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Abstract

Permafrost thaw has a potentially large impact on the global climate system through re-
lease of carbon gas that has been stored as organic carbon for up to 400,000 years. System
teedbacks between permafrost carbon content, microbial decomposition rates, ground
temperature, and greenhouse gas radiative forcing make the permfrost system suscepti-
ble to rate induced tipping. Individual components of the permafrost system are exam-
ined to contribute to understanding of the timing and behavior of system tipping.

A Permafrost Bomb model is created to evaluate the long term decomposition ground
temperature feedback behavior. Results showed several system tippings with decreasing
successive amplitude under a constant atmospheric temperature forcing. This resem-
bles the global temperature behavior of the PETM hyperthermals, supporting evidence
of permafrost thaw influence on paleoclimate events. Six years of ground temperature
data from a Kapp Linné borehole was analyzed for the thermal diffusivity through time
and depth. Increasing atmospheric temperature is associated with greater thermal diffu-
sivity and more effects from latent heat transfer, which were observed far below the active
layer. Considering the results directly from this study and previously published research,

a more complete model for permafrost is proposed. This model considers ground and

ii



iii

atmospheric conditions for temperature and carbon content.
Overall, these findings are applicable in permafrost and climate modeling for the pur-
pose of understanding how the permafrost system may change and impact the global

climate on both the geologic time scale and human lifespan.
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Chapter 1

Introduction

1.1 Background of Permafrost

1.1.1 Permafrost Location and Extent

Permafrost is a region land, in which a portion of the subsurface remains frozen for two
consecutive years (Schuur et al., 2008). It is composed of mineral soil, organic soil, rock,
or ice (Schuur et al., 2008). Permafrost exists at high latitudes and elevations (Schaefer
et al., 2014). In the Southern Hemisphere, it is limited to sub-antarctic islands, small re-
gions of Antarctica, and few mountainous areas (Schaefer et al., 2014). In the Northern
Hemisphere, 24 % of exposed land is characterized as permafrost (Schaefer et al., 2014).
In addition to Arctic and boreal land regions, this includes areas of the continental shelf
in the Arctic Ocean and high elevation subtropical regions (Schuur et al., 2008). Fig. 1.1
presents the spatial distribution of permafrost in the Northern Hemisphere. Based on the

percentage of permafrost in the landscape, zones of permafrost are described as contin-
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uous (90% - 100%), discontinuous (50% - 90%), sporadic (10%-50%), or isolated patches

(0%-10%) (Vaks et al., 2013).
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Figure 1.1: Northern Hemisphere spatial distribution of permafrost where, tan represents per-
mafrost free areas and shades of purple represent regions of isolated, sporadic, discontinuous,
or continuous permafrost cover. Figure from Schuur et al. 2008.

1.1.2 Formation

Permafrost forms when there is new soil material exposed in regions where the climate
is cold enough to allow for perennially frozen subsurface material (Shur and Jorgenson,
2007). In continuous regions, formation is climate driven while, in discontinuous regions,
it is dependent on climate as well as the local landscape and ecosystems (Shur and Jor-
genson, 2007). Landscape processes that may result in new regions of permafrost are

floodplain and drained-lake basin development (Shur and Jorgenson, 2007). In already
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existing permafrost regions, syngenetic permafrost growth occurs when the local climate
and landscape is unchanging due to regular sedimentation and peat formation (Schuur
et al., 2008). Poor soil water drainage results in peat formation while, aeolian and alluvial
processes result in sedimentation (Schuur et al., 2008). Both processes increase the eleva-
tion of the upper permafrost boundary and, therefore, permafrost depth (Schuur et al.,
2008).

The high majority of permafrost present today formed during the glacial periods of
the Pleistocene (Schuur et al., 2008). Higher latitude permafrost, in continuous regions,
has been frozen for 400,000 years or longer (Vaks et al., 2013). Mid-latitude discontinu-
ous permafrost regions formed during the last glacial/interglacial cycle of the Pleistocene
(Schuur et al., 2008). At the last glacial maximum (LGM), approximately 20,000 years ago,
permafrost coverage peaked, existing in regions of the continental United States, northern
Kazakhstan, and Europe (Schuur et al., 2008). Rapid thaw, starting at the southernmost
regions, occurred following the LGM such that, by the Holocene Climate Optimum, 5000
to 9000 year ago, the continental United States, western Siberia, northern Kazakhstan,
and Europe, were permafrost free (Schuur et al., 2008). Permafrost thaw has continued as
average global temperature has increased since the LGM (Schuur et al., 2008). New per-
mafrost has formed n regions that are now sporadic or discontinuous permafrost during

relatively cold periods of the Mid to Late Holocene (Schuur et al., 2008).
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1.1.3 Temperature Profile

The temperature profile of permafrost with depth is dictated by geothermal heat and
surface temperature (Osterkamp and Burn, 2003). Geothermal heat originates at Earth’s
core and results in an increase in temperature with ground depth (Osterkamp and Burn,
2003). The rate at which the temperature increases, the geothermal gradient, is dependent
on local bedrock thermal conductivity (Osterkamp and Burn, 2003). Geothermal heat and
local rock type therefore determine the depth extent of permafrost, the lower boundary
being defined as the depth at which the temperature is above 0°C (Osterkamp and Burn,
2003).

The upper ground temperature is influenced from by seasonal surface temperatures
(Osterkamp and Burn, 2003). Seasonal variation causes large annual temperature fluctu-
ation in the upper region of permafrost, resulting in a distinct winter and summer per-
mafrost profile (Osterkamp and Burn, 2003). In the Northern Hemisphere winter, the
surface temperature is less than 0°C. Ground temperature increases rapidly from the sur-
face with depth until it aligns with the expected temperature based on the geothermal
gradient. It then continues to increase with depth by the geothermal gradient. In the
summer, the surface temperature is above 0°C. Ground temperature decreases rapidly
with depth until it aligns with the geothermal gradient, at which point it will increase
with depth by the geothermal gradient.

The topmost portion of the ground, due to surface temperature, thaws in the summer
and freezes in the winter (Osterkamp and Burn, 2003). This region is the active layer,

defined as the greatest depth that is above 0°C at any point in the year (Osterkamp and
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Burn, 2003). The upper boundary of the permafrost is at the base of the active layer
(Osterkamp and Burn, 2003). The region between the active layer and stable permafrost
is particularly ice-rich and is defined as the transition zone (Osterkamp and Burn, 2003).

Fig. 1.2 graphically represents the general permafrost temperature profile with depth.
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Figure 1.2: Permafrost depth temperature profile annotated with the summer profile (maxi-
mum temperature), winter profile (minimum temperature), active layer, permafrost bounds,
and geothermal gradient. Figure from Osterkamp and Burn, 2003.

While seasonal atmospheric temperature changes hardly influence permafrost tem-
perature at great depth, long term atmospheric trends do impact permafrost temperature
at depth. Fig. 1.3 presents the annual average temperature at a borehole on Ellesmere

Island from 1978 to 2014 at 24.4m deep. The temperature has increased from about -

15.5°C to -13°C since 1978, with a greater rate of increase after 2000. Fig. 1.4 shows the
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monthly average temperature from a borehole in Igloolik, Nunavut from 2008 to 2011 at
15m depth. Even in these three years, an increase in temperature is observed. The fact
that these great depths are reflecting the atmospheric temperature change over a rela-
tively short time period shows one example of how the permafrost temperature profile

will be affected by warming of the global climate.
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Figure 1.3: Permafrost annual ground temperature data from the Ellesmere Alert 5 borehole at
24.4m depth from 1978 to 2014. Data is from the GTNP.

The temperature at any specific depth in the permafrost is impacted by the temper-
atures at higher and lower depths via heat conductivity (Frob, 2011). Heat conductivity
is dependent on material characteristics, thermal conductivity and specific heat capacity
(Frob, 2011). Both of these properties vary based on the ground lithologic composition,
water content, ice content, and air content (Woo, 2012). As temperature is a controlling

factor of water and ice content, it ultimately influences the thermal conductivity and heat
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Figure 1.4: Permafrost monthly ground temperature data from the Igloolik borehole at 15m
depth from 2008 to 2011. Data is from the GTNP.

capacity of permafrost (Woo, 2012). This means that these thermal properties vary with

location and time.

1.1.4 Carbon Storage

The organic and mineral soil in permafrost acts as a carbon reservoir in the global car-
bon cycle (Schuur et al., 2008). Peat, organic rich soil is 20% to 60% carbon and mineral
soil is 0% to 20% carbon (Schuur et al., 2008). The carbon originates from plant photo-
synthesis and growth, resulting in highest carbon density in permafrost in the shallow
most depths (Schuur et al., 2008). Methods of syngenetic permafrost growth and cry-

oturbation encourage movement of the organic carbon from the uppermost permafrost to
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lower depths, where it is more likely to remain frozen and undecomposed (Schuur et al.,
2008). Syngenetic permafrost growth increases the amount of material above the previ-
ously deposited organics, burying the organics into the permafrost (Schuur et al., 2008).
Cryoturbation is the mixing of deposited soils due to repeated freezing and thawing of
the ground (Schuur et al., 2008). This mixing moves organics from the uppermost ground
layer to permafrost depths (Schuur et al., 2008).

Decompositional processes in soil release the organic carbon stored as carbon diox-
ide and methane (Walz et al., 2017). Microbial decomposition is dependent, namely, on
carbon availability, temperature, and oxygen availability (Hollesen et al., 2015). In per-
mafrost regions, the temperature is often too low for significant decomposition of the
stored organic carbon to take place (Walz et al., 2017). Under somewhat warmer temper-
atures, permafrost is often saturated with water due to ice melt or precipitation, limiting
oxygen availability for decomposition (Schuur et al., 2008). Due to the lack of organic
decomposition as peat formation and sedimentation continue over time, the organic car-
bon stored in permafrost accumulates (Schuur et al., 2008). It is estimated that 1700Gt
of organic carbon is stored in Northern Hemisphere permafrost (Vaks et al., 2013). Over
60% of this organic carbon is within the upper 3m of global permafrost (Koven et al.,
2009). Increase in permafrost temperature generally encourages microbial decomposition
and therefore leads to the release of organic carbon in permafrost, as carbon dioxide and

methane gas, into the atmosphere (Christensen et al., 2004).
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1.2 Role of Permafrost in the Global Climate

1.2.1 Carbon Cycle and Global Climate

There is a positive feedback between atmospheric temperature and greenhouse gas con-
centration. Greenhouse gases in the Earths atmosphere absorb radiation emitted from the
Earth, trapping heat within the atmosphere and increasing the temperature (Hansen et al.,
1981). Greater temperatures encourage greenhouse gas concentrations through increased
evaporation rates and variety of processes specific to individual greenhouse gasses. Car-
bon dioxide, a prevalent greenhouse gas, has several feedback with atmospheric temper-
ature through the carbon cycle (Hogg, 2008). This relationship is reflected in records of
atmospheric temperature and carbon dioxide concentration, as the two variables covary
through Earths major climate cycle (Hogg, 2008). Fig. 1.5 graphically shows the global
temperature and carbon dioxide values interpreted from Antarctic ice cores for the last
400,000 years. The major components on the geologic time scale of the global tempera-
ture and carbon dioxide feedback are silicate weathering, ocean out-gassing, vegetation,
and the greenhouse gas radiative effect (Hogg, 2008).

In the past 140 years, there has been significant anthropogenic influence on atmo-
spheric greenhouse gas concentrations due to the burning of fossil fuels (Schaefer et al.,
2014). Fig. 1.6 graphically shows the measured values of atmospheric carbon dioxide
and global temperature since 1958. The increasing trend of atmospheric carbon diox-
ide concentration and temperature on this time scale is reflective of the anthropogenic
input of carbon into the atmosphere from the pre-industrial average of 280ppm to the

current value of 400ppm and its effect on the global temperature (NOAA, 2018). The
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Figure 1.5: Graph of global atmospheric temperature anomaly (°C), blue, and carbon dioxide
concentration (ppm), orange, from about 800,000 years ago to present. Data constructed from
EPICA Dome, Antarctica.

estimated permafrost reservoir organic carbon storage, 1700Gt, is almost twice as much
as that currently in the atmosphere (Schaefer et al., 2014). Therefore, input to the atmo-
sphere from the permafrost system, which is temperature sensitive, could significantly

impact the Earth’s immediate climate (Schaefer et al., 2014).

1.2.2 Permafrost Thaw and Paleoclimate

There is evidence that permafrost thaw has occurred at various points throughout Earth’s
history in coincidence with global climate warming anomalies. Speleothem growth his-
tory in Siberian caves reflect permafrost thaw extent over the past 500,000 years (Vaks
etal., 2013). Regions of permafrost currently characterized as discontinuous and sporadic
experienced thaw during each of six interglacial periods in the last 500,000 years, includ-
ing the present (Vaks et al., 2013). Regions currently continuous permafrost, at 60°N, only

have recorded thaw during MIS 11, about 400,000 years ago (Vaks et al., 2013). MIS 11,
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Figure 1.6: Measured atmospheric carbon dioxide and global temperature from 1958 to present.
Temperature is presented yearly as a 5 yr average and carbon dioxide is given monthly. Data
from NOAA, 2017.

therefore, represents the most significant permafrost thaw event in the past 500,000 years,
which aligns with other Quaternary climate proxies (Vaks et al., 2013). The MIS 11 inter-
glacial corresponds with a local temperature 4°C to 5°C warming than today, and a global
average 1.5°C higher than present (Vaks et al., 2013).

It is hypothesized that, not only did permafrost thaw in the Quaternary interglacials,
but also that the resulting carbon gas release from organic carbon decomposition may
have contributed to both the timing and extent of the interglacials (Zech, 2012). Previ-
ously, it has been determined that the difference between atmospheric carbon dioxide
concentration during glacials, 180-200 ppm, and interglacials, 250-300 ppm, was due to
ocean carbon storage and outgassing (Zech, 2012). However, considering all possible
ocean carbon storage changes, ocean processes alone do not account for the range of
carbon dioxide in the atmosphere from glacials to interglacials (Zech, 2012). Addition-

ally, this determination assumed that no terrestrial carbon storage would increase during



CHAPTER 1. INTRODUCTION 12

glacials (Zech, 2012).

The Tumara permafrost profile sequence has organic rich layers attributed to glacial
periods and organic poor layers attributed to interglacial periods (Zech, 2012). This shows
that permafrost acts as a greater net carbon storage during glacials, when slow carbon se-
questration is possible, than interglacials, when carbon is released through decomposition
processes (Zech, 2012). The carbon storage and release from permafrost likely accounts
for a portion of the glacial to interglacial atmospheric carbon dioxide difference, impact-
ing the global climate extent Quaternary glacial cycles (Zech, 2012).

On a larger timescale, permafrost thaw has been proposed as the cause of the series of
extreme warming events, hyperthermals, between 55 and 52.5 million years ago (DeConto
etal., 2012). These events followed the Palaeocene-Eocene Thermal Maximum (PETM), in
which global mean temperature increased by about 5°C over only a few thousand years
(DeConto et al., 2012). At that time, orbital forcings of high eccentricity and obliquity
were driving long-term global warming, with intensified effects on high latitudes (De-
Conto et al., 2012). It is therefore likely that the cause of the hyperthermals was related
to global temperature and sensitive to polar climates, such as permafrost (DeConto et al.,
2012). Permafrost regions may have reached a climatic threshold at the PETM which in-
duced rapid thaw and out-gassing of carbon (DeConto et al., 2012). Increase in silicate
weathering rates and gradual restock of the permafrost carbon allowed for climate recov-
ery after the PETM and hyperthermals until orbital forcings, again, triggered permafrost
system tipping and climate hyperthermal (DeConto et al., 2012). Permafrost systematic
thaw and re-establishment align with the observed decrease in intensity of successive

hyperthermals, as the permafrost would not recover all of the original carbon stored be-
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tween hyperthermals (DeConto et al., 2012). This scenario represents the potentially large

impact that the permafrost system can have on the global climate.

1.2.3 System Feedbacks

The permafrost system is composed of multiple feedback relationships that dictate sys-
tem reaction to condition changes (Hollesen et al., 2015). The major feedback processes
are microbial decomposition rates, greenhouse gas radiative forcing, and internal heat
production (Hollesen et al., 2015). Microbial decomposition converts organic carbon to
carbon gas, namely carbon dioxide or methane, which is released into the atmosphere
(Treat et al., 2014). Decomposition rate within permafrost is dependent on the ground
temperature and organic carbon content (Schuur et al., 2008). This process has a negative
teedback between decomposition rates and carbon content, as the continuation of decom-
position will deplete the permafrost carbon storage and therefore decrease decomposition
rate (Hollesen et al., 2015). Internal heat production refers to microbial decomposition
processes which release heat and increase the surrounding ground temperature (Holle-
sen et al., 2015). Decomposition rate increases with temperature, until some maximum
productivity level, and then decreases with temperature (Pietikainen et al., 2004). The
internal heat production decomposition rate relationship most readily acts as a positive
feedback due to the currently low permafrost temperatures but, could act as a negative
feedback after some maximum productivity temperature.

Carbon gas released to the atmosphere through microbial decomposition acts as a

greenhouse gas, increasing the atmospheric temperature through greenhouse gas radia-
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tive forcing (Crichton et al., 2014). Increase in atmospheric temperature corresponds to
an increase in permafrost ground temperature, which impacts the decomposition rates
(Hollesen et al., 2015). Again, this feedback could either be positive or negative, depend-
ing on the initial temperature of the system. Fig. 1.7 is a schematic diagram of the feed-
back relationships within the permafrost system. Fig. 1.7 notes both internal heat pro-
duction and greenhouse gas radiative forcing as positive feedbacks with decomposition
rates because, current permafrost temperatures are lower than the bacterial maximum

decomposition rate (Treat et al., 2014).

atim

+

Radiative forcing

+

GHC Positive feedback

mr

Internal heat production
decomp r rn‘e P

Negative feedback

carbon
content

Figure 1.7: Simplified diagram depicting the feedbacks in the permafrost system. Arrows ac-
companied with positive or negative signs represent the effect of one variable on another. Pos-
itive or negative symbols inside of a feedback loop represent the system feedback effect as a
whole.
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1.2.4 System Tipping

The presence of positive feedback cycles within the permafrost system causes there to be
great sensitivity to condition changes (Hoyer-Leitzel et al., 2017). Such sensitivity results
in the possibility of system tipping, when small changes in external conditions result in
large change in system conditions or behavior (Hoyer-Leitzel et al., 2017). Typically, tip-
ping is considered to be threshold induced, in which the system will tip when a system
variable is above a specific value (Wieczorek et al., 2010). Systems with internal positive
teedbacks, however, may be better represented with a rate-induced tipping mechanism,
in which the rate of which conditions change, rather than their instantaneous value, dic-
tates system tipping (Hoyer-Leitzel et al., 2017). As positive and negative feedbacks are
the basis of many systems in the global climate, rate-induced tipping approach of rep-
resentation and understanding is applicable within many aspects of the Earth’s climate
system (Hoyer-Leitzel et al., 2017). This concept is additionally reflective of ecosystem
adaptability to small condition changes through time (Shur and Jorgenson, 2007).
Wieczorek et al., 2010 applied the concept of rate-induced tipping to a peatland fire
scenario in the Compost Bomb Instability model, which considered the positive feedback
between peatland decomposition and ground temperature (Wieczorek et al., 2010). The
model evaluates the effect of a constant rate of atmospheric temperature change, inde-
pendent of the other variables, on the peatland ground temperature and carbon content,
which are coupled (Wieczorek et al., 2010). The Compost Bomb Instability model predicts
a threshold rate of atmospheric temperature increase (Wieczorek et al., 2010). Below this

rate, the peatland ground temperature remains relatively stable but, above, the ground
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temperature rapidly increases, signifying system tipping (Wieczorek et al., 2010).

The permafrost system is directly analogous to the Compost Bomb Instability model
through the decomposition rate ground temperature feedback and atmospheric tempera-
ture dependence of ground temperature. The permafrost system has the additional feed-
back between the ground and atmospheric conditions through the greenhouse gas radia-
tive forcing. Therefore, the permafrost system may be best represented by a rate-induced
tipping mechanism. Rate-induced tipping of the permafrost system would be rapid per-
mafrost thaw in response to a small increase of atmospheric temperature or carbon con-

tent change rate.

1.3 Purpose of Study

1.3.1 Adapting “"Compost Bomb” Model for Permafrost

The purpose of this study is to explore critical transitions within the permafrost system,
product of the system feedbacks, through numerical models. Firstly, the Compost Bomb
Instability model from Wieczorek et al. 2010 will be directly modified and refined to bet-
ter represent the permafrost system. The model is composed of differential equations
for atmospheric temperature, ground carbon content, and ground temperature, where
ground conditions are considered for a single permafrost layer. This model focuses on
the ground temperature decomposition rate feedback with a year time step, which al-
lows for evaluation of the long term trends and responses of this feedback alone. Model

specifications that differ for the permafrost system from the peatland representation in
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the the Compost Bomb Instability model are ground thermal properties, decomposition
rate, litter deposition rate, and the initial conditions of ground temperature and carbon

content.

1.3.2 Thermal Properties

The temperature profile of permafrost throughout time is largely defined by the thermal
conductivity and specific heat capacity of the permafrost (Osterkamp and Burn, 2003).
It has been previously recognized that these values depend on the permafrost lithology,
water content, and ice content (Woo, 2012). How the thermal conductivity to heat capacity
ratio, dy, , varies in a single permafrost location through time, however, has not been
explicitly described. This study analyzes permafrost ground temperature data from two
boreholes to develop a numerical function to describe d;, in terms of time, temperature,
and depth. The purpose of a well defined d;, function is to increase understanding of
the general permafrost system and, can be applied within permafrost system models to

produce more accurate model representations.

1.3.3 A More Complete Model

Secondly, a numerical model that considers the feedback between the ground and atmo-
spheric conditions in addition to internal heat production will be proposed. This model
will more accurately represent the permafrost system and offer greater information to the
effect of permafrost thaw on the global climate. The use of small time steps allows for

evaluation of permafrost behavior throughout a year and also puts this model in refer-
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ence to the human lifespan. Both the internal heat production and greenhouse gas radia-
tive forcing feedback mechanisms have been considered separately in previous models
but, the coupling of the two systems for a complete view of the system has not been
done. This will require equations of state for atmospheric temperature, atmospheric car-
bon concentration, ground temperature, and ground carbon content. Ground conditions

are considered for multiple finite permafrost layers.

1.3.4 Relevance

Anthropogenic greenhouse gas input has contributed to to rise of atmospheric carbon
dioxide from preindustrial 280 ppm to the current 400 ppm and has led to global tem-
perature rise (IPPC, 2014). Understanding climate systems and their tipping points is
vital to recognizing how local and global environments may change in response. This
information is essential when creating and implementing climate mitigation policies in
response to the anthropogenic influence of the rapidly changing climate (Schaefer et al.,
2014). Current global climate policies do not consider the influence of permafrost thaw
on the climate system (Schaefer et al., 2014). Permafrost, however, could play a major role
in the global climate due to its large carbon storage and potential for rate-induced tip-
ping. The three focuses of this study will offer greater understanding of the permafrost
system in reference to regular heat flow, the long term ground temperature decompo-
sition rate feedback through internal heat production, and the interaction between the
permafrost and global climate systems. In combination, this will allow for more accurate

permafrost model representations in the future and, ultimately, better recognition of the
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effect of current climate change on near future climate conditions through the permafrost

system feedbacks.



Chapter 2

"Permafrost Bomb” Model

2.1 The "Compost Bomb Instability” Model

2.1.1 Equations of State

The Compost Bomb Instability model, from Wieczorek et al., 2010, is a three dimensional
system of differential equations made to represent the peatland temperature decompo-
sition rate feedback (Wieczorek et al., 2010). Equations of state are given to represent
atmospheric temperature, T,, ground temperature, T, and ground carbon content, C. Eq.
2.1 gives the equation for ground carbon content where, L is annual litter fall and r(7")
is the rate of microbial decomposition. A temperature dependent function for microbial
decomposition rate is given in Eq. 2.2, where r;, and « are constants. Note that this is an
exponential function. Eq. 2.3 is the rate of ground temperature change in which, p is the

heat capacity, A is a constant of proportionality, and £ is the thermal conductivity. The

20
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rate of atmospheric temperature change, Eq. 2.4, is set to a constant positive value, v.

ac

- =L- Cr(T) (2.1)
r(T) = roexp(al) (2.2)
,ucfZ; = ACr(T) — k(T —T,) (2.3)
dT,

o = (2.4)

Hoyer-Leitzel et al., 2017 ran the Compost Bomb Instability model for varying val-
ues of v to observe the rate-induced system tipping. Table 2.1 lists all constants in the
Compost Bomb Instability model used by Hoyer-Leitzel et al., 2017. The initial system

conditions are (50 kg m~2, 8.15°C, 0°C) for (C, T, T,).

L 1.055kgm 2 yr—!

a | 0.1n(2.5)C™!

k 5.049 x 106 Jyr~tm=2C™!

To 0.01 yI'_l

| 7.8x108Jm2C!

A | 39x%x107Jkg !

Table 2.1: Parameters for Compost Bomb Instability Model as used in Hoyer-Leitzel et al., 2017.

2.1.2 Dynamical Behavior

Results from the Compost Bomb Instability model for v values of 0.07°Cyr~!, 0.1°Cyr—},

and 0.11°Cyr~! were calculated. Fig. 2.1 and Fig. 2.2 show the results from the Compost
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Bomb Instability for ground temperature and ground carbon content, respectively. An
atmospheric temperature change rate of 0.1 °Cyr~! perturbs the system slightly while,
an atmospheric temperature change rate of 0.11 °Cyr~" results in a rapid release of all
ground carbon and increase in ground temperature. This is representative of the rate-
induced tipping of the peatland system.

Compost Bomb Model

- v =0.07 Cyr~-1
160 v=0.1Cyr~-1
140 - - y =011 Cyr~-1

120 A1

100 A

Ground Temperature (deg C)
3

I

0 50 100 150 200 250 300 350
years

Figure 2.1: Ground temperature results from the Compost Bomb Instability model for v values
0f 0.07,0.01,and 0.11 °Cyr—!

2.2 Adaptation of "Compost Bomb” for Permafrost

221 Temperature Dependence of Soil Microbial Decomposition

Wieczorek et al., 2010 proposes an exponential temperature dependence of the decompo-
sition rate function for peatlands, defining r(7") = 0.01e*%'" kgCkgC~'yr~!. Treat et al.,

2014 and Mikan et al., 2002 both did lab analysis of the decomposition rates of organic
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Compost Bomb Model
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Figure 2.2: Ground carbon density results from the Compost Bomb Instability model for v val-
ues of 0.07,0.01,and 0.11°Cyr—!

rich soil from permafrost active layers under a range of temperatures. Both determined
that an exponential decomposition rate function best fit their data. However, Treat et
al., 2014 analyzed sample decomposition at only four temperatures between -5°C and
20°C. Due to the limited number of data points and small range of tested respiration tem-
peratures, the temperature dependence of the decomposition rate, especially at higher
temperatures, is not clear. Mikan et al., 2002 recorded decomposition at fourteen different
temperatures but, still only covered a range from -10°C to 14°C. There were enough data
points to conclude a decomposition function over the tested temperature range but, still,
the decomposition rate at higher temperatures is left unknown.

Pietikainen et al., 2004 performed lab respiration analysis on soils and fungus, not spe-
cific to arctic regions, for a temperature range from 0°C to 40°C. Fig. 2.3, the respiration

results for humus soil from their study, shows that respiration rates exhibit exponential
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temperature dependence at relatively low temperatures but, do not continue this trend
towards higher temperatures (Pietikainen et al., 2004). Rather, there is some maximum
temperature, after which the decomposition rates are impeded by greater temperatures
(Pietikainen et al., 2004). A Gaussian function is representative of this mechanism. Fig. 2.4
shows the results from Pietikainen et al., 2004 of relative bacterial activity in humus soil
over the same temperature range. This fully shows a Gaussian curve, as bacterial activity
decreases significantly at greater temperatures (Pietikainen et al., 2004). While decom-
position rates in permafrost have previously been defined as exponential functions, this
representation is unrealistic based on typical bacterial activity behavior as represented in
Pietikainen et al., 2004. Therefore, a Gaussian function would better represent the tem-

perature dependence of permafrost decomposition rate.

Humus soil
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Figure 2.3: Respiration of humus soil for 0°C through 40°C. Peak respiration rate occurs at
about 40°C. Figure from Pietikainen et al., 2004.
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Figure 2.4: Relative bacterial activity in humus soil from 0°C through 40°C. Peak bacterial ac-
tivity occurs at about 25°C. Figure from Pietikainen et al., 2004.

2.2.2 Modeling Soil Microbial Decomposition

To determine a Gaussian function representative of permafrost decomposition, an esti-
mated Gaussian function is compared to the proposed exponential decomposition rate
functions, r(T), in Wieczorek et al., 2010, Treat et al., 2014, and Mikan et al., 2002. These
functions take the form of Eq. 2.2, with varied values for 7y and a. Eq. 2.5 shows a Gaus-
sian decomposition rate function. This equation has three parameters; T, a, and b. T is
the maximum decomposition temperature and a and b are constants that determine the
shape of the Gaussian curve. The functions are compared critically only up to 20°C, as

this was the highest temperature supported by a lab measurement.

") = exp(5 (T~ T.)) 25)

Fig. 2.5 and Fig. 2.7 present Gaussian functions that reasonably fit the previously pro-

posed exponential functions within the 0°C to 20°C test window. The estimated Gaussian
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function presented in Fig. 2.8, with a T, of 40°C, is similar in amplitude and central
temperature to the respiration rates measured in humus soil by Pietikainen et al., 2004,
shown in Fig. 2.3. The estimated Gaussian curve in Fig. 2.6, with a T, of 70°C, does not
align with any specific measurements beyond the 0°C to 20°C test window but, is infor-
mative to consider as the temperature dependence of permafrost decomposition rates is
very unclear above 20°C. Fig. 2.6 and Fig. 2.8 compare the newly proposed Gaussian de-
composition functions to the previously used exponential decomposition functions over a
temperature range up to 100°C. In the adaptation of the Compost Bomb Instability model
into a Permafrost Bomb model, the estimated Gaussian functions in both Fig. 2.6 and Fig.

2.8 will be used as r(7"), rather than an exponential function.

0.200 /
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0.175 - Wieczorek /
—— Treat /

0.150 1 —— Mikan - wetmeadowtopl ,f
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Figure 2.5: Comparison of r(7T") functions from 0°C to 20°C, the highest temperature with func-
tion supporting lab measurement. Gaussian parameters are T, =70°C, a = 11, and b = 0.003.
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Figure 2.6: Comparison of r(7) functions from 0°C to 100°C. Gaussian parameters are T =

70°C,a = 11,and b = 0.003.
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Figure 2.7: Comparison of r(T") functions from 0°C to 20°C, the highest temperature with func-
tion supporting lab measurement. Gaussian parameters are T, =40°C, a = 7,and b = 0.012.

2.2.3 Initial Conditions

Initial conditions used in Wieczorek et al., 2010 Compost Bomb Stability model for peat-

lands are (50 kgm 2, 8.15°C, 0°C) for (C, T, Ta). These conditions are different for a per-
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Figure 2.8: Comparison of r(7") functions from 0°C to 100°C. Gaussian parameters are T =
40°C,a = 7,and b = 0.012.

mafrost specific Permafrost Bomb model. Ground temperature data for a borehole in
Kapp Linné, Svalbard, Norway shows that the annual average atmospheric temperature
and ground temperature at that location has been -3°C for six years (Christiansen, 2016).
As many other permafrost regions exist in a similar climate, this will be used as the initial
condition for both atmospheric and ground temperature in the Permafrost Bomb model.
Ground carbon content will be considered for organic rich permafrost, such as those sam-
pled in Treat et al., 2014. The average soil carbon content sampled from both the active
layer and upper permafrost from locations spread across Alaska in Treat et al., 2014 was
58kgm 2, and will therefore be used as the initial condition for ground carbon in the Per-

mafrost Bomb model.
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2.24 Dynamical Behavior

The Permafrost Bomb model was run with the same specifications as the Compost Bomb
Instability model in Hoyer-Leitzel et al., 2017 except, with the decomposition function
given in Eq. 2.5 with Gaussian parameters described in Fig. 2.6 and Fig. 2.8 and updated
initial conditions. Figures 2.9, 2.10, and 2.11 show the results from a Gaussian decom-
position function with a T, of 70°C for a v of 0.0 °Cyr~!, 0.02 °Cyr~!, and 0.06 °Cyr ™,
respectively. Figures 2.12, 2.13, and 2.14 show the results from a Gaussian decomposition
function with a T, of 40°C for a v of 0.01 °Cyr~*, 0.02 °Cyr~*, and 0.06 °Cyr~!, respectively.

Both Gaussian parameters for the Permafrost Bomb result in a series of permafrost sys-
tem tipping in the 350 year time span. Each consecutive tipping increases in frequency
and decreases in magnitude. When the ground temperature spikes, the ground carbon
depletes to 0 kgm?, at which point the ground temperature decreases to the atmospheric
temperatue value. The carbon content then increases until the next tipping event. The tip-
ping in the system with a T\ of 70°C is more drastic, with maximum ground temperature
reaching 120°C compared to 60°C in the system with a T, of 40°C. Additionally, tipping
of the 70°C T, system occurs at a lower rate of atmospheric temperature change. In fact,
the 70°C T, system exhibits tipping even when v is set to 0°Cyr~!. Lastly, the recovery
from peak temperatures to atmospheric temperature is more rapid in the 70°C Tc system
than the 40°C T, system.

Permafrost Bomb results, from both T, of 70°C and a T, of 40°C, differ greatly from
the Compost Bomb Instability results in Fig. 2.1 and Fig. 2.2. Firstly, the Compost Bomb

Instability model for peatlands has only one major tipping point over the 350 year time
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scale while, the Permafrost Bomb model shows a series of tipping points in the permafrost
system. Secondly, the tipping of the Compost Bomb Instability occurs at a much higher
rate of atmospheric temperature change than that of the Permafrost Bomb. For the Com-
post Bomb, the threshold rate is 0.11°Cyr~* while in the 40°C T. Permafrost Bomb, the
threshold rate is 0.02°Cyr~'. Additionally, the tipping of the Compost Bomb Instability is
more drastic than either Permafrost Bomb experiments, the ground temperature reaching
160°C. Lastly, the shape of the tipping point between the Compost Bomb Instabity model
is very sharp, as opposed to that in the 40°C T, Permafrost Bomb model, where the peaks
flatten after the maximum temperature is reached and before the temperature decreases.
The 70°C T, Permafrost Bomb model has peaks that are sharper than those of the 40°C T,

Permafrost Bomb model but, not as sharp as in the Compost Bomb Instability model.

2.3 Discussion

2.3.1 Negative Feedback from Microbial Decomposition

A Gaussian representation of the decomposition rates within permafrost leads to the both
positive and negative feedback relationship between decomposition rate and ground tem-
perature through internal heat production. The series of system tipping events from
the Permafrost Bomb model is reflective of the greater increase of decomposition rate
with temperature at low temperatures compared to the exponential used in the Compost
Bomb Instability model (Fig. 2.5 and Fig. 2.7). The change in temperature peak shape

very sharp in the Compost Bomb Instability model to flattening out in the 40°C T, Per-
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mafrost Bomb model is a result of the negative feedback between decomposition rate and
ground temperature at high temperatures, introduced in the Permafrost Bomb. When
the ground temperature returns to the atmospheric temperature, the permafrost carbon
reservoir restocks until the next tipping. As the atmospheric temperature increases, less
carbon storage is required to set off a tipping scenario, exhibited by the increase in fre-
quency of system tipping through time. Increase in tipping frequency allows less time
for the carbon stock to grow, causing the amplitude of system tipping to decrease with
successive tipping events. Eventually, the carbon decomposes at an equal or greater rate
than it is stored due to high atmospheric temperature, meaning that the carbon content
stays at 0 kgm~2 and there are no more tipping events observed.

The Permafrost Bomb model with a T'. of 40°C seems more realistic than that witha T,
of 70°C. This is based on the fact that the 70°C T, model showed system tipping when v
was 0°Cyr~!, meaning that atmospheric temperature would consistently be at -3°C. Based
on observation of the majority of permafrost maintaining carbon storage since the LGM,
while average temperature values having stayed below 0°C, the 70°C T, model can not be
accurate (Schuur et al., 2008). Decomposition does occur when the ground temperature
is under 0°C but, this decomposition rate is very low compared to that occurring during
system tipping (Mikan et al., 2002). In addition to not resulting in system tipping below
a v value of 0.02°Cyr~!, the Gaussian T, and decomposition rate maximum for the 40°C
T. model was based on data from Pietikainen et al., 2004. Therefore, a Gaussian function
representation of permafrost decomposition rates, given in Eq. 2.5, with parameters simi-
lar to a T, of 40°C, a of 7, and b of 0.012 would be representative of the permafrost system

in the Permafrost Bomb model.
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2.3.2 Shortcomings

While the decomposition rate function for the Permafrost Bomb model has been better
constrained, there remain shortcomings of the model. The Gaussian function with a T,
of 40°C, a of 7, and b of 0.012 for parameters, is more realistic than the previously pro-
posed exponential decomposition rate functions and the function tested with a T, of 70°C
but, it is still only an estimate. Decomposition rate lab analysis should be done on specif-
ically permafrost soils for temperatures ranging up to 60°C, at least, to fully constrain
the decomposition rate dependence on ground temperature. An additional fault of the
Permafrost Bomb model is that the thermal properties used were the same as those in the
Compost Bomb Instability model. Thermal conductivity, £, and heat capacity, 11, however,
differ between permafrost and peatlands (Jansson and Karlberg, 2001).

The annual contribution of carbon to the ground reservoir from litter fall was not
changed from the Compost Bomb Instability model for peatlands to the Permafrost Bomb
model. To continue with this simplified model for permafrost, this litter fall amount
should be refined to a permafrost specific value. To make a more accurate model for
permafrost, the litter fall should be a temperature dependent function (DeConto et al.,
2012). This is because, as atmospheric temperature increases, plant activity also increases
so, more organic carbon will be deposited into the ground (DeConto et al., 2012). This
feedback was not represented in either the Compost Bomb Instability or Permafrost Bomb

model.



CHAPTER 2. "PERMAFROST BOMB” MODEL 33

2.3.3 Paleocene-Eocene Thermal Maximum

The negative feedback between ground temperature and decomposition rates at higher
temperatures may offer support to the Paleocene-Eocene Thermal Maximum (PETM) hy-
perthermals permafrost hypothesis, presented in DeConto et al., 2012. DeConto et al,,
2012 hypothesized that permafrost thaw amplified effects of solar amplification through
positive system feedbacks, resulting in the hyperthermals (DeConto et al., 2012). The hy-
perthermal events were a series of six rapid peaks in atmospheric temperature and car-
bon content over the course of about two million years following the PETM (Laurentano
et al.,, 2015). Each successive hyperthermal event decreased in amplitude (DeConto et al.,
2012). Without considering other climate system feedbacks in the Permafrost Bomb, the
same pattern of rapid tipping, followed by rapid recovery, and decreasing amplitude of
successive tipping events was observed.

The rapid recovery from each hyperthermal has been explained with the negative
teedback between atmospheric temperature and silicate weathering rates and also veg-
etation draw down (DeConto et al., 2012). The switch to a negative feedback between
decomposition rates and ground temperature at high temperatures further supports the
practicality of permafrost system tipping and recover involvement in the post PETM hy-
perthermals. While the time scale of tipping events observed from the Permafrost Bomb
and the hyperthermal events varies greatly, this can be explained by the fact that the
Permafrost Bomb model was not modeling the precise atmospheric temperature forcing
occurring after the PETM. The Permafrost Bomb was simulating a constant increase in

atmospheric temperature, while after the PETM, the atmospheric temperature tempera-
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tures were being driven by orbital climate forcings so, the temperature not consistently

increasing or decreasing during the time span of the hyperthermals (DeConto et al., 2012).

2.3.4 Conclusion

The Permafrost Bomb adaption from the Wieczorek et al., 2010 Compost Bomb Instabil-
ity model for peatlands considers a Gaussian function for microbial decomposition rates
within the ground rather than an exponential function, as in the Compost Bomb Insta-
bility. The result is a series of system tipping points which quickly recover to the base-
line ground temperature and have decreasing successive amplitude and chage in peak
shape. This pattern resembles that of the post PETM hyperthermals, supporting previ-
ous hypothesis of permafrost system impact on the behavior of the hyperthermals. The
Permafrost Bomb model was therefore informative to the long term patterns of the per-
mafrost system resulting from the decomposition rate ground temperature feedback.
The Permafrost Bomb model could be improved with respiration lab measurements
at of carbon rich permafrost soil at higher temperatures to refine the estimated Gaussian
decomposition function, r(T) = \/%6#@740)2 kgCkgC~'yr—!. Additional data analysis
and measurements can be made to determine the thermal properties, thermal conduc-
tivity and heat capacity, and temperature dependent litter fall function representative of
permafrost. The focus of the Permafrost Bomb model was on the relation between ground
temperature and decomposition rate but, ultimately, a complete permafrost system model

would include the feedback between the permafrost system and atmospheric climate con-

ditions.
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Permafrost Bomb Model
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Figure 2.9: Permafrost Bomb results for ground temperature and carbon density for v
0.0°Cyr~!, when Gaussian parameters are T, =70°C, a = 11, and b = 0.003.
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Permafrost Bomb Model
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