback

 NEE < 0 means net carbon uptake



e There is a clear correlation between the amount of anthropogenic CO2 released to the
atmosphere and the increase in atmospheric CO2 concentration during last decades.

e Atmospheric oxygen is declining proportionately to CO2 increase and fossil fuel
combustion. ¢ For the last half century, the CO2 airborne fraction (AF) parameter remained
consistent and averaged at 0.55 (the AF parameter is the ratio of the increase in atmospheric
CO2 concentration to fossil fuel-derived CO2 emissions). AF has been introduced to assess
short- and long-term changes in the atmospheric carbon content; in particular, AF of 0.55
indicates that the oceans and terrestrial ecosystems have cumulatively removed about 45 %
of anthropogenic CO2 from the atmosphere over the last half century [6].

* The isotopic signature of fossil fuels (e.g., the lack of 14C and the depleted level of 13C
carbon isotopes) is detected in atmospheric CO2. e There exists an interhemispheric gradient
in the atmospheric CO2 concentrations in the Northern and Southern Hemispheres. In
particular, the predominance of fossil-derived CO2 emissions in more industrially developed
Northern Hemisphere (compared to the Southern Hemisphere) causes the occurrence of the
atmospheric CO2 gradient in the amount of about 0.5 ppm per GtC per year [6].

e There have been dramatic changes in RFCO2 values over the last decades. For example,
during 1995-2005, the RFCO2 increased by about 0.28 W/m2 (or about 20 % increase), which
represents the largest increase in RFCO2 for any decade since the beginning of the industrial
era. RFCO2 in 2005 was estimated at RFCO2=1.66+0.17 W/m2 (corresponding to the
atmospheric CO2 concentration of 379+0.65 ppm), which is the largest RF among all major
forcing factors (The concept of radiative forcing (RF))

e The data show that the changes in the land use greatly contributed to the RFCO2 value in
the amount of about 0.4 W/m2 (since the beginning of the industrial era). This implies that
the remaining three quarters of RFCO2 can be attributed to burning fossil fuels, cement
manufacturing, and other industrial CO2 emitters [6].



Methane in the Earth's atmosphere is a strong greenhouse gas with a global warming potential of 29 over a 100-year period.
This means that a methane emission will have 29 times the impact on temperature of a carbon dioxide emission of the same
mass over the following 100 years. Methane has a large effect (24 times as strong as carbon dioxide per unit mole) for a brief
period (having an estimated lifetime of 8.9+0.6 years in the atmosphere),’& whereas carbon dioxide has a small effect for a long
period (over 100 years). Because of this difference in effect and time period, the global warming potential of methane over a
20-year time period is 86.

A. Permafrost, glaciers, and ice cores — A source that slowly releases methane trapped in frozen environments as global
temperatures rise.

B. Wetlands — Warm temperatures and moist environments are ideal for methane production.2% Most of the methane makes it
past methane-consuming microorganisms,lcitation needed]

C. Forest fire — Mass burning of organic matter releases methane into the atmosphere 21

D. Rice paddies — The warmer and moister the rice field, the more methane is produced.

E. Animals — Microorganisms breaking down difficult to digest material in the guts of ruminant livestock and termites produce
methane that is then released during defecation.

F. Plants — While methane can be consumed in soil before being released into the atmosphere, plants allow for direct travel of
methane up through the roots and leaves and into the atmosphere.22 Plants may also be direct producers of methane 23!

G. Landfills — Decaying organic matter and anaerobic conditions cause landfills to be a significant source of methane.

H. Waste water treatment facilities — Anaerobic treatment of organic compounds in the water results in the production of
methane.

The balance between sources and sinks of methane is not yet fully understood. The IPCC Working Group | stated in chapter 2 of
the Fourth Assessment Report that there are "large uncertainties in the current bottom-up estimates of components of the
global source", and the balance between sources and sinks is not yet well known. The most important sink in the methane cycle
is reaction with the hydroxyl radical, which is produced photochemically in the atmosphere. Production of this radical is not
fully understood and has a large effect on atmospheric concentrations.

I. Hydroxyl radical — OH in the atmosphere is the largest sink for atmospheric methane as well as one of the most significant
sources of water vapor in the upper atmosphere

J. Chlorine radical — Free chlorine in the atmosphere also reacts with methane.

. Ha atn gBe peakuuun ¢ OH npuxoauntcs okono 90% yganeHna metaHa us atmocdepbl. Kpome peakumm ¢ OH nssecTtHo elle
ABa npouecca: MMKpobmnonornyeckoe normoLeHme MeTaHa B NoYBax n peakumst MeTaHa ¢ atomamm xnopa (Cl) Ha
NoBEPXHOCTU MOpPSA. Bknapg aTnx npoueccos 7% 1 meHee 2% cooTBeTcTBeHHO.2!
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Pervasiveness of Life

Earth life extraordinarily successful
Natural selection & evolution
--> adaptability
Organisms found EVERYWHERE
glaciers & permafrost
hot springs
hydrothermal vents
desert rocks
clouds
deep sea sediments
soils



Five Things You Need to Have Life

1.

Stable Environment
be able to adapt to changes

Liquid water
-20°Cto 121°C

Energy Source
O, and carbohydrates
oxidant (O,) and reductant (sugars)

Carbon Source
carbohydrates
sometimes different from an energy source

Nutrients
The Biogenic Elements: C,H, N, O, P, S
Trace Nutrients: Ca, Fe, Cu, Zn, vitamins.....
some organisms need more than others




Liquid Water

If T below 0°C, microbes can be found
growing between ice crystals or in the
pore spaces of ice.

Microbes can secrete compounds that can
inhibit ice crystal formation.

Soil still contains substantial thin films of
liguid water below 0°C
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Carbon Source

co, autotrophs

organic carbon heterotrophs

Can combine words for energy and carbon sources:

Name Energy Source Carbon Source
Photoheterotroph Light Organic C
Photoautotroph Light CO,

Chemoorganotroph | Organic (reductant) and | Organic C
Inorganic chemicals
(oxidant)

Chemoautotroph Inorganic chemicals CO
(reductant & oxidant)




The Importance of Oxygen

Oxygen is a potent source of energy (strongest oxidant available)
Anaerobic metabolisms don’t produce as much energy (ATP).

Oxygen is also toxic - it is reactive.
- causes damage to DNA
- causes damage to proteins
- causes damage to lipids
- cells must be able to repair this damage



Aerobic Metabolisms (Aerobes)

Animals “CHO0” + O, -J €O, + HO organotrophy
Manganese Mn?* + O, --> MnO,(manganese oxide) chemotrophy
Oxidizers

Iron Fe?* + O, --> Fe,O, (iron oxide) chemotrophy
Oxidizers

Sulfide HS + O, --> H,SO, (sulfuricacid) chemotrophy
Oxidizers

Methane CH, + O, --> CO, + HO chemotrophy
Oxidizers

Hydrogen 2H, + O, ---> 2H,0 27?7

Oxidizers



Anaerobic Metabolisms (Anaerobes)

Sulfate H,SO, + 4H, ---> H,S + 4H Ochemotrophy
Reducers

Methanogenesis CO, + 2H, ---> CH, + 2H,O chemotrophy

-a lot of chemical reactions in the environment are catalyzed
by microorganisms.
-microbes can carry out some “unusual” reactions to make energy
-energy generation results in constant oxidizing and reducing of
compounds: sulfur, iron, manganese, carbon.....
-called biogeochemical cycling.



Temperature

Temperature
One of the most important environmental factors that
affect growth and survival of organisms.

Too hot - proteins denature (think: fried egg - unfolded, coaggulated)
Too cold - membranes and proteins freeze

F . h . Enzymatic reactions
or_every organism, there is a.  eUrting At armal
minimum T possible rate
optimal T (can be 4 or 105°C) Enzymatic reactions >0piimum
maximum T occurring at increasingly
o < || rapid rates
(remember water has to be liquid water) =
typical range of growth T is 30-40°C G

Minimum -
Maximum
\ Temperature /
Membrane gelling; Protein denaturation;
transport processes collapse of the cytoplasmic
so slow that growth membrane; thermal
cannot occur lysis




Growth rate

Growth Temperature

Bacillus stearothermophilus Example: Example: :
) Thermococcus celer Pyrolobus fumarii
Example:
Escherichia coli 88° 106°

Psychrophile

Example:
Polaromonas vacuolat

0 10 20 30 40 50 60 70 80 20 100 110 120

Temperature

Psychrophile - grows optimally below 15°C
a 80% of Earth’s biosphere is < 15°C.
Mesophile - grows optimally between 15-45°C

(a)

Thermophile - grows optimally between 45-80°C
Hyperthermophiles - grows optimally above 80°C

ice core

~ permanently

" frozen seawater
cMurdo Sound
Antarctica

(b)



Extremophiles

What is extreme for one organism is necessary for another.
Organisms are all highly adapted to their niches.

Psychrophile - grows optimally below 15°C
80% of Earth’s biosphere is < 15°C



Microbial Life Runs Planet Earth

BACTERIA Microbial diversity is vast.
Chromatium E. coli

_ _ Number of species astronomical.
Methanospirillum P mitochondria 0 . . .
A RCHAEA Medtiarosaicin T p—— <99.9% of microbial species have
Thermoplasma ’//'/ ?ﬁ;ﬁ;ﬁ; been CUItU red in the Iab
Sulfolobus Methanobacterium / Bacill .
f e Whole new uncultured lineages.

Thermoproteus Methanothermus f -
Thermofilum Methanococcus / Clostridium

WSL50 Thermococcus chloroplasts i
Group ¢ 230 el Almost nothing known about them.

Halobacterium

Thermus

pSL4
Group 2
psSL22

Thermomiciobium
Thermotoga
Aquifex

Microbes:

st OctSpA1-106 OcFS%TZ . .
Group 1 turn CO, into organic matter

?::ggshﬁes 0.1 changes per nucleatide mOSt phOtOSyntheSis On the
- planet is done by prokaryotes
then turn organic matter back

E UCARYA into CO,

Tritrichomon r;; . Caprinua (Fungl)
Hamo (Animals)

o d - zea (Plants) microbial metabolism is incredibly
Gfardia Paramecium dive rse

Hexarnite FPorphyra
" Chlemydomonas

Valrimorpha Dictyostalium

Physarum
Neaglerf,

Evgliena
Enrcephalifozoon Trypanoaoma

Entamoabe




Methane production and oxidation

Metanogens — Archaea — absence of oxygen

Metanotrophs — | and Il types — presence of oxygen

Metanotrophs of | type — high amount of methane (e.g. 600 ppm)

Metanotrophs of Il type — low amount of methane (ambient or so)

Microbial cultures
Biomarkers (PLFAs, PLELs, alive microbes)
Molecular biology

Fluxes
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Nature Reviews | Microbiology

The permafrost is overlain by a seasonally thawed active layer (brown). The bold dashed line indicates the surface of the
permafrost table. The lowland is characterized by polygons that are separated by ice wedges (white) in the permafrost
layer (grey). A thermokarst lake is indicated by a deepening of the active layer and pooling of thaw water at the surface. At
high elevations, permafrost thaw results in drainage of the soil moisture and subsidence, which leads to the 'drunken tree'
phenomenon. In these locations, permafrost thaw can also originate from the heat that is generated by wildfires. The
upper panel and lower right-hand panel indicate differences in redox chemistry, soil and moisture with depth. The lower
left-hand panels show close-ups of individual soil microaggregates (brown, active layer; grey, permafrost) and
microcolonies of bacterial or archaeal cells in the pores containing free water — that is, brine veins. Figure is not drawn to
scale. (Jansson & Tas, Nature Reviews Microbiology (2014) 12, 414-425)



Frozen conditions in permafrost efficiently preserve biological material from
DNA to wooly mammoths.

Low water potential, reduced protein flexibility and enzyme activity, limited
membrane fluidity, and ice nucleation and melting are all potentially lethal,
so it was long assumed that microbes were either dead or dormant when
frozen.

However, high ionic strength within pore water can depress the freezing
point and preserve cell viability. Recent experiments demonstrated that
permafrost microorganisms remain active at extremely low temperatures
(Vishnivetskaya et al., 2006; Gilichinsky and Rivkina, 2011)

Thus, warming could induce SOM decomposition even before permafrost
thaws completely. Microbial activity at low temperatures could transform
complex organic compounds to soluble metabolites and gases, including the
greenhouse gases (GHG): CO_, CH,and N_,O



Microbial controls on methane fluxes
from polygonal tundra

late summer

early summer
106 mg CH, 25mg 4
m2d? CHn2 g
polygon polygon polygon polygon
depression rim depression rim
72 mgcH , 17 mgcH 4
m2d? m2 4t
34mgCH4 T 5mgCH4 8mgCH4 T 7mgCH4
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water
table
w
active s
layer 3
plant-
mediated
transport
perma-
frost

Wagner et al., 2003: Permafrost Periglac Process



CO; CO2 CHy

ESD11-015

Key biological processes in the carbon cycle of permafrost environments. Permafrost thawing at the transition zone
introduces previously unavailable organic matter into the expanded active layer of soil. Enzymatic hydrolysis
decomposes complex organic matter into soluble substrates for microbial fermentation, producing a mixture of organic
acids, alcohols and microbial biomass. Methanogenic archaea convert acetate, methylated compounds or H, and CO,
into CH, that can be released to the atmosphere through ebullition, diffusion or aerenchyma. Methanotrophs oxidize
some of this CH,, converting it to CO,. (Graham et al., The ISME Journal (2011), 1-4)

Field school-seminar for young scientists on polar research
September 18—23, 2016, Field station of AARI “Ladoga”



Methane transfer in the water body

CH, emmision from lake

¢ ¢ {

Oxic sediments

4

................................

e Epilimnetic sediment
e pathway
Hypolimnctic

pathway

(Bastviken et al., 2002)

CH, produced in anoxic sediments

MepeHOC MemaHa K NosepxHocmu 800bI

[1pu ny3bIpbKOBOM BbIJ|e/IEHUU METaHa, My3bIPbKU JOCTUTAOT
MOBEPXHOCTH BO/IbI TOJILKO Ha Liie/ib(ax, B paoHax riiyouH
HEeCKOJ/ILKO JJeCATKOB MeTPOB, 13-3a ra3000MeHa C OKpy Karolei
BOJIOU

[Tpu MexaHUYeCKOM BO3/eHCTBUM KYCKU MeTaHOrUpara MOryT
OTPBIBAThCS OT JjHA U I0CTUraTh MOBepXHOCTH BoAbl (Brewer et al.
2002)

TypbynenTtHas quddy3usi paCTBOPEHHOr0 MeTaHa —

3¢ deKTUBHBIM MeXaHW3M MepeHoca, MOCKOJIbKY OKMC/IeHHe MeTaHa
B OKeaHe xapakrepusyetcsi BpeMeHeM xu3HU 50 jsiet (Rehder et al.
1999)




Thermokarst lakes

tabular

sediments
(thawed

yedoma) : : “hots pot"

(e)thaw bulb *



Methane emission: bogs and lakes

Mechanisms of methane production:
On bogs the substrate for methane production comes from surface NPP

In lakes methane is produced (i) from lake bottom NPP and (ii) from the old organics,
that has been sequestered in permafrost and comes to positive temperature region
while talik is deepening

Implication to annual cycle
On bogs cold season emission is very low

In lakes methane is produced in talik, that is under positive temperatures all
year round (40-50% of annual emission happen in cold period)

Methane production from old organics decomposition
e happens only under positive temperatures

e is exponentially dependent on temperature
e is proportional to decomposable organics content



Methanehydrates

Crystalline structure formed by water
molecules with methane molecule inside

Stable for high pressure

At pressure decreasing and at increasing of
temperature disintegrate for CH, and H,O

Density is about 900 kg/m?

Temperature (°C)
10 20

<+— Hydrothermal
/ ’, gradient
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W‘ty boundary
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Zone of hydrate ®
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Temperature anomalies between 2000-2009 compared to
average temperatures between 1951-1980

Global carbon pools in the northern
circumpolar permafrost region
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Circum-Arctic permafrost distribution

Methane emission from Arctic wetlands
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Currently, we cannot predict how microbes will use SOM released by
permafrost thawing, or reliably estimate the temperature-dependent
activities of the enzymes they produce to degrade this material.

Current biogeochemical models segregate SOM into conceptual pools with
different mean residence times (Smith et al., 1997).

If most organic matter trapped in permafrost is difficult to degrade because of
its chemical structure (for example, lignin) or its physical structure (for
example, particulates or mineral complexes), then this humus comprises a
recalcitrant pool that will slowly stimulate microbial growth and GHG
production.

Alternatively, if plant litter was rapidly frozen in permafrost, then microbes
could quickly metabolize thawed polymers like cellulose or protein.

Increased temperature may also cause changes in protein structure and
conformation, protein adsorption, altered protein expression and shifts in
microbial populations, which are not currently modeled (Waldrop et al., 2010;
Wallenstein et al., 2011). We might expect soil warming to select for microbes
producing enzymes that degrade SOM more efficiently at higher
temperatures.



Predictions of soil GHG flux include increasingly sophisticated representations of
processes in the subsurface carbon cycle , but these models are poorly
parameterized for permafrost regions (Riley et al., 2011).

16S rRNA gene sequence data have identified both hydrogenotrophic and
acetotrophic (methylotrophic) methanogen phylotypes in Arctic tundra samples,
at substantial abundance (Wagner and Liebner, 2010).

The two groups of methanogens differ in their substrates, syntrophic associations
and isotopic fractionation of carbon: it is important to distinguish between the
methanogenic pathways to predict the proportions of CH, and CO_, as well as
fluxes (Walter et al., 2008).

Changes in methanogen abundance could also confuse estimates of the
temperature and pH response factors.

Eventually, microbial activities will dictate whether permafrost environments will
be a net source or sink of GHG in the coming decades and whether large-scale
feedbacks to regional and global climate will develop because of increased
CO,,N,O and CH, emissions and vegetation changes in the Arctic.



What Drives Permafrost Formation?
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B onpeneneHun TepMurHoB YeTBEPTOrO OLIEHOYHOrO Aoknaaa IPCC, "BpeMsi XKMU3HU" UMeEeT HECKOSbKO 3Ha4YeHui. Hanbonee
noaxoasimnmM ssBnseTcs:

"Bpemsi obpaiieHus (T) (Takke Has3biBaeMoe rnobanbHbIM BpEMEHEM XMU3HU B aTMOCEPE) 3TO OTHOLLEHME MaCChl BELLECTBa
B XpaHUnuLLe (HanpuMep, ra3oBoro KOMNOHeHTa B aTMocdepe) K obLLelt CKOPOCTU yaaneHus 3 xpaHmnuwa s: T=M /S. Ans
Kaxgoro npouecca yaaneHust MoXeT ObiTb onpeaeneHo ceoe Bpemsi obpalleHusi. B 61uonorum noys 3To Has3blBaeTCSH CpeaHUM
BpeMeHeM npebbiBaHus."[pyrummn crioBamm, Bpemst XXnU3HU - 3TO cpeaHee BPeMsi, KOTOPOe MHAMBUAYanbHasi YactTuua
NpoBOAMT B AaHHOM 6rnoke. OHO onpeaensieTcs kak pasmep 6noka (XpaHunuiia) geneHHbIi Ha obLLyr CKOPOCTb NoToka
YyacTuu B XpaHunuile unu n3 Hero. Pasgen 4.1.4 TpeTbero oueHo4Horo aoknaaa IPCC roBoput 06 atom 6onee noapobHo.

B cxeme yrnepogHoro umkna, npuBeaeHHoOM Bellle, ecTb ABa Habopa uncen. YepHble NpeacTaBnsoT pasmepbl 6110KoB B
rmratoHHax yrnepoga (I't). dmoneTtoBble 03Ha4YalOT NOTOKM (MSIM CKOPOCTU MOTOKOB) B BrTOK MNW U3 HEFO B rTMraToOHHaX B rof
(Ft/ron).

HebonbLuon nogcyeT nokasbiBaeT, YTO OKomo 200 I'T yrnepoaa nokngaet atmocdepy U BXOAUT B HEE KaxKdbIN rof,.
CnepoBarernbsHo, B NepBOM NpubnmkeHmm npm pasamepe 6rnoka 750 ['T MOXXHO NonyyYnTb BpeMS Xn3Hu monekynbl CO2 750
'T/200 I'T B rog = npumepHo 3-4 roga. (Bnpoyem, 6onee ToYHbIN NOACHET NpUxo4a 1 yxoda nokasbiBaeT oowmim gucbanaHc;
yrnepoa B atMmocdpepe pacteT Ha npumepHo 3,3 ['T B roa).

BepHo, 4To KOHKpeTHasa monekyna CO2 nmeeT kopoTkoe BpeMs NnpebbiBaHus B atMocdepe. OgHako B 6OMNbLUMHCTBE CIy4vaes,
nokmnaasa atmocdepy, OHa NPOCTO MEHSETCSA MECTaMU C APYror MOSIEKYON B okeaHe. To ecTb noTeHuman notennexHnsi ot CO2
He UMeeT OTHOLLEHUS K BpeMeHu xnsHm CO2.

B nencTBuTenbHOCTH NOTEHLMan NOTENNEHNsI ONPEAENSeTCs TeM, Kak Aonro n3dbiTouHbi CO2 ByaeT octaBaThbCs B
atmocepe. CO2 XMMUYECKN MHEPTEH M yAaNseTcs TONbKO 3a CHET OMOMNOIMNOLLEHNSI 1 PACTBOPEHNS B OKEaHE.
BronornolieHue (3a ncknodyeHnem obpasoBaHms MCKOMAEMOro TOMNNMBA) ABNSETCS YINepoaHO HENTpanbHbIM: Nnoboe
pacTyllee OepeBo Koraa-HMbyab YMpET u pasnoxntcsd, oceoboxaas CO2. ([a, BO3MOXEH HEKOTOPbIN BLIMIPbILL 3a CHET
BOCCTaAHOBIEHUS NIECOB, HO OH, MO BCEW BEPOATHOCTU, HEBENUK MO CPAaBHEHUIO C AMUCCUEN OT MCKOMAEMOro TOMSMBA).

PactBopeHne CO2 B okeaHe NponcxoguT ObICTPO, HO 4eN0 B TOM, YTO MOBEPXHOCTHbLIN CIIOM OKeaHa y>Ke "HanosmHeH", 1 Takum
06pa3om, y3KMM MECTOM SABNSETCA NepeHOC yrrepoaa B rnyouHy. 3TOT NepeHOC B OCHOBHOM OCYLLECTBNAETCA MeAEHHOWN
UMpKynsiumen ¢ obopotom crioeB okeaHa (*3). Takon 060poT 3aHMmaeT 500-1000 net. CneposaTtensbHO, BPEMEHHOM MacLiTab
noteHuuana notennenuns ot CO2 He meHee 500 NeT ABNAeTcs BnonHe 000cHOBaHHbIM (CM. YeTBepThil OLIEHOYHbIW A0KNaa
IPCC pasgen 2.10).




* KMcToyHnkamm yrnekmcnoro rasa B atmocdepe 3eMnu siBnsTCs
BYITIKaHU4YeCKME BbIDPOCHI, XXN3HEQEATENBHOCTb BMocdepsl,
O0eATeNnbHOCTb YernioBeka. AHTPOMNOreHHbIMU NCTOYHUKaMW ABNSKOTCS:
CXKUraHme UCKonaemoro ToMnmBa; CXXmraHme buomaccshl, BKtovas
cBedeHue [1eCOB; HEKOTOPbIE MPOMbILLSIEHHbIE NPOLIEeCChl MPUBOOAT K
3Ha4YNTENLHOMY BblOENEHUIO YITIEKUCIIOTHI (HAanpumenp,
npon3BoAacTBo LUeMmeHTa). OCHOBHbLIMU MNOTPEOUTENSMMN YIIEKUCNOrO
rasa aBnsATCA pacTeHund, 0gHaKo, B COCTOAHMN paBHOBECUS,
6ONbLWMHCTBO DMOLIEHO30B 3a CYET rHMEHNS1 BuoMacchl NPon3BoaANT
NPUBNMN3UTENBHO CTOSBLKO XKeE YITEKMUCIOro rasa, CKOSibKo 1
nornowiaet. AHTponoreHHas aMMCCUS yBeNMYMBAET KOHLEHTPpaLNIO
YIrMEeKNCrioro ra3a B atMocdoepe, 4To, NpeanonoXnTensHo, ABNAETCH
rMaBHbIM 0AKTOPOM U3MEHEHUA KnMaTa. YrneknUcnbin ra3 aBndeTcs
"oonro Xueywmnm" B atmocdrepe. CornacHo cCoBpeMEHHbIM Hay4YHbIM
npefcTaBreHnsiM, BO3MOXHOCTb AanbHenwero Hakannueanua CO, B
aTMoccepe orpaHnyeHa puckoM HermpuemnemMbIx NoCrneacTsmm ,El,ﬂﬂ
brnocdepbl M HENOBEYECKOW LMBUNU3ALINKU, B CBA3U C YEM €r0
ByayLwmMn SMUCCNOHHDBIN DHOIKET ABNSAETCA KOHEYHOW BENTMYNHOWN.




