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Thesis Summary

Boreal forests in permafrost regions make up around one-third of the global forest
cover and control the regional and global climate. Boreal forests are known to effi-
ciently protect underlying permafrost from thawing giving rise to a highly sensitive
interplay between vegetation, climate, and the hydrothermal regime of the ground.
So far, only a small fraction of the mechanisms controlling this interplay have been
investigated and understood. It can be expected that the future development of the
boreal forests under climate warming excerpts a critical impact on permafrost sta-
bility. The direct influence of climatic changes on the forest and the indirect effect
through a change in permafrost or forest disturbance dynamics can lead to exten-
sive ecosystem shifts such as a change in forest composition or density, which will,
in turn, affect permafrost persistence. Changes to this tightly coupled ecosystem
will potentially destabilize ecosystem functions such as the carbon stored within
the vegetation and permafrost. This dissertation aims to understand how complex
interactions of heat and water fluxes between vegetation, ground, and atmosphere

control the sensitivity of boreal permafrost ecosystems.

Within this dissertation, I have adapted a one-dimensional, numerical land
surface model (CryoGrid), which can be used to simulate the physical processes in
permafrost regions, for the application in vegetated areas by coupling a detailed
multilayer canopy model (CLM-ml v0), and a dynamic larch stand model. In
three closely related studies, I have successfully reproduced the energy transfer
and thermal regime of typical boreal permafrost ecosystems at different study sites
in eastern Siberia. An intensive validation of the model allows precise quantification
of the different heat- and water fluxes controlling the stability of permafrost under

boreal forest covers.

The numerical simulations revealed that the forests exert a strong control on

the thermal and hydrological state of permafrost through changing the radiation



balance and snow cover phenology. The forest cover has a net stabilizing effect
on the permafrost ground below. Canopy shading below the canopy is the main
controlling mechanism, along with enhanced longwave radiation due to low tur-
bulent fluxes, higher or lower groundwater content, and a higher snowpack. The
detailed physical model has enabled me to study the variation in the insulation ef-
fect of different forest types and forest densities as well as the feedback mechanisms
occurring after forest disturbances such as fires or logging. Forest cover changes,
such as densification or a shift in dominant plant functional type are found to
significantly alter the ground hydrothermal conditions leading to both soil drying
and wetting with increased active layer thicknesses. Such changes in permafrost
conditions can all have a favoring effect on either evergreen needleleaf or deciduous
hardwood expansion, lead to the complete loss of forest cover or a shift in the forest
density. Finally, I have found first indicators for the existence of tipping behav-
ior in larch forests after disturbances such as fires and logging causing irreversible
forest dieback triggered by changing soil water conditions. My results reveal the
high sensitivity of this unique ecosystem and contribute to a better understanding
of the impact of forest disturbances and climatic changes.

In summary, my results suggest that local, detailed, and specific land surface
models are required to fully comprehend the complex dynamics in boreal permafrost
ecosystems. The research revealed that climatic changes and associated feedbacks
between permafrost, climate, boreal forest, and forest disturbances will destabilize
tightly coupled ecosystem functions such as its role as a carbon sink. The induced
changes will likely affect key forest and permafrost characteristics triggering and

enhancing feedback mechanisms such as swamping, droughts, fires, or forest loss.



Kurzfassung

Boreale Walder umfassen etwa ein Drittel der weltweiten Waldfliche und reg-
ulieren das regionale und globale Klima. Boreale Wélder schiitzen den darunter
liegenden Permafrost wirksam vor dem Auftauen. Dies fiihrt zu hochsensiblen
Wechselwirkungen zwischen Vegetation, Klima und dem hydrothermalen Regime
des Bodens. Bislang wurde nur ein kleiner Teil der Mechanismen, die dieses
Zusammenspiel steuern, genauer untersucht und verstanden. Unter dem Ein-
fluss der Klimaerwérmung ist es zu erwarten, dass die zukiinftige Entwicklung
der borealen Walder kritische Auswirkungen auf die Permafroststabilitat haben
wird. Der direkte Einfluss von Klimaverdnderungen auf den Wald und die in-
direkten Auswirkungen durch eine Verdnderung des Permafrosts oder sich wan-
delnde Storungsregime, wie bspw. haufiger auftretende Waldbrande, konnen zu
weitreichenden Veranderungen im Okosystem fithren. So kann beispiclsweise eine
Anderung der Walddichte oder -zusammensetzung sich wiederum auf die Persis-
tenz des Permafrosts auswirken und Okosystemfunktionen wie die Speicherung
von Kohlenstoff in der Vegetation und im Permafrost destabilisieren. Ziel dieser
Dissertation ist es zu verstehen, wie die komplexen Wechselwirkungen der Warme-
und Wasserfliisse zwischen Vegetation, Boden und Atmosphére die Empfindlichkeit

der borealen Permafrostokosysteme steuern.

Im Rahmen dieser Dissertation habe ich ein eindimensionales, numerisches Lan-
doberflachenmodell (CryoGrid), welches zur Simulation der physikalischen Prozesse
in Permafrostgebieten verwendet werden kann, fiir die Anwendung in bewalde-
tem Gebieten angepasst. Dazu habe ich ein detailliertes mehrschichtiges Kro-
nendachmodell und ein dynamisches Larchenbestandsmodell daran gekoppelt. In
drei eng miteinander verbundenen Studien habe ich den Energietransfer und das
Warmeregime typischer borealer Permafrostokosysteme an verschiedenen Unter-

suchungsstandorten in Ostsibirien erfolgreich reproduziert. Eine intensive Va-
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lidierung des Modells ermdglicht eine genaue Quantifizierung der verschiedenen
Wirme- und Wasserfliisse, welche die Stabilitdt des Permafrosts unter borealen
Waildern steuern. Die numerischen Simulationen ergaben, dass die Walder den
thermischen und hydrologischen Zustand des Permafrosts stark beeinflussen, in-
dem sie die Strahlungsbilanz und die Phanologie der Schneedecke verdndern. Die
Waldbedeckung hat eine stabilisierende Wirkung auf den darunter liegenden Per-
mafrostboden. Die Beschattung durch das Kronendach ist dabei der wichtigste
Steuerungsmechanismus, dazu kommen geringe turbulente Fliisse was die lang-
wellige Strahlung unter dem Blatterdach verstarkt, einen héheren oder niedrigeren
Grundwassergehalt und eine héhere Schneedecke. Anhand des physikalischen Mod-
ells konnte ich die unterschiedliche Isolierwirkung verschiedener Walddichten und
-typen sowie die Riickkopplungsmechanismen nach Waldstérungen wie Branden
oder Abholzung untersuchen. Verdnderungen der Waldbedeckung, wie z.B. eine
Verdichtung oder Verschiebung der vorherrschenden Baumarten, fithren zu einer
erheblichen Veranderung der hydrothermalen Bedingungen des Bodens und resul-
tieren in tieferen Auftauschichten und trockneren oder feuchteren Boden. Solche
Anderungen der Permafrostbedingungen kénnen die Ausbreitung von immergriinen
Nadel- oder Laubholzern begiinstigen, zum vollstandigen Verlust der Waldbedeck-
ung oder zu einer Verschiebung der Walddichte fiihren. Schlussendlich habe ich
erste Anzeichen fiir das Vorhandensein von Kippverhalten in Larchenwéldern nach
Storungen wie Brianden und Holzschlag gefunden, die zu irreversiblem Waldster-
ben fiihren, ausgelost durch verinderte Bodenwasserverhéltnisse. Meine Ergeb-
nisse zeigen die hohe Empfindlichkeit dieses einzigartigen Okosystems und tragen
zu einem besseren Verstandnis der Auswirkungen von Waldstérungen und klima-
tischen Verdnderungen bei.

Zusammenfassend deuten die Ergebnisse darauf hin, dass lokale, detaillierte und
spezifische Landoberflichenmodelle erforderlich sind, um die komplexe Dynamik
der borealen Permafrostokosysteme vollstandig zu erfassen. Meine Forschung hat
gezeigt, dass klimatische Verdanderungen und damit verbundenen Riickkopplungen
zwischen Permafrost, Klima, borealem Wald und Waldstorungen die eng gekoppel-
ten Okosystemfunktionen, wie z.B. die Rolle als Kohlenstoffsenke, destabilisieren
konnen. Die induzierten Verdnderungen werden sich wahrscheinlich auf wichtige
Wald- und Permafrostmerkmale auswirken und Riickkopplungsmechanismen wie

Uberschwemmungen, Diirreperioden, Brande und Waldverlust auslosen.
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Chapter 1

Introduction

1.1 Boreal forests and permafrost

Boreal forests contain about 30% of the global forest area and are the largest
terrestrial ecosystem (Gauthier et al., 2015). Due to the sheer size, boreal forests
store over 30% of terrestrial carbon (Kasischke, 2000), twice as much as tropical
forests. Boreal forests are additionally an essential component of regional and
global climate patterns, exerting a strong control on numerous climate feedback
mechanisms (Achard et al., 2006; Zhang et al., 2018; Bonan et al., 2018).

Located in high latitudes between 45° to 70° North, 80% of boreal forests
are underlain by permafrost (Helbig et al., 2016). Permafrost, which is defined
as ground material that has been at a temperature below 0°C for at least two
consecutive years (Van FEverdingen, 1998), is estimated to cover about 14 million
square kilometers or 15% of the land surface in the Northern Hemisphere. As
an important component of the Earth’s cryosphere and the global carbon cycle,
permafrost contains about 1’300 Gt of carbon, twice as much as the atmosphere
(Hugelius et al., 2014). Carbon in boreal forest regions has been estimated to store
652 Gt of soil carbon and 78 Gt of plant biomass carbon (Kasischke, 2000).

The distribution and condition of permafrost are directly linked to the snow
and vegetation cover, topography, water bodies, the geothermal heat flux, and the
air temperature. Therefore, predicting permafrost sensitivity to a warming climate
is highly complex, with many uncertainties (Boike et al., 2013). Permafrost is often
found to be in disequilibrium with climatic conditions due to the thermal inertia
of the ground. This imbalance can be intensified by the insulating effect of an

organic soil layer, a litter layer, or vegetation cover (Yershov, 2004). About 55%
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of permafrost area is covered by boreal forest. Boreal forests exert a strong control
on permafrost stability (Gruber, 2012; Helbig et al., 2016). Although boreal forests
underlain by permafrost are highly adapted to extreme temperature conditions,
they are sensitive to climatic changes (IPCC, 2019, 2021), and prone to vegetation
shifts.

Over the last century, the surface temperature in the Arctic has on average in-
creased at a rate 50% greater than in the Northern Hemisphere as a whole (Meyer
et al., 2015; IPCC, 2021). Boreal forest regions are expected to warm by 4 to 11°C
by 2100, which is double the global average warming rate, accompanied by a modest
precipitation increase (Scheffer et al., 2012; IPCC, 2021). During 2007-2016, con-
tinuous zone permafrost temperatures have already increased by 0.39 (+0.15)°C
(Biskaborn et al., 2019) and for Central Yakutia, permafrost temperature rises by
1 - 1.5° C over the past three decades have been reported (Gorokhov and Fedorov,
2018).

The induced climatological changes can promote an increasing active layer
thickness or trigger the partial disappearance of the near-surface permafrost. This
leads to changing hydrological conditions and vegetation patterns, which could
trigger thermokarst development and other erosion processes. Moreover, climate
change has a direct impact on the water, heat, and nutrient budget of boreal
ecosystems (Pearson et al., 2013). Boreal forests are expected to increase in den-
sity, change in species composition, and expand northwards under warming climatic
conditions (Holtmeier and Broll, 2005; Mamet et al., 2019). Extensive ecosystem
shifts such as changes in composition, density, and distribution of Arctic vegetation

are already reported all over the Arctic and sub-Arctic (Pearson et al., 2013).

Vegetation changes and transitions trigger multiple feedback mechanisms of
different magnitudes between the permafrost, the forest cover, and the atmosphere
(Chapin et al., 2005; Pearson et al., 2013). As such, a shift in the forest cover
changes the below-canopy surface energy balance and the thermal and hydrological
regime of the permafrost, which in turn leads to additional forest cover changes,
both impacting the atmosphere through e.g. albedo change, changes in surface
roughness, and resistances. The numerous interactions and interdependencies of
the atmosphere, boreal vegetation, and permafrost are poorly understood and make
predictions and interpretations of the current and future state of boreal permafrost

ecosystems highly challenging. For example, globally, boreal forests currently act
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as a carbon sink (—29 to —46 gCm~2yr=!) (Schaphoff et al., 2016; Hiyama et al.,
2021; Virkkala et al., 2021), but could eventually turn into a large carbon source,
which has recently been reported in certain regions of boreal forests (Zhao et al.,
2021). To further our understanding of the current and future state of boreal
permafrost ecosystems, this thesis aims to understand and quantify the complex

feedback mechanisms.

Wide areas of the northeastern Eurasian continent are dominated by the decidu-
ous needleleaf tree genus Lariz Mill., while most other boreal forests are dominated
by more typical evergreen needleleaf taxa (Figure 1.1). These larch-dominated
ecosystems function as tightly coupled systems, fostering unique interactions be-
tween the permafrost, fires, and climate. In larch-dominated forest stands, the
invasion of evergreen taxa is inhibited even though evergreen taxa are thought
to represent the late-successional, stable forest stage and would therefore become
dominant at some point (Kharuk et al., 2007). It is assumed that the establishment
of stable larch forests is controlled by complex vegetation-permafrost-climate inter-
actions which remain poorly understood. A shallow active-layer depth (Kajimoto,
2010), a high fire frequency (Rogers et al., 2015), and a certain regulation of the
seasonal permafrost thawing conditions (Tanaka et al., 2008; Zhang et al., 2011;
Peng et al., 2020) are shown to be the main hindrances to the establishment of

evergreen taxa (Herzschuh, 2019).

Warmer temperatures in the past 30 years have, nevertheless, had an impact on
the growth of evergreen and deciduous taxa in Siberia. There have been measurable
increases in growth increments, stand density, and regeneration propagation into
tundra ecosystems (Kharuk et al., 2005; Esper et al., 2010; Kharuk et al., 2015).
Furthermore, recent studies have found that warming temperatures will likely lead
to increased density of the vast Siberian larch forests, and in some regions, lead
to an increase in evergreen conifer-dominated forests (mostly Pinus spp.), with
an increase in birch wherever sufficient precipitation is available (Shuman et al.,
2011; Kharuk et al., 2019). A warmer and drier climate in the future may favor
the transition into a steppe, which would mean an irreversible loss of the larch
forests (Herzschuh et al., 2016). Additionally, changes in the natural fire cycles
and upsurge of other disturbances (Kharuk et al., 2021) could influence and hasten
the transition of larch-dominated forests towards steppe or grasslands (Gauthier

et al., 2015). These shifts will modify the insulation capacity of the vegetation and
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Figure 1.1: Global evergreen needleleaf (dark green) and summergreen needleleaf
(light green) boreal forest distribution and the boundary line between the discon-
tinuous and continuous permafrost extent in brown. Data: ESA CCI Land Cover
classes. ESA. Land Cover CCI Product User Guide Version 2. Tech. Rep. (2017)
(after Herzschuh (2019)), permafrost extent from Land Resources of Russia - Maps
of permafrost and Ground Ice (after Kotlyakov and Khromova (2002)).

have a large impact on permafrost persistence, and the global carbon cycle. There-
fore, there is a need to further understand the high variability in the influence of
vegetation cover on permafrost persistence and to incorporate the local, heteroge-
neous and complex feedback mechanisms, caused by the various vegetation types
and their relationship with permafrost (Tchebakova et al., 2009; Schuur and Mack,
2018).

In the following section, I will provide a review of existing knowledge on ecosystem-
protected permafrost and the feedbacks and interactions within this complex ecosys-

tem.
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1.2 Energy and water exchange in boreal forests un-

derlain by permafrost

Forest density exerts a strong control on permafrost stability (Y7 et al., 2007; Chas-
mer et al., 2011; Fisher et al., 2016), and a direct feedback mechanism is expected
to control the temporal ecosystem evolution (Bonan et al., 1992; Baltzer et al.,
2014; Carpino et al., 2018). Nevertheless, the exact magnitude of this feedback
mechanism (Figure 1.2) is not fully understood and broad-scale vulnerability stud-
ies do not yet exist. Forests act as insulators, conductors, and storage units for heat
and water. This is controlled by different factors such as the radiative heat transfer
(shading, re-emission, and absorption), near-surface turbulence (including within-
and below-canopy wind conditions), water- and snow interception, and soil prop-
erties (litter and organic layers, freezing characteristics, ground ice, and soil water
retention). The canopy shades the forest floor below by reflecting and absorbing
most downward solar radiation and by suppressing the majority of turbulent heat
fluxes in the below-canopy space (Chang et al., 2015). Furthermore, the canopy
controls the surface albedo, which is much lower than in grasslands, especially
during snow-covered periods (Bonan and Shugart, 1989; Stuenzi and Schaepman-
Strub, 2020). The canopy decreases soil moisture and leads to a reduced thermal
conductivity through precipitation interception ( Thomas and Rowntree, 1992) and
higher evapotranspiration ( Vitt et al., 2000). Additionally, the canopy slows snow
melting in spring and reduces snow compaction because of the suppressed turbu-
lent fluxes, which leads to higher snowpacks under denser canopies. Finally, the
vegetation cover promotes the accumulation of an organic surface layer (Bonan
and Shugart, 1989; Yi et al., 2007), which further insulates the topsoil from the

atmosphere.

A change in the forest density modifies the within- and below-canopy energy
and water fluxes (Chasmer et al., 2011). The forest composition also has an impact
on the ground surface energy and water balance. The needle-shedding of decidu-
ous taxa additionally impacts the within- and below-canopy fluxes (Tanaka et al.,
2008; Zhang et al., 2011; Peng et al., 2020), the litter and organic surface layers
(Bonan and Shugart, 1989) and the fire regime (Rogers et al., 2015). Since both,
evergreen and deciduous taxa, can become established under similar climate condi-

tions (Esper and Schweingruber, 2004; Kharuk et al., 2007), the successful spread
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of evergreen taxa into currently larch dominated areas and vice-versa mainly de-
pends on the frequency of disturbance events, which have increased over the past
decades (Shuman et al., 2011; Mekonnen et al., 2019; Meredith et al., 2019).

Climatic changes have (1) a direct impact on permafrost thaw dynamics, while
(2) leading to a change in forest structure and composition. Climate-induced
changes in permafrost dynamics affect thaw depth, permafrost persistence, and
water availability, and trigger structural changes in the vegetation cover. A change
in forest canopy structure modifies through-canopy radiative heat transfer, snow
and water interception and through-fall, near-surface turbulent fluxes, topsoil prop-
erties, and the fire regime — all of which trigger further changes in the energy and
water fluxes of the underlying permafrost. Ultimately, all of these mechanisms and
related interactions lead to a number of interrelated effects which result in positive
or negative feedbacks on climate change (Figure 1.2).

In summary, I have identified the following uncertainties which make it difficult
to accurately project boreal permafrost dynamics: (1) complex interactions and
feedbacks between the ecosystem components of boreal forest, permafrost, distur-
bances (such as fires) and climate, (2) vegetation shifts causing large differences in
forest density and composition, and (3) an increase in disturbances and unknown
ecosystem resilience towards those disturbances.

Having identified these major challenges for ecosystem-protected permafrost

modeling, I pose the following research question central to this thesis:

How can the complex interactions and feedbacks between boreal forests and
permafrost be modeled to successfully make predictions on the future devel-

opment of this ecosystem and its role under changing climate conditions?

In the following, I will briefly explain the existing modeling schemes, and iden-
tify the need for a novel modeling approach to realistically assess these complex

ecosystem dynamics.

1.3 Modeling of permafrost-boreal forest ecosystems

The vegetation—permafrost dynamics of the entire boreal regime and in eastern

Siberia specifically have been studied in exploratory and descriptive field stud-
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Figure 1.2: Interactions between the atmosphere, boreal forest cover, and per-
mafrost. The arrows display all the directions of impacts of change from the at-
mosphere on the boreal forest cover and the permafrost (red), from the permafrost
on the boreal forest cover and the atmosphere (brown), and from the boreal forest
cover on the atmosphere and the permafrost. Climatic change leads to a change in
the forest density and structure, which leads to changes in all feedback processes
between forest and permafrost. Additionally, climatic change leads to permafrost
thawing and a change in the water availability, which also leads to forest demsity

and structure changes.

ies showing an insulation effect of forests on soil temperatures (e.g. Chang et al.
(2015)). The biogeophysical processes controlling the evolution of the ecosystem
have also been described by different conceptual models (Beer et al., 2007; Zhang
et al., 2011; Sato et al., 2016). Modeling schemes such as NEST (Northern Ecosys-
tem Soil Temperature; Zhang et al. (2003)), SiIBClLiM (Siberian BioClimatic Model;
Tchebakova et al. (2009)), Lund—Potsdam—Jena (LPJ DGVM — Dynamic Global
Vegetation Model; Beer et al. (2007)), JULES (Joint UK Land Environment Sim-
ulator; Chadburn et al. (2015)) or ORCHIDEE-CAN (Organising Carbon and Hy-
drology In Dynamic Ecosystems — CANopy; Chen et al. (2016b)) have added a
vegetation or canopy module, with defined exchange coefficients for the fluxes of

mass and energy, to their soil modules. This is feasible to varying complexity
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and the setups have successfully been used to address different mechanisms within
permafrost underlain boreal forest systems. Such studies include research on the
evolution of the vegetation carbon density under diverse warming scenarios (Beer
et al., 2007), the role of fire disturbances and fire return intervals (Thonicke et al.,
2001), unfrozen versus frozen ground and fire disturbances (Zhang et al., 2011), or
forest establishment and mortality (Sato et al., 2016). All of these studies have
improved knowledge on the essential processes in boreal permafrost areas. Never-
theless, it has often been pointed out that it is important to further understand how
forest structure and canopy development (e.g. Loranty et al. (2018a)) or changes
in the frequency and extent of wildfires (e.g. Holloway et al. (2020)) affect the
thermal state and the snow regime of the ground, especially amid ongoing shifts in
forest composition. The described model setups are often unable to capture impor-
tant aspects such as either the vertical canopy structure or the leaf physiological
properties which strongly control the energy transfer between the top-of-the-canopy
atmosphere and the ground or the permafrost dynamics. To my knowledge, none of
the existing models can reproduce the vertical tree structure and fluxes within the
canopy in combination with a physically-based, highly-advanced permafrost model.
Furthermore, most studies focus on well-researched boreal forest sites in Alaska and
Canada, while the dynamics in eastern Siberia are considerably different in terms

of dominant vegetation types and permafrost conditions.

The advanced multilayer canopy model which was coupled to CryoGrid within
this dissertation introduces turbulent energy fluxes and a robust radiative transfer
scheme through the canopy for a detailed analysis of the impact vegetation has
on the hydrothermal regime of the permafrost ground below. This allows us to
quantify the surface energy balance below a complex forest canopy and its direct
impact on the hydrothermal regime of the permafrost ground. Within this disser-
tation, I have developed a tailored version of a one-dimensional land surface model
(CryoGrid — CG, Westermann et al. (2016)) which has, so far, not included a
vegetation scheme. Previously, the permafrost model has been used to successfully
describe atmosphere—ground energy transfer and the ground thermal regime in bar-
ren and grass-covered permafrost areas (Langer et al., 2016; Westermann et al.,
2016; Nitzbon et al., 2019). T have adapted a state-of-the-art multilayer vegetation
model (CLM-ml v0, originally developed for the Community Land Model — CLM
— by Bonan et al. (2018)). By developing interfaces to couple the two models, I
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have created a highly-detailed land surface model to reproduce the energy transfer
and surface energy balance in ecosystem-protected permafrost regions. Further-
more, I have coupled a dynamic larch vegetation simulator (Lavesi) (Kruse et al.,
2016) to the novel model in order to simulate the future development of boreal
forest-covered permafrost under warming climate scenarios. Combining these par-
ticular model components allows for the detailed study of the complex interactions

between the different ecosystem components.
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1.4 Research objectives

The climate-vegetation-soil interactions in the vast permafrost-dominated boreal
forests are studied over a large transect in eastern Siberia. The underlying hypoth-
esis is that common land surface models cannot capture the diverse feedback mech-
anisms between boreal vegetation and the underlying permafrost, and in particular,
cannot capture the thermal insulation and the soil moisture that the forest affects.
In three closely related research articles, the capacity of a novel model setup to
simulate these exchanges is explored. The developed permafrost-multilayer canopy
model is intended for use in permafrost-affected boreal forests. The overarching
goal of this dissertation is to provide answers concerning the future development
of the coupled permafrost-boreal forest ecosystems. In summary, I have identified

the following main research objectives:

1. To improve the understanding of physical processes and feedbacks
in permafrost-affected boreal forests, with a specific focus on boreal

ecosystems in eastern Siberia.

2. To understand projected forest cover trajectories under a warming cli-
mate and constrain the relevance of forest cover changes for permafrost

thaw and conditions.

3. To further the understanding of feedback processes and possible tip-
ping behavior between permafrost, boreal forest, atmosphere, and dis-

turbances.

Each of the three articles in this cumulative thesis contributes to the research
objectives posed above. The full articles are provided in Part II. Chapter 2 gives
an overview of the methodology used, namely the study sites and the observational
data, as well as the different models this research is based upon. The contents of the
articles are summarized in Chapter 3. Chapter 4 provides a synthesis, summarizing

the main conclusions of this research and providing an outlook for further research.



Chapter 2

Methodology

In the first Chapter of this thesis, I have elaborated on the importance of boreal
forests and their interactions with permafrost. Based on the large impact of the
vast boreal permafrost regions on regional and global climate patterns and the
inadequate modeling schemes currently available for this complex ecosystem, I
have identified the research objectives of this thesis. In this Chapter, I provide an
overview of the methodologies built upon to answer the posed research questions.
Firstly, I introduce the suitable study areas and the gathered field data for model
validation and parameterization that I have collected during two field campaigns
to eastern Siberia in 2018 and 2019 (section 2.1). In a second step, I introduce
the different models on which the detailed boreal forest-permafrost model is based

(section 2.2).

2.1 Study area and observational data

2.1.1 Study area

The treeline of Northern Siberia is dominated by the deciduous needleleaf tree genus
Lariz Mill. up to N 75.5°, Larix sibirica Ledeb. from E 60 — 90°, Larixz gmelinii
Rupr. between E 90 —120°, and Lariz cajanderi Mayr. from E 120 —160°. Decidu-
ous larch further grows in mixed stands with evergreen conifers (Siberian pine (Pi-
nus sibirica, Pinus sylvestris), spruce (Picea obovata Ledeb.), and fir (Abies sibir-
ica)), and hardwood (Betula pendula Roth., B. pubescence Ehrh., Populus tremula
L.) (Kharuk et al., 2019) (Figure 2.1). Evergreen conifers and hardwood prefer

deeper active layers and a higher soil moisture availability but they can coexist
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with deciduous larch (Furyaev et al., 2001; Ohta et al., 2001; Rogers et al., 2015).
All of these species are exceptionally well adapted to the harsh climatic condi-
tions with short 60-90 days summers and cold winters with temperatures down
to —57° C (Boike et al., 2016). The region experiences an extreme continental
climate with long, cold winters and moderately warm summers. The temperature
amplitude range is over 80°C. Additionally, large areas are snow-covered from
late September until the beginning of May and the climate is generally semi-arid
to moist throughout the year (Boike et al., 2016). The ecotone, called taiga, is
further characterized by very low ground temperatures resulting in continuous per-
mafrost. Permafrost thickness ranges from 200 to 600 m ( Yershov et al., 1991). The
development of soil is hindered, resulting in podzolized, young, and very nutrient-
poor soils. The landscape is composed of thermokarst lakes, alases, grassland,
and forests (Boike et al., 2016). The ground vegetation in forests is dominated
by mosses and lichens that form carpets. Larch has shallow roots and grows on
clay permafrost soils with an active layer of around 0.7 m and maximum wetness

of 20-40% (Ohta et al., 2001; Rogers et al., 2015).
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Figure 2.1: Leaf area index (m®>m~2) from satellite imagery (brown-green) and
permafrost extent (black line) in north-eastern Siberia. The three study sites are
marked with black crosses (Nyurba (NYU), Spasskaya Pad (SPA), and Chukotka
(CHK)). Top left: Photographs showing the typical forest covers at the three study
sites.

Data: ESA CCI Land Cover classes. ESA. Land Cover CCI Product User Guide
Version 2. Tech. Rep. (2017) (after Herzschuh (2019)), permafrost extent from
Land Resources of Russia - Maps of permafrost and Ground Ice (after Kotlyakov
and Khromova (2002)), and Copernicus Global Land Service, Leaf Area Index
(LAI) (after Copernicus Global Land Operations (2021)).

Along a transect between the North-Eastern region of Chukotka and Southern
Yakutia the two main locations of interest within this dissertation (Figure 2.1)
were chosen to set up automatic weather stations (AWS, Campbell Scientific, de-
tailed list of sensors see Table 2.2). Additionally, 100 iButtons and 6 Hobo Loggers
(both stand-alone soil temperature sensors) were distributed at several locations.
Additionally, a third study site, with an existing and available longer time series
of measurement data was chosen for additional model validation and simulations.
In the scope of this dissertation, I have run different simulation experiments at
these three sites across this east-west transect through north-eastern Siberia. The

transect covers a wide range of spatial differences, such as different climate condi-
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tions (Figure 2.2), a variety in dominant plant functional types, and differing soil
conditions (Table 2.1). In the following, I will provide an overview of the three
study sites and their main characteristics, including the climate conditions (Figure
2.2). T will then provide a detailed explanation of the measurement set-up (section

2.1.2).

The most northern study area is located at Lake Ilirney in Chukotka at N 67.40°,
E 168.37° and 603 masl. At the Chukotka site (CHK) the treeline is dominated by
deciduous larch and underlain by continuous permafrost. The soil is clay dominated
with a litter layer of undecomposed Betula roots, dead moss and dense rooting
(0.01m). The average measured tree height is 11 m. The organic horizon consists
of organic black hummus with highly decomposed organic material, moss remains
and good rooting (0.18 m). The thawed mineral sediment layer had a thickness of
0.37m in August 2019 with little roots, dark grey clay matrix (40%) and clasts
(60%). This site has been used as a study site in Article 2.

The central study site is near the well-described forest research station in
Spasskaya Pad at N 62.14°, E 129.37°, and 237 masl (Ohta et al., 2001; Mazi-
mov, 2015). Spasskaya Pad (SPA) is located in a continuous permafrost region.
The main tree species is Dahurian larch (Lariz gmelinii) with a stand density of
840 trees/ha. Understory vegetation (Vaccinium) is dense and 0.05m high. The
measured average tree height is 12m. This site has been used as an external vali-
dation site in Article 1 and as one of the main study sites in Article 2 and 3 of this

dissertation.

The most western study site is located south east of Nyurba at N 63.08°, E 117.99°
and 117 masl, in a continuous permafrost boreal forest zone intermixed with some
grassland and shallow lakes. The forest at Nyurba (NYU) is rather dense and
mixed, with evergreen spruce (Picea obovata Ledeb.) and deciduous larch (Lariz
gmelinii Rupr.). The average tree height is 8 m (6 m for spruce and 12 m for larch).
The forested soil at the NYU site has a litter layer of 0.08 m and an organic rich
A-horizon reaching a depth of 0.16 m. It is rich in organic and undecomposed ma-
terial and sandy. Mineral soil is podsolized and the rooting depth is 0.20m. The
average active layer thickness between spatially distributed point measurements
was 0.75m in mid-August 2018 and 0.73m in early-August 2019. This site has

been used as the main validation site in Article 1 and 2.
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Figure 2.2: Monthly average temperature (red) and total monthly solid and liquid
precipitation (blue) for the three study sites (based on ERA-Interim ECMWF

Reanalysis data for the study site coordinates).

2.1.2 Meteorological and soil physical measurements

In the course of this dissertation, two automatic weather stations (AWS, Campbell
Scientific, detailed list of sensors see Table 2.2, and Figure 2.3) were installed at
the NYU and CHK sites. The AWS at NYU was fully functioning from August
2018 until August 2019, the AWS at CHK from July 2018 until September 2018.
The AWS recorded air temperature and relative humidity at two heights (1.1m
and 2.5m) above the ground. Wind speed and direction were measured at 3.2m
above ground. In addition, the stations measured liquid precipitation, snow depth,
incoming and outgoing short- and longwave radiation and were equipped as Bowen
Ratio stations. All meteorological variables were recorded at 10 min resolution and
stored as 30 min averages. In order to install soil temperature and moisture sensors
in the ground, soil pits were excavated in immediate vicinity (2.5m) of the AWSs.

In this soil pit, soil temperature and moisture measurement profiles were installed
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Table 2.1: Description of different study sites.

Study site Nyurba Spasskaya  Chukotka
(NYU)  Pad (SPA) (CHK)
Lat N 63.08° N 62.14° N 67.40°
Lon E 117.99° E 12937 E 168.37°
Elevation [m asl] 117 237 603
Mean annual air temperature [°C] -3.69 -5.97 -11.69
Mean snow-covered air temperature [°C] | -9.6 -12.7 -17.7
Mean snow-free air temperature[°C] 13.6 13.7 6.0
Solid precipitation [mm)] 101 84 116
Liquid precipitation [mm] 180 170 292
Dominant plant functional type Evergreen Deciduous Deciduous
Tree height [m] 8 12 11
Leaf area index [m?m™] 3 3 1

from the top to the bottom of the active layer consisting of 8 temperature sensors
(0.07m, 0.26 m,0.88m, 1.33m, 1.28 m, 1.58 m, 1.98 m, 2.28 m) and 4 moisture probes
(0.07m, 0.26 m,0.88m, 1.33m). In addition the conductive ground heat flux in the

topsoil layer was measured with a heat flux plate installed at 0.02m depth.

Furthermore, I recorded the near surface ground temperature with 100 stan-
dalone temperature loggers (iButtons, Table 2.2) with a measurement interval of
3 hours. These were installed in the upper 0.03m of the organic soil at sampled
forest sites. Additional soil temperature data were collected with 3 stand-alone soil

temperature sensors (Hobo Loggers) at CHK and NYU.

Furthermore, at NYU, as one component of an extensive vegetation survey,
the tree height of every tree within a 2m distance was estimated along a 150 m
transect from the grassland into the forest (Kruse et al., 2020). Trees < 2m were
measured with measuring tape, while trees > 2 m were measured with a clinometer

or visually estimated after repeated comparisons with clinometer measurements.

Together, the instrumentation with a variety of different loggers (Langer et al.,
2020; Stuenzi et al., 2020), recorded the spatial and temporal variances across the
different sites which are representative for a large area of the deciduous-dominated

and mixed boreal forest domain in eastern Siberia.

As previously mentioned, the third study site, SPA, is a well-described study site
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Figure 2.3: a) Photograph of the automatic weatherstation deployed in CHK (July
2018). b) Schematic of the measurement set-up at the NYU site. ¢) Photograph

of the automatic weatherstation in NYU before data collection and dismantling
(August 2019, photo credit: Elisabeth Dietze). d) Photograph of a soil temperature
profile using a HoboLogger at a forest site in CHK. e) Installation of the soil
temperature profile in the vicinity of the NYU automatic weatherstation (August
2018, photo credit: Luise Schulte). f) Installation of stand-alone soil temperature
sensors (iButtons) at a forest site near NYU (August 2018).

in eastern Siberia with a unique and extensive measurement record of radiation and
temperature data from below and above the forest canopy. This data set allows for
a comprehensive model validation. In 1996, a 32 m observation tower was installed
in the larch-dominated forest (Ohta et al., 2001). Through the Arctic Data Archive
system (ADS, http://ads.nipr.ac.jp/ (Mazimov et al., 2019), I have been provided
with the latest available meteorological and radiation data from beneath and above
the larch-dominated forest canopy for the time-period 2017-2018 (Mazimov et al.,
2019). Each variable used was measured at 5-min intervals, except radiation (1-

min). Ventilated shelters cover air temperature and humidity sensors. Net all-wave
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Table 2.2: Sensors used for field measurements.

Sensor Brand Measurement Accuracy
Temperature and relative

humidity probe (HMP155A) Vaisala Air temp. / rel. Humidity +1% (15 —25°C)
Alpine wind monitor (05103-45) | R. M. Young C. Wind speed / direction 1% of reading

Sonic ranging sensor (SR50A) Campbell Snow depth 0.4% of height
Barometric sensor (CS100) Setra Barometric pressure +0.5 mb (20°C)
4-Component Net Radiometer

(NRO1) Hukseflux S/L in and out 10% daily totals
Thermistor probe (107) Campbell Soil temperature 0.2°C

Heat flux sensor (HFPO1) Hukseflux Ground heat flux +3%

Raingauge tipping bucket

unheated (52203) R. M. Young C. Precip. (liquid) 2% up to 25 mm hr!
Water Content Reflectometer

(CS616) Campbell Soil moisture +2.5% VWC

Hobo 4 Channel Data Logger

+ Temperaturesensor Onset Soil temperature +2 mV +2.5% abs. reading
iButton (DS1922L) Maxim Integrated Soil temperature +0.5°C (-10 — 65° C)

radiation and the four components of radiation are measured every minute, and
the data loggers record average, maximum and minimum values. Upward and
downward longwave radiation is corrected using the sensed temperature at domes
and sensor bodies. Ground temperature is measured at seven depths, and soil
moisture at five depths. A more detailed description of the sensors can be found

in Table 1 in Ohta et al. (2001).

2.2 Coupled permafrost-multilayer vegetation model

2.2.1 CryoGrid permafrost model

As a basis of this thesis, [ have made use of CryoGrid, a one-dimensional, numerical
land surface model used to simulate the physical processes in permafrost regions.
The numerical model simulates the below-ground temperature field based on tem-
porally changing conditions at the ground-surface boundary. The model has been
developed in order to simulate different permafrost landscape processes such as sub-
sidence, thermokarst, or ice-wedge degradation (Nitzbon et al., 2019). The model
version is originally described in Westermann et al. (2016) and has since been ex-
tended with different functionalities such as lake heat transfer (Langer et al., 2016),
multi-tiling (Nitzbon et al., 2019, 2020), and an extensive snow scheme based on

CROCUS (Vionnet et al., 2012; Zweigel et al., 2021). To simulate the thermohy-
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drological regime of the ground the one-dimensional heat equation is numerically
solved including groundwater phase change. In Article 1, groundwater flow is sim-
ulated with an explicit instantaneous infiltration scheme (Nitzbon et al., 2019). For
the second and third articles, I have used an updated model for the phase parti-
tioning between liquid water, ice, and water vapor (Stuenzi et al., 2021a). This
paramterization is based on Painter and Karra (2014). By smoothing the ther-
modynamically derived relationship and eliminating jump discontinuity at freezing
the new relationship for phase partitioning of water in frozen soil shows improved
performance for unsaturated ground conditions. The flow in freezing soil is solved
by a modified nonisothermal Richards equation. This constitutive relationship is
more applicable for dry soils or soils with high gas content. This leads to improved
model performance for the dry ground conditions at the study sites studied within
this dissertation.

The surface energy balance scheme is based on atmospheric stability functions
and calculated as the upper boundary condition. The surface energy balance is
comprised of the exchange of sensible and latent heat, radiation, evaporation, and
condensation at the ground surface. Furthermore, the model simulates the evo-
lution of the snow cover based on the extensive Crocus-based snowpack scheme
explained in the following section 2.2.3. The model is forced by standard mete-
orological variables, which can be obtained from AWSs, reanalysis products, or
climate models. The required forcing data include air temperature, precipitation
(solid and liquid), wind speed, incoming short- and longwave radiation, humid-
ity, and air pressure ( Westermann et al., 2016). The change of internal energy in
the subsurface domain over time is composed of fluxes across the upper and lower

boundaries and can be written as

55—? = Sin + Sout + Lin + Lout + Qn + Qe + Qs, (2.1)
where the input to the uppermost grid cell is derived from the fluxes of shortwave
(Sin, Sout) and longwave (Lin, Lout) radiation, as well as the latent (Q.), sensi-
ble (Qn), and the storage heat flux (Qs) between the atmosphere and the ground
surface (Westermann et al., 2016). Fluxes are noted as negative if the point away
from the ground surface towards the atmosphere, and as positive, if they point

towards the surface. Without a vegetation scheme, the incoming short- and long-

wave radiation (Si,, Liy) are provided directly by the forcing data. The outgoing
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shortwave radiation equals the incoming shortwave radiation multiplied with the

surface albedo («), which depends on ground covers such as snow, water or ice:

Sout = Si (_04)7 (22)

Following the laws of Kirchoff and Stefan-Boltzmann, the outgoing longwave ra-
diation is the sum of the reflected incoming longwave radiation and the surface

emission of the ground:

Low = _(1 - G)Lin - 60’T54 (23)

urf

with € being the ground surface emissivity, o the Stefan-Boltzmann constant and
Tsurt the surface ground temperature in Kelvin [K]. The turbulent heat fluxes (Qy
and Q) are calculated based on the Monin-Obukhov similarity theory (Monin and
Obukhov, 1954), and explained in detail in Westermann et al. (2016):

aC
Qn = %(Tw(h) — Tyu) and (2.4)
a
Pang
- h) — Geut)- 2.
Qe TaEJrTS(Q() Gsurf) (2.5)

The air temperature (T,i;(h)) and specific humidity (g(h)) are the air temperature
and specific humidity at height h and are provided by the meteorological forcing
data. Parameters are the density of air (p,), specific latent heat of water vaporiza-
tion (L1g), and specific heat capacity of air (cp). The surface’s resistance against

evaporation (rs) is a parameter set dependent on the surface condition (i.e. snow,

H E
ar Ta

soil, water, etc.). The aerodynamic resistances (7 ) of the lower atmosphere
to turbulent heat transfer are calculated depending on the atmospheric stability.
Finally, the specific humidity above the surface (gsuf) results from the surface
temperature and the atmospheric pressure.

In terms of CryoGrid there has previously been much uncertainty in the model
formulation concerning the insulation effect of surface vegetation and the litter
layer. As detailed in the Introduction, they are both important factors for the

topsoil temperature, and nevertheless, they are often neglected in common land
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surface models (Ekici et al., 2015). In previous CroyGrid versions, the vegetation
has not been incorporated yet. The goal in this dissertation was to further develop
CryoGrid for use in permafrost underlain boreal forest. Within this thesis, the
surface energy balance of CryoGrid has been replaced by the multilayer canopy

module described in the following section 2.2.2.

2.2.2 Multilayer canopy model

Canopy module

The biosphere is an essential part of common Land Surface Models (LSMs) used in
Earth-System Models. The biosphere’s key contribution to atmospheric greenhouse
gas concentrations and carbon cycle feedbacks are often at the focus for the devel-
opment of LSMs. Because of this focus, the coupling of plants and the atmosphere
is frequently described in a rather simplistic way. Additionally, the representation
of interactions in complex systems, such as boreal permafrost ecosystems, is gen-
erally overlooked in current LSMs (Blyth et al., 2021). Furthermore, while there
has been recent progress (e.g. Chadburn et al. (2015)), LSMs oftentimes lack the
capability of accurately representing detailed permafrost dynamics.

Commonly used forest canopy representations (e.g. Dickinson et al. (1993);
Sellers et al. (1996); Harman and Finnigan (2008)) ignore the vertical structure
of the canopy and describe the canopy as a one- or two-leaf (also called big leaf)
representation. Two-leaf representations include leaf physiological processes over
nitrogen and light profiles and a sunlit and a shaded fraction of the canopy, while
one-leaf representations consider a homogeneous single layer of phytomass. Such
canopy representations ignore the roughness sublayer and parameterize the within-
canopy turbulence in an ad-hoc, averaged manner. In a recent review, Bonan et al.
(2021) have concluded that while the big-leaf canopy representations are simpler,
more computationally efficient, and of greater utility for the coupling to the atmo-
sphere, they are incorrect in their physics. In order to understand the processes
controlling surface fluxes, the vertical structure of the canopy is crucial and the ad-
hoc parameterizations used in simple one- and two-leaf representations of canopies
are no longer valid. Especially because the focus here lies on the energy- and
water fluxes between the canopy and the permafrost, a detailed representation of
the within- and below-canopy fluxes is crucial. The multilayer canopy model used

within this thesis is a state-of-the-art multilayer vegetation model (CLM-ml vO0,
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originally developed for the Community Land Model CLM by Bonan et al. (2018)).
The detailed modeling scheme follows a similar concept as the multilayer approach
in ORCHIDEE-CAN (Chen et al., 2016b; Ryder et al., 2016). The model provides
a comprehensive parameterization of fluxes from the ground, through the multilay-
ered canopy, up to the roughness sublayer. The implementation of this roughness
sublayer allows the representation of different canopy structures and their impact
on the vertical heat and moisture transfer. Photosynthesis, leaf-water potential,
stomatal conductance, leaf temperature, and leaf fluxes are calculated in an itera-
tive manner. This improves model performance in terms of capturing the stomatal
conductance and canopy physiology, nighttime friction velocity, the diurnal radia-
tive temperature cycle, and sensible heat flux (Bonan et al., 2014, 2018). The
within-canopy wind profile is calculated using above- and within-canopy coupling
with a roughness sublayer parameterization (see Bonan et al. (2018) for further
detail). This canopy model was developed for use with CLM soil properties. I have
developed a CLM-independent multilayer canopy module which I have coupled to
CryoGrid by integrating novel interactions and an improved snow cover parameter-
ization. To set necessary parameters in the canopy module, the model makes use
of CLM-defined plant functional type values for evergreen and deciduous needleleaf

forests.

2.2.3 Coupled permafrost-forest model

In the context of this thesis, I have extended the described CryoGrid permafrost
model (Westermann et al., 2016) by a multilayer canopy module (Bonan et al.,
2014, 2018) described above, to simulate the energy- and water processes in boreal
permafrost. The canopy model is coupled to CryoGrid by replacing its standard
surface energy balance scheme while soil state variables are passed back to the
forest module (Figure 2.4).

CryoGrid has, so far, not included a vegetation scheme but has been used to
successfully describe atmosphere-ground energy transfer and the ground thermal
regime in barren and grass-covered areas (Langer et al., 2016; Westermann et al.,
2016; Nitzbon et al., 2019). Within this thesis, I have tailored and implemented
the multilayer vegetation scheme to simulate the turnover of heat, water, and snow
between atmosphere, forest canopy and ground.

The top of the canopy surface energy balance is calculated based on atmospheric
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Figure 2.4: Overview of the physical processes represented in the coupled
permafrost-multilayer canopy model. Included are the above-, within-, and be-
low canopy energy fluzes (green), as well as the ground heat fluz, heat conduction
through the soil, the geothermal heat flux (red), the meteorological forcing (red and

blue), and water infiltration (blue).

forcing data. The ground surface energy balance is replaced and now solved nu-

merically by the forest module:

Sincanopy + SOUtground + Lincanopy + LOUtground + thround + Qeground - nground = O? (26)

with L and S; being the incoming long- and shortwave fluxes from

in(:amopy Ncanopy

the canopy module reaching the ground level. Sout, is the outgoing shortwave

round

flux from the ground, Loyt

heat flux, Qn

ground

the outgoing longwave flux, Qe the latent
srouna UD€ sensible heat flux, and Qs,,.,,, the storage heat flux at
the ground surface. These sub-canopy components of the energy balance directly
replace the previous surface energy balance components of the former CryoGrid
versions (Equation 2.1). The storage heat flux (Qs,,.,4) is calculated based on the

temperature value of the uppermost ground (or snow) layers which are passed to

the forest module from CryoGrid:
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k‘TS - Tground

A , (2.7)

nground -

where k is the soil thermal conductivity (or snow thermal conductivity in case
of a snow layer) and Ty the soil surface temperature. Tgroung is the actual ground
temperature for the first layer below the surface and Az the soil or snow layer thick-
ness. Following Westermann et al. (2013, 2016), the soil thermal conductivity is
parameterized based on the Cosenza et al. (2003). The thermal conductivity of the
soil is calculated as weighted power mean from the conductivities and volumetric
fractions of the soil’s water, ice, air, mineral and organic components.

The forest module receives ground state variables from the top CryoGrid soil
layers. These state variables include the soil layer temperatures (Tground), the soil
layer moisture (Wground), ice content (Iground), and soil layer conductivity (Kground)-
Accordingly, the vegetation transpiration fluxes are subtracted from ground soil
layers within the rooting depth, and evaporation fluxes are subtracted from the
ground surface.

Rain and snowfall is intercepted throughout the canopy with only a fraction
reaching the ground directly as throughfall. The sum of the precipitation fraction

reaching the ground (Wground,) is:

5Wgrounds

5t :fPR+Dc_Ec+Dt_Et (2.8)

consisting of direct throughfall (fPg), canopy drip (D.), canopy evaporation (E.),
the stemflow (D) and the stem evaporation (E;). These values are based on the

retained canopy water (W.):

oW,
ot

=1-f—-fo)Pr— Ec— Dc, (2.9)

where 1 — f — f; Pg is the precipitation, which is intercepted, and W; the retained

trunk water:

W,
;= fiPx — B~ Dy (2.10)
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Snow module

While the permafrost model CryoGrid encompasses different snow schemes, the
multilayer canopy has previously not been coupled to a snow scheme (Bonan et al.,
2018). The snow module employed within this thesis is based on Zweigel et al.
(2021), which has extended CryoGrid with a CROCUS snow scheme-based snow
microphysics parameterization ( Vionnet et al., 2012). As described in Article 1, the
micro-structure of the snow-pack is characterized by grain size (gs, mm), sphericity
(s, unitless, range 0-1), and dendricity (d, unitless, range 0-1). Snow density and
properties of new snow layers are wind-speed and temperature-dependent. After
deposition, the development of the snow-layers microstructure is based on temper-
ature gradients and liquid water content. Based on the snow properties, an albedo
value is calculated for the surface layer. Furthermore, an absorption coefficient
is calculated for each layer, also based on the snow properties. Throughout the
snow layers, the incoming solar radiation is gradually absorbed and the remainder
is added to the lowest layer. Snow density and compaction are increased based on
overload pressure and wind compression. In each timestep during snowfall, new
snow is added on top and mixed with the old snow based on ice amount. A new
snow layer is built once the snow water equivalent of the top layer exceeds 0.01 m,
which equals a snow layer thickness of 0.03m. For the first snowfall of the season
and before the entire ground is covered by snow, the surface energy balance of the
ground and the snow are calculated independently and added up based on their
fractional cover. After the first snow layer is built, the surface energy balance is
calculated for the snow-pack itself. The snow cover is built upon the ground below
the forest canopy, and snow interception within and on top of the canopy are han-
dled the same way as liquid precipitation (section 2.2.3). The top of the canopy
wind speed is used to calculate the falling snow density. The surface temperature
of the ground, the surface thermal conductivity, and the snow layer thickness are
exchanged with the vegetation. Furthermore, the evaporative flux is subtracted

from the snow surface.

2.2.4 Further model coupling to a dynamic vegetation model (Larix
Vegetation Simulator (LAVESI))

In order to incorporate dynamic vegetation changes and study larch forest develop-

ment, I have further advanced the multilayer-permafrost model to enable a coupling
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with LAVESI, an individual based and spatially-explicit tree population model that
simulates Lariz gmelinii population dynamics. LAVESI was originally described in
Kruse et al. (2016) and has been developed to simulate and understand local stand

interactions in larch populations that can cause large scale population dynamics.

Seed production

Mortality Seed dispersal
Disturbance Establishment
Ageing Growth
Competition
i

Figure 2.5: Overview of the physical processes represented in the dynamic
permafrost-multilayer canopy model coupled to LAVESI. The dynamic vegetation
model LAVESI includes all life stages of Lariz gmelinii as well as the integrated

disturbance scenarios (surface and canopy fires, and logging).

The model is based on a growth model where functions have been added suc-
cessively, according to field observations. Omne simulation step equals one year,
in which, environmental factors (weather and competition) and the different pro-
cesses of growth, seed production, seed dispersal, establishment, and mortality are
included (Figure 2.5). The coupled model system can (1) accurately assess the
detailed thermal and hydrological fluxes between permafrost and the forest cover;
and (2) simulate dynamic vegetation, including the full life-cycle (seed-seedling-
mature tree), which leads to the non-linear behavior of population dynamics, and
(3) includes a 3-D landscape resolution. The coupled model with an explicit rep-
resentation of the permafrost table, active layer thickness, and the soil hydrology
therein provides better results in terms of the vegetation dynamics because the

permafrost is a major determinant for species occurrence and performance. To
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couple the landscape resolution of LAVESI with the one-dimensional set-up of the
forest-permafrost model, the study area used in LAVESI is separated into three
sub-areas for which CryoGrid simulations are set up in parallel. The spatial vari-
ability of the forest cover is, thus, explicitly represented by an ensemble of three
parallel CryoGrid instances. Stand specific state variables, such as leaf area index
(LAI), plant area index (PAI), litter layer height, organic content in the organic soil
layer, albedo, and the soil moisture content, are provided to CryoGrid by LAVESI.
In exchange, LAVESI receives the yearly total plant-available groundwater in vol-
ume percent (PAW), and the maximum active layer thickness (ALT). The output
generated by the three CryoGrid instances is extrapolated back to the original res-
olution of the environmental grid used in LAVESI (resolution of 0.2x0.2m) (see

Article 3 and Kruse et al. (2021) for additional model details).

2.2.5 Forcing data

The meteorological forcing data used by CryoGrid (air temperature, air pressure,
wind speed, relative humidity, solid and liquid precipitation, incoming long- and
shortwave radiation, and cloud cover) are obtained from ERA-interim (Article 1
and 2) and ERA-5 (Article 3) (ECMWF Reanalysis) extracted for our sites at
a l-hourly time-step (Simmons et al., 2007; Hersbach et al., 2018). In Article
3, I performed model simulations until 2050 under two projected climate change
scenarios (SSP - Shared Socioeconomic Pathways): SSP1-2.6 (atmospheric CO2
around 420 parts per million (ppm), and global temperatures 1.3 - 1.9° C above
pre-industrial levels by 2100); and SSP5-8.5 (atmospheric CO2 around 935 parts
per million (ppm), and global temperatures 4 - 6.1° C above pre-industrial levels
by 2100). Scenario data from the MPI-ESM1.2-HR model of the Max Planck
Institute for Meteorology (Mdiller et al., 2018) was applied (as 6-year monthly mean
anomalies relative to the reference period 2015-2020) to the ERA5 data to generate
forcing data for the projected timespan 2021-2050 and the two climate change
scenarios (Koven et al., 2015). The MPI-ESM1.2-HR (with a spatial resolution of
0.94°EW x 0.94° NS or approx. 100km) model grid was interpolated to fit the
ERA-5 grid. The temperature threshold for snow vs. rain is 0° C, and minimum
wind speed is set to the minimum value within the reference time frame (2015-2020).
From the same data, the necessary forcing data of monthly mean temperature

and precipitation sums for LAVESI were aggregated and 6-hourly wind speed and
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direction were sampled. Before the ERA-5 time period (0-1978), LAVESI uses the
monthly Climate Research Unit data set CRU TS 2.23 available at a 0.5° spatial
resolution (Harris et al., 2020).

2.2.6 Code and data availability

Model codes are available on Zenodo. The initial version of the coupled model
used in Article 1 is available at DOI: 10.5281/zenodo.4317107. The code de-
velopments presented in Article 2, including fractional composition of deciduous
and evergreen taxa, and a novel freeze curve parameterization are available at
DOI: 10.5281 /zenodo.4603668. The dynamic vegetation-permafrost model, includ-
ing the coupling of LAVESI and the implementation of disturbance scenarios, is
available at DOI: 10.5281/zenodo.5119987. Field data collected are available on
Pangaea. The AWS and soil temperature data for August 2018 to August 2019 at
Nyurba and Chukotka are available at DOI: 10.1594/PANGAEA.919859 (Stuenzi
et al., 2020). The soil surface temperature data (iButton) are available at DOIL:
10.1594/PANGAEA.914327 (Langer et al., 2020), and the forest inventories from
2018 are available at DOI: 10.1594/PANGAEA.923638 (Kruse et al., 2020). The
data for Spasskaya Pad is accessible through the Arctic Data archive System (ADS,
http://ads.nipr.ac.jp/, last access: 3 September 2020) (Mazimov et al., 2019).


http://doi.org/10.5281/zenodo.4317107
http://doi.org/10.5281/zenodo.4603668
http://doi.org/10.5281/zenodo.5119987
https://doi.org/10.1594/PANGAEA.919859
https://doi.org/10.1594/PANGAEA.914327
https://doi.org/10.1594/PANGAEA.914327
https://doi.org/10.1594/PANGAEA.923638
http://ads.nipr.ac.jp/

Chapter 3

Summary

In the previous chapters, I have explained the theory and background, research
questions, and underlying methodology in this thesis. In the following chapter, I
summarize the three research articles, which are provided in full in Part II, and
outline how they build upon each other. Table 3.1 provides an overview of the

methodologies used in the three articles.

3.1 Article 1

Within the first research article, I have adapted a one-dimensional land surface
model (CryoGrid) for the application in vegetated areas by coupling a multilayer
canopy model (CLM-ml v0; Community Land Model). This model is the method-
ological base of all three articles within my dissertation. In the first article, I have
used this novel model setup to reproduce the energy transfer and thermal regime at
a study site (N 63.08°, E 117.99°) in mixed boreal forest in eastern Siberia where an
extensive measurement set was generated. The model was driven by meteorological
forcing data reflecting present-day climatic conditions.

An extensive comparison between measured and modeled energy balance vari-
ables revealed a satisfactory model performance justifying its application to inves-
tigate the thermal regime; surface energy balance; and the vertical exchange of
radiation, heat, and water in this complex ecosystem. I have further performed an
extensive validation at an external study site.

I found that the forests exert a strong control on the thermal state of permafrost
through changing the radiation balance and snow cover phenology. The forest cover

alters the surface energy balance by inhibiting over 90% of the solar radiation

45
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and suppressing turbulent heat fluxes. Additionally, the simulations revealed a
surplus in longwave radiation by up to 20% trapped below the canopy, similar to
a greenhouse, which lead to a magnitude in storage heat flux comparable to that
simulated at the grassland site. Forested permafrost holds a higher groundwater
content than the grassland site. Furthermore, I found that the end-of-season snow
cover is three times greater at the forest site and that the onset of the snow-
melting processes is delayed. In summary, the forest has a net stabilizing effect on
the permafrost ground below. Canopy shading is the main controlling mechanism,
along with enhanced longwave radiation, higher groundwater content, and a higher
snowpack. These findings provided the baseline to further investigate the exchange

processes and feedbacks between permafrost and boreal forests.

Stuenzi, S.M., Boike, J., Cable, W., Herzschuh, U., Kruse, S., Pestryakova,
L. A., Schneider von Deimling, T., Westermann, S., Zakharov, E.S., and
Langer, M. (2021): Variability of the surface energy balance in permafrost-

underlain boreal forest, Biogeosciences, 18, 343-365,

DOI: 10.5194/bg-18-343-2021.

3.2 Article 2

In the second article, I analyzed future projections of forest density and plant
functional type compositions based on simulation results of a Dynamic Global
Vegetation Model (LPJ-GUESS) under global warming scenarios. I then used
the detailed permafrost-multilayer canopy model, presented in Article 1, to study
the spatial impact-variability of simulated future scenarios of forest densities and
compositions for three study sites throughout eastern Siberia under current climate
conditions.

The results showed that a change in forest density has a clear effect on the
ground surface temperatures (GST) and the maximum active layer thickness (ALT)
at all sites, but the direction depends on local climate conditions. At two sites,
higher forest density leads to a significant decrease in GSTs in the snow-free period,
while leading to an increase at the warmest site. Complete forest loss leads to a

deepening of the ALT independently of local climatic conditions. Forest loss can
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induce both — active layer wetting of up to four times or drying by 50% — depending
on precipitation and substrate conditions. Deciduous-dominated canopies reveal
lower GSTs compared to evergreen stands, which will play an important role in
the spreading of evergreen taxa and the persistence of permafrost under warming
conditions.

Our study highlighted that changing density and composition will significantly
modify the thermal and hydrological state of the underlying permafrost. The in-
duced soil changes will likely affect key forest functions such as the carbon pools,

and related feedback mechanisms such as swamping, droughts, fires, or forest loss.

Stuenzi, S.M., Boike, J., Giadecke, A. , Herzschuh, U., Kruse, S.,
Pestryakova, L. A., Westermann, S., and Langer, M. (2021): Sensitivity
of Ecosystem-Protected Permafrost Under Changing Boreal Forest Struc-
tures, Environmental Research Letters, 16, 084045,

DOI: 10.1088/1748-9326/ac153d.

3.3 Article 3

Forest disturbances and changing climate conditions can cause vegetation shifts and
potentially destabilize the carbon stored within the vegetation and permafrost. Dis-
turbed permafrost-forest ecosystems can (1) develop into dry or swampy bush- or
grasslands, (2) shift towards broadleaf- or evergreen needleleaf-dominated forests,
or (3) recover to the pre-disturbance state. An increase in the number and intensity
of fires, as well as intensified logging activities could lead to the partial or complete
ecosystem and permafrost degradation.

Within the first two articles, I treated forests as a static entity represented by
observed or projected leaf and stem area indices, tree height, and plant functional
type parameters. In the third Article, I integrated a dynamic vegetation model
which allowed for dynamic tree growth. To study the dynamic evolution of larch
forest covers under changing climatic conditions, I have further developed the model
to enable the coupling to a dynamic forest model, LAVESI (“Larix vegetation
simulator **). T used this dynamic multilayer canopy-permafrost model to simulate

a well-researched tree stand in eastern Siberia. I implemented expected mortality,
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defoliation, and ground-surface changes of the most common disturbance scenarios
(surface and canopy fires, and logging) to analyze the forest recovery’s impact on
the permafrost underneath.

The simulations revealed that forest loss induces soil drying of up to 50%, which
leads to lower active layer thicknesses (ALTs) and abrupt or steady decline of larch
forest cover, depending on the intensity of the disturbances. Only after surface
fires, which induce low mortality rates and are the most common disturbances in
these ecosystems, forests can successfully recover and even surpass pre-disturbance
forest density values. This trajectory is nevertheless highly dependent on individual
years following the disturbance, with years with low spring precipitation leading to

larch forest loss.

Stuenzi, S.M., Kruse, S., Boike, J., Herzschuh, U., Oehme, A., Pestryakova,
L. A., Westermann, S., and Langer, M. (2021): Thermohydrological im-
pact of forest disturbances on ecosystem-protected permafrost, submitted to

Journal of Geophysical Research: Biogeosciences.
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Table 3.1: Overview of the scope and methodology of the three articles.

Article 1 Article 2 Article 3
Thesis chapter Chapter 5 Chapter 6 Chapter 7
Nyurba
Nyurba (63.19°N, 118.20°E)

Study area

Dominant plant

functional types

Climatic forcing

Research objective

Model development

Model diagnostic

Process explored

(63.19°N, 118.20°E)
Spasskaya Pad
(62.14°N, 129.37°E)

Mixed evergreen

and deciduous needleleaf

recent (2010-2019)

CryoGrid + Multilayer
canopy coupling
Surface energy balance
Precipitation
Evapotranspiration

Crocus snow scheme

Ground surface temp.
Soil moist. content
Thaw depth

Snow height

Surface energy
balance below

and above canopy

Spasskaya Pad
(62.14°N, 129.37°E)
Chukotka
(67.40°N, 168.37°E)

Evergreen

and deciduous needleleaf

recent (2010-2019)

1,2

Fractional composition
of deciduous and
evergreen

Freeze curve

Ground surface temp.
Plant-available soil moist.
Thaw depth

Snow height

Permafrost-impact
of change in
forest density

and composition

Spasskaya Pad
(62.14°N, 129.37°E)

Deciduous needleleaf

recent + future (2010-2050)
(RCP2.6, RCP4.5, RCP8.5)

1,3

CryoGrid Multilayer
canopy + Lavesi coupling

Disturbance scenarios

Plant-available soil moist.

Thaw depth

Permafrost persistence
under forest cover
recovery after
disturbance and

tipping points






Chapter 4

Synthesis

The research presented within this dissertation has addressed the objectives out-
lined in Chapter 1.4. The three articles summarized in Chapter 3 and provided
in Part II all contribute differently to answering the central research question of
how the complex interactions and feedbacks between boreal forests and permafrost
can be modeled to successfully make predictions on the future development of this
ecosystem and its role under changing climate conditions. In the following, I syn-

thesize the findings of the conducted research.

4.1 Physical processes and feedbacks in permafrost-

affected boreal forests

The first research objective within this thesis was to gain a better understanding of
the physical processes and feedbacks in permafrost-affected boreal forests by devel-
oping and validating a detailed forest-permafrost model. The presented model en-
ables us to investigate the energy transfer and surface energy balance, and thereby

quantify and study the impact of forest on the hydrothermal permafrost regime.

In regards to the first research objective, the numerical modeling work I have
conducted, revealed that the integration of detailed permafrost and canopy
modeling schemes is essential for investigating the complex ecosystem inter-
actions of boreal forests. The canopy fluxes significantly alter the below-

canopy energy balance, snow cover dynamics, and the thermo-hydrological

conditions of the ground.

o1
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The coupling of two highly detailed and complex physical models offers new
possibilities to identify and quantify the impact of control mechanisms and
parameters within boreal permafrost ecosystems (Article 1-3). Compared
to previous models, the developed model allows to quantify and trace ver-
tical fluxes of radiation, heat, water, and snow through multiple canopy
and ground layers. The layer structure of the model allows representing
very specific forest characteristics (canopy structures and densities) and soil
properties (organic layers) controlling the complex permafrost dynamics un-

der boreal forest covers.

My work further reveals the importance of broad datasets derived from field
measurements for model calibration and validation. The fieldwork conducted in
the framework of this thesis includes measurements by automatic weather stations,
stand-alone soil temperature sensors, soil sampling, soil temperature, and moisture
profiles, tree sampling and surveying, as well as the acquisition of drone images,
moss descriptions and sampling and ground vegetation analysis. All of the data
has been made publicly available. The extensive data set adds to the sparse data
records in eastern Siberian boreal-permafrost regions and is of great value for fur-
ther model development and validation. In an extensive validation exercise in Arti-
cle 1, measured and modeled energy balance variables revealed a highly satisfactory
model performance justifying its application to investigate the thermal regime and
surface energy balance at the selected study sites. Additionally, the model revealed
further satisfactory agreement between modeled and measured components of the

surface energy balance at the additional study sites used in Article 2.

4.2 Future development of permafrost affected boreal

forests

The second objective of this thesis was to understand how the identified interactions
between the forest cover and permafrost respond under changing forest conditions
(forest density and composition changes). To understand and quantify the impacts
of forest cover changes on permafrost, I have analyzed projected forest cover tra-
jectories for eastern Siberia under different warming scenarios for two regions of

interest (east and west) in Article 2 (Figure 4.1).
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Figure 4.1: Projected LAT for needleleaf evergreen (blue) and needleleaf deciduous
(red) plant functional types under the two warming scenarios, RCP 2.6, and RCP
8.5 for the time frame 2006-2099. Data covers the region from E 105 — 167° and
N 45 —70° and are separated into two individual study regions, West (E 105.25 —
137.25°, bottom) and East (E 137.75 — 169.75°, top). The lines indicate mean

values while the shaded areas show the corresponding 90th and 10th percentile.

The biome projection data from LPJ-GUESS model simulations reveal an in-
crease in needleleaf evergreen for the entire region of interest in eastern Siberia for
the coming decade, followed by a decrease in the western region under all climate
scenarios. In the western region, deciduous taxa will continue increasing until the
end of the century under all climate forcing scenarios (see Article 2 in Chapter
6). By analyzing the current and projected forest covers under warming climate
scenarios, I gained a clear idea of the direction of forest shifts. Based on these data,
which are in agreement with other modeled forest cover projections for Eurasia (e.g.
Shuman et al. (2014); IPCC (2019)), I was able to constrain the expected changes
in plant functional type compositions and forest densities for the entire eastern
Siberian boreal forest region underlain by permafrost east of 105° and north of
45°. The overall forest density is projected to increase with warming temperatures

under all warming scenarios and for the entire region of interest.
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With respect to the second research objective, my analysis of the current
and projected forest covers in eastern Siberia provided a clear picture of the
projected forest covers. The conducted simulations underlined the impor-
tance of forest cover changes for permafrost thaw and conditions. Shifting
forest covers significantly modify thermal and hydrological conditions of the
underlying permafrost and the induced soil changes will likely affect key

forest functions.

The research presented in detail in Article 2 enhances our understanding of how
changing forest density and composition impact ecosystem-protected permafrost.
This is especially relevant because of the forest’s importance as a carbon pool and
forest change-related feedbacks such as swamping, fires, and forest loss. The strong
impact of forest cover transformations on the hydrological regime will further am-
plify climate-induced changes in near-surface temperature and precipitation. In
consequence, the feedback loop might be further amplified by increasing fire prob-
ability and disease vulnerability due to additional water stress. Climate conditions
and enhanced wetting can eventually lead to swamping and thermokarst causing
forest die-back as observed in drunken forests. In light of the current discussion
on boreal forests and their role in climate change mitigation, this dissertation pro-
vides important insights into the range of possible changes to the permafrost con-
ditions that can be expected following landscape changes. Such changes can be
deforestation through fires or other land-use change, afforestation in currently un-
forested grasslands, or the climate-induced densification and compositional changes
of forested areas. My research shows that the structure and composition of forests
are highly dependent on the local ecosystem resilience towards rising air tempera-
tures, a decrease in precipitation, and an increasing frequency and intensity of forest
fires. The favoring of different fire regimes between evergreen and deciduous taxa,
as well as warmer and drier conditions, can lead to fast ecosystem shifts. Altered
thermal conditions, higher soil wetness or soil drainage, enrichment in nutrients,
and an increased active layer thickness can all have a favoring effect on either ev-
ergreen needleleaf or deciduous hardwood expansion, lead to the complete loss of
forest cover or change the forest density. Furthermore, I demonstrate that these
feedbacks will cause a significant shift in the thermal and hydrological permafrost

state, which potentially destabilizes tightly coupled ecosystem functions.
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4.3 Feedbacks and forest disturbances

In recent years forest and permafrost disturbances have become more visible in
eastern Siberia (Figure 4.2) (Boike et al., 2016; Ulrich et al., 2017; Kirillina et al.,
2020; Kirpotin et al., 2021). Such vegetation shifts and ecosystem changes are often
related to anthropogenic influences. As discussed in Article 3, the majority of fires
(70%) are initiated by humans ( Takahashi, 2006). Furthermore, especially around
settlements and roads deforestation through logging and infrastructure develop-
ment can have a large ecosystem impact. Disturbances pose a threat to humans,
wildlife, and biodiversity in general (Kirpotin et al., 2021). From 1980-2018 Kiril-
lina et al. (2020) have reported a lengthening of fire season, increased burned area
extent, and an extension of the peak fire period in the Sakha Republic (Yakutia).
Additionally, further disturbances such as pests and diseases (e.g. the Siberian
moth) can easily spread in previously burned forests, especially under drought
conditions (Averensky et al., 2010). The 2020 and 2021 fire seasons, for example,
have been particularly devastating. Nevertheless, the actual processes, trajectories,

and thresholds are poorly studied.

In regards to the third research objective, my research provides a first
overview of possible, mid-term temporal permafrost and larch forest tra-
jectories after a variety of disturbance scenarios that disrupt the tightly
coupled ecosystem. These findings are particular to dry, larch-dominated,
and permafrost-underlain boreal forests in eastern Siberia. Nevertheless,
our study has implications for other boreal areas because it showcases how
fragile the quasi-equilibrium between active layer thickness, plant-available

soil moisture, and forest cover is.

The research presented is highly relevant in terms of increasing fire activity due
to climatic changes, more extreme temperature, and precipitation events, and in-
creased human activity in eastern Siberia. The simulations show that high-intensity
disturbances, such as fires or logging can push the ecosystem into a very different
state where e.g. larch cover and its permafrost-protecting abilities are lost. The

modeling work further shows the sensitivity of the recovering ecosystems towards
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Figure 4.2: Photographs of disturbed ecosystems visible on expeditions to east-
ern Siberia. a) Surface fire near NYU (August 2019). b) Re-population led by
broadleaf trees in former larch forest area after a complete canopy fire. c¢) Per-
mafrost degradation due to human impact (e.g. off-road driving). d) Wetland

intermized with grassland in formerly forested area.

small differences in the timing of precipitation events. As discussed in Article 3,
the results are an indicator for tipping point behavior within the system’s ability

to recover pre-disturbance larch forest covers.

Boreal forests have often been included in the recent discussion on tipping
elements within the Earth system (e.g. Lenton et al. (2008) or Rey et al. (2020)).
Tipping elements have broadly been defined as “regional-scale features of climate
that could exhibit a threshold behavior in response to climate change — that
is, a small shift in background climate can trigger a large-scale shift towards a
qualitatively different state of the system“ (Lenton et al., 2008). Increased water
and summer heat stress are thought to cause increased mortality, and vulnerability
to diseases and fires, as well as lower regrowth and forest collapse. Together, the
climate-triggered changes could lead to large-scale die-back of boreal forests (Lucht
et al., 2006; Lenton et al., 2008). A tipping point has been estimated to lay between
3 to 5°C of global warming, but because of the various forcing mechanisms and
complexities involved, this is only considered an uncertain estimate (IPCC, 2019).

Here I show that, at a local scale, an increase in disturbances (fires or logging) can
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lead to a tipping behavior in terms of larch forest recovery and fast changes in the
permafrost conditions, especially the soil moisture and thus the water availability
for plants. As discussed in Article 3, I only consider the loss of deciduous larch
forest cover and their specific interactions with underlying permafrost rather than
considering a loss of boreal forests altogether or the succession and new vegetation
covers after disturbances.

The work conducted within this dissertation shows that larch forest loss could
potentially trigger positive feedbacks that drive abrupt (local) or gradual (regional)
permafrost thaw, a further ecosystem component that potentially meets the char-
acteristics of a tipping element within the climate system (Lenton et al., 2008).
Substantial parts of permafrost are currently ecosystem-protected and a northward
movement of the treeline and shrubification of current tundra areas will further in-
crease the importance of vegetation in stabilizing permafrost (Rogers et al., 2015).
My simulations have also revealed that negative feedbacks such as the densifica-
tion of vegetation covers, a change in species composition, or changes associated
with surface albedo decrease (Stuenzi and Schaepman-Strub, 2020), and a poten-
tial increase in carbon sequestration (D’Orangeville et al., 2018), could counteract,
temporally, the local “tipping” of some permafrost due to changes in the protecting
vegetation cover. Due to these dampening effects, which could counteract the posi-
tive feedbacks of larch forest on climate change, and because of the high variability
in climate and landscapes, larch forest loss itself does not trigger global, abrupt
permafrost loss. Nevertheless, my research suggests that changes in larch forest
cover will potentially lead to local tipping behavior at different times, speeds, and

irreversibilities.
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4.4 Scientific contribution

In summary, this thesis contributes to a better understanding of boreal permafrost

ecosystems with a focus on the characteristic larch forests of eastern Siberia. My

work suggests that local, detailed, and specific land surface models, as well as field

data and observations, are required to fully comprehend the complex dynamics in

boreal permafrost ecosystems. Figure 4.3 provides an overview of the diverse inter-

actions between the atmosphere, boreal forest cover, and permafrost identified and

quantified within this thesis. The schematic illustration includes the mechanisms

impacted by atmospheric changes (climatic change), boreal forest cover shifts, and

modifications in the permafrost thermal and hydrological regime.

1
- Greenhouse gas emissions (*)
- Radiative forcing (albedo)

Atmosphere

Boreal forest

- Thaw depth

- Water availability

- Nutrient availability (*)

- Growth & density

- Species establishment

- Disturbance vulnerability
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- Precipitation (solid & liquid)
- Disturbance probability (*)
- Incoming radiation

2
- Species establishment

e "’7706 - Incoming radiation
o,
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concentration (*)

- Precipitation

- Disturbance
1 vulnerability

Figure 4.3: Interactions between the atmosphere, boreal forest cover, and per-

mafrost. In red (atmospheric impact), green (forest impact), and brown (per-

mafrost impact) are all the mechanisms interacting between the three ecosystem

components. Climatic change leads to a change in the forest density and structure,

which leads to changes in all feedback processes between forest and permafrost. Ad-

ditionally, climatic change leads to permafrost thawing and a change in the water

availability, which also leads to forest density and structure changes. Interactions

not directly simulated within this dissertation are marked with (*).
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Boreal forests do stabilize permafrost through a multitude of feedback mecha-
nisms. Within this dissertation, I have been able to quantify the heat and water
exchange processes that lead to the insulating effect boreal forests have on the
thermal and hydrological conditions of underlying permafrost. This has enabled
me to study the variation in the insulation effect of different forest types and forest

densities, as well as the feedback mechanisms occurring after forest disturbances.

In particular, my work reveals the following main findings:

1. It is crucial to integrate detailed representations of both permafrost
and multilayer canopy models to understand this complex ecosystem.
The combination of these model entities has enabled me to quantify
the individual physical dimensions of the interactions between different

ecosystem components.

2. Changing forest density and composition will significantly modify the
thermal and hydrological state of underlying permafrost. The induced
soil changes will likely affect key forest functions such as the carbon
pools and related feedback mechanisms such as swamping, droughts,

fires, or forest loss.

3. Forest disturbances can induce soil drying of up to 50%, which leads
to lower active layer thicknesses (ALTs) and abrupt or steady decline
of larch forest cover, depending on the intensity of the disturbances.
I have further found first indicators for tipping behavior in recovering
larch forests. This tipping is closely related to the timing of precip-
itation events during dry spring seasons, likely triggering irreversible
larch forest losses with potentially devastating effects on the underly-

ing permafrost.
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4.5 Outlook

By coupling existing models, I have developed a novel, detailed land surface model
for the specific application in the complex and underrepresented boreal ecosystems
of eastern Siberia. I will conclude this work with recommendations for future

research directions based on the framework provided here.

As a next step, the presented model could readily be used at different boreal
sites across the Arctic. The three study sites used for validation and model setup
within this dissertation have displayed different responses to forest cover changes,
especially in terms of the hydrological conditions in permafrost. Efforts, includ-
ing additional validation exercises, could further evaluate the model capacities and
improve parameterizations such as the timing of the needle-shedding of decidu-
ous taxa or the rooting depths of different taxa. A logical next step would be to
use the detailed, physically built model to parameterize a much quicker and pan-
arctic-applicable model version for studies including larger ecosystem-protected
permafrost areas. Recently, lots of progress has been made in terms of the use
of neural networks, which can be trained with simulation data from process-based
models (see e.g. Irrgang et al. (2021)), or with the optimization of model param-
eters and uncertainty assessment through the use of i.e. the Markov Chain Monte
Carlo (MCMC) method in combination with machine learning algorithms (see e.g.
Sawada (2020)). Such an approach could be used to build a computationally-
efficient statistical surrogate model trained using the physically-based model de-
scribed within this dissertation. This would allow the model setup to possibly be
used for the improvement of permafrost-forest interactions in global land surface

models.

Detailed analysis of the yearly cycle of ground surface temperatures (GST) in
permafrost under boreal forests was conducted within Article 1. The snowmelt
period in spring is biased at both the forest and grassland, sites and the ground
warms up faster than simulated by the model. Under the forest canopy, this is likely
caused by a wrong representation of snowpack compaction and snowmelt processes.
The analysis revealed that the difference between modeled and measured GST in
spring is only partially reduced by an extreme case of snow compaction. This
points to more complex mechanisms currently not represented by the model but

control snowmelt in the forest. It would therefore be highly desirable to obtain field
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measurements of snow accumulation, snow density, and melting to gain a better
understanding of snowmelt processes in boreal permafrost systems. Furthermore,
the model does currently not represent moisture transport and migration in frozen
ground or ice lens and excess ground ice formation. These processes could lead
to further high impacts on the local micro-topography, the surface energy balance,
or available plant water and root space. Lateral water fluxes were not investi-
gated in the applied one-dimensional model setup. Nevertheless, lateral water flow
and snow redistribution could be important processes controlling spatial hetero-
geneities in the ground thermal regime, as well as the snowpack development. The
implementation of lateral water and energy fluxes would enable detailed analysis of
multi-tile processes, as well as of boreal forest-permafrost feedbacks in topograph-
ically rich, mountainous areas. As detailed in Article 3, the lateral water fluxes at
the dry Spasskaya Pad site are negligible, but at different sites, implementation of
lateral heat- and water fluxes could be crucial.

Another direction for future research, which is already on its way, is the inte-
gration of broadleaf taxa, such as birch and aspen, as well as evergreen needleleaf
taxa (in the coupled dynamic vegetation model '"LAVESI’), to cover the early-
successional stages in boreal forest development/recovery. Additionally, the forest-
permafrost model does so far not incorporate any chemical soil processes such as
carbon sequestration and organic decomposition, or in other words, the C, N, and
O cycling in the ground. These processes could be implemented at varying lev-
els of complexities, especially since the used canopy module does already include
such processes. These possible developments of the modeling scheme and the pro-
posed fieldwork show the future research potential based on the framework provided

within this dissertation.
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Abstract. Boreal forests in permafrost regions make up
around one-third of the global forest cover and are an es-
sential component of regional and global climate patterns.
Further, climatic change can trigger extensive ecosystem
shifts such as the partial disappearance of near-surface per-
mafrost or changes to the vegetation structure and compo-
sition. Therefore, our aim is to understand how the interac-
tions between the vegetation, permafrost and the atmosphere
stabilize the forests and the underlying permafrost. Existing
model setups are often static or are not able to capture impor-
tant processes such as the vertical structure or the leaf phys-
iological properties. There is a need for a physically based
model with a robust radiative transfer scheme through the
canopy. A one-dimensional land surface model (CryoGrid)
is adapted for the application in vegetated areas by coupling
a multilayer canopy model (CLM-ml v0; Community Land
Model) and is used to reproduce the energy transfer and ther-
mal regime at a study site (63.18946° N, 118.19596°E) in
mixed boreal forest in eastern Siberia. An extensive com-
parison between measured and modeled energy balance vari-
ables reveals a satisfactory model performance justifying its
application to investigate the thermal regime; surface energy
balance; and the vertical exchange of radiation, heat and wa-
ter in this complex ecosystem. We find that the forests exert

a strong control on the thermal state of permafrost through
changing the radiation balance and snow cover phenology.
The forest cover alters the surface energy balance by inhibit-
ing over 90 % of the solar radiation and suppressing turbulent
heat fluxes. Additionally, our simulations reveal a surplus in
longwave radiation trapped below the canopy, similar to a
greenhouse, which leads to a magnitude in storage heat flux
comparable to that simulated at the grassland site. Further,
the end of season snow cover is 3 times greater at the forest
site, and the onset of the snow-melting processes are delayed.

1 Introduction

Around 80 % of the world’s boreal forest occurs in the cir-
cumpolar permafrost zone (Helbig et al., 2016). Despite lit-
tle human interference and due to extreme climate conditions
such as winter temperatures below —50°C and very low pre-
cipitation, the biome is highly sensitive to climatic changes
(ACIA, 2005; AMAP, 2011; IPCC, 2014) and thus prone to
vegetation shifts. Boreal forest regions are expected to warm
by 4 to 11°C by 2100, coupled with a more modest precip-
itation increase (IPCC, 2014; Scheffer et al., 2012). More-
over, during 2007-2016 continuous-zone permafrost temper-
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atures increased by 0.39 (£0.15) °C (Biskaborn et al., 2019;
IPCC, 2019). The northeastern part of the Eurasian continent
is dominated by such vast boreal forest — the taiga. Due to its
sheer size, the biome is not only sensitive to climatic changes
but also exerts a strong control on numerous climate feed-
back mechanisms through the altering of land surface reflec-
tivity, the emission of biogenic volatile organic compounds
and greenhouse gases, and the transfer of water to the atmo-
sphere (Bonan et al., 2018; Zhang et al., 2011). The forests
are usually considered to efficiently insulate the underlying
permafrost (Chang et al., 2015). The canopy exerts shading
by reflecting and absorbing most of the downward solar ra-
diation, changes the surface albedo, and decreases the soil
moisture by intercepting precipitation and increasing evapo-
transpiration (Vitt et al., 2000). Additionally, the forest pro-
motes the accumulation of an organic surface layer which
further insulates the soil from the atmosphere (Bonan and
Shugart, 1989). Changing climatic conditions can promote
an increasing active-layer depth or trigger the partial disap-
pearance of the near-surface permafrost. Further, extensive
ecosystem shifts such as a change in composition, density
or the distribution of vegetation (Holtmeier and Broll, 2005;
Pearson et al., 2013; Gauthier et al., 2015; Kruse et al., 2016;
Ju and Masek, 2016) and resulting changes to the below-
and within-canopy radiation fluxes (Chasmer et al., 2011)
have already been reported. Changes to the vegetation — per-
mafrost dynamics — can have a potentially high impact on
the numerous feedback mechanisms between the two ecosys-
tem components. Increased soil carbon release from thawing
permafrost through the delivery of soil organic matter to the
active carbon cycle (Schneider Von Deimling et al., 2012;
Romanovsky et al., 2017) is modified by vegetation changes,
which can compensate for carbon losses due to an increased
CO; uptake (as observed at ice-rich permafrost sites in north-
western Canada and Alaska; Estop-Aragonés et al., 2018) or
even further accelerate total carbon loss.

These vegetation—permafrost dynamics in eastern Siberia
have been documented through exploratory and descriptive
field studies showing a clear insulation effect of forests on
soil temperatures (Chang et al., 2015). Further, the biogeo-
physical processes controlling the evolution of the ecosystem
have been described by conceptual models (Beer et al., 2007;
Zhang et al., 2011; Sato et al., 2016). Modeling schemes
such as ORCHIDEE-CAN (Organising Carbon and Hydrol-
ogy In Dynamic Ecosystems — CANopy; Chen et al., 2016),
JULES (Joint UK Land Environment Simulator; Chadburn
et al., 2015), Lund—Potsdam—Jena (LPJ DGVM - Dynamic
Global Vegetation Model; Beer et al., 2007), NEST (North-
ern Ecosystem Soil Temperature; Zhang et al., 2003) or SiB-
CliM (Siberian BioClimatic Model; Tchebakova et al., 2009)
have added a vegetation or canopy module, with defined ex-
change coefficients for the fluxes of mass and energy, to their
soil modules. This is feasible for varying levels of complex-
ity, and the models are capable of addressing a variety of
different aspects such as forest establishment and mortality

Biogeosciences, 18, 343-365, 2021

(Sato et al., 2016), unfrozen vs. frozen ground and fire dis-
turbances (Zhang et al., 2011), or the evolution of the vege-
tation carbon density under diverse warming scenarios (Beer
et al., 2007).

While all of these studies have significantly improved our
understanding of essential mechanisms in boreal permafrost
ecosystems, it is important to further understand how a dy-
namic evolution of the forest structure and canopy affects
the thermal state and the snow regime of the ground, espe-
cially amid ongoing shifts in forest composition (Loranty
et al., 2018). The existing model setups are often static or
not able to capture important processes such as the vertical
canopy structure or the leaf physiological properties which
strongly control the energy transfer between the top-of-the-
canopy atmosphere and the ground. To our knowledge, so
far, none of the existing models is able to capture the impor-
tant processes of the vertical canopy structure in combination
with a physically based, highly advanced permafrost model.
The novel, physically based model introduces a robust radia-
tive transfer scheme through the canopy for a detailed anal-
ysis of the vegetation’s impact on the hydro-thermal regime
of the permafrost ground below. This allows us to quantify
the surface energy balance dynamics below a complex forest
canopy and its direct impact on the hydro-thermal regime of
the permafrost ground below.

With a tailored version of a one-dimensional land surface
model (CryoGrid — CG, Westermann et al., 2016) we perform
and analyze numerical simulations and reproduce the energy
transfer and surface energy balance in permafrost-underlain
boreal forest of eastern Siberia. CryoGrid has, so far, not in-
cluded a vegetation scheme but has been used to success-
fully describe atmosphere—ground energy transfer and the
ground thermal regime in barren and grass-covered areas
(Langer et al., 2016; Westermann et al., 2016; Nitzbon et al.,
2019, 2020). In our study, we have adapted a state-of-the-art
multilayer vegetation model (CLM-ml vO0, originally devel-
oped for the Community Land Model — CLM — by Bonan
et al., 2018). We tailor and implement this scheme to sim-
ulate the turnover of heat, water and snow between the at-
mosphere, forest canopy and ground. We take advantage of
a detailed in situ data record from our primary study site as
well as from a secondary, external study site. These data are
used to provide model parameters, as well as for model vali-
dation by comparing field measurements with simulation re-
sults. The main objectives of this study are

1. to demonstrate the capabilities of a coupled multilayer
forest—permafrost model to simulate vertical exchange
of radiation, heat and water for boreal forests

2. to investigate the impact of the new canopy module on
the surface energy balance of the underlying permafrost
at a mixed boreal forest site in eastern Siberia.

https://doi.org/10.5194/bg-18-343-2021
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2 Methods
2.1 Study area

Our primary study site is located southeast of Nyurba
(63.18946° N, 118.19596° E) in a typical boreal forest zone
intermixed with some grassland for horse grazing and shal-
low lakes. The forest is rather dense and mixed, with the
dominant taxa being evergreen spruce (Picea obovata, 92 %),
deciduous larch (Larix gmelinii, 7.3 %) and some hardwood
birch (Betula pendula, < 1%). The average tree height is
5.5m for spruce and 12m for larch, respectively. These bo-
real forest environments experience 6 to 8 months of freezing
temperatures reaching extremes of —62°C in winter and up
to 35°C between May and September. The low annual av-
erage temperatures result in continuous permafrost and are
therefore poorly drained, podzolized and nutrient-poor soils
(Chapin et al., 2011). Annual precipitation showed an in-
creasing trend from 1900 until 1990, mainly due to an in-
crease in wintertime precipitation. Between 1995 and 2002,
summertime precipitation decreased by 16.9 mm in August
and 4.2 mm in July (see Table 1 in Hayasaka, 2011, for fur-
ther details). The temperature trend from 1970 to 2010 for
the central Yakutian region is positive for spring, summer
and fall and negative for winter (monthly surface temperature
quantified using Climatic Research Unit (CRU) TS4.01 data;
Harris et al., 2014; Stuenzi and Schaepman Strub, 2020). The
treeline of northern Siberia is dominated by the deciduous
needleleaf tree genus Larix Mill. up to 72.08° N, Larix sibir-
ica Ledeb. from 60 to 90° E, Larix gmelinii Rupr. between 90
and 120°E, and Larix cajanderi Mayr. from 120 to 160° E
(see Fig. 1). Larch competes effectively with other tree taxa
because of its deciduous leaf habit and dense bark. In more
southern margins of eastern Siberia, such as our study area,
larch is mixed with evergreen conifers (Siberian pine (Pinus
sibirica and Pinus sylvestris), spruce (Picea obovata Ledeb.)
and fir (Abies sibirica)) and hardwood (Betula pendula Roth,
B. pubescens Ehrh. and Populus tremula L.) (Kharuk et al.,
2019). Moreover, the ground vegetation is poor in diver-
sity and dominated by mosses and lichens that form carpets.
Larch has shallow roots and grows on clay permafrost soils
with an active layer of around 0.7m and a maximum wet-
ness of 20 %—40 %. Evergreen conifers and hardwood both
prefer deeper active layers and a higher soil moisture avail-
ability (Ohta et al., 2001; Furyaev et al., 2001; Rogers et al.,
2015). This study comprises a secondary site for complemen-
tary model validation which is situated 581km east of the
primary site (for further description see Appendix C).

2.2 Meteorological and soil physical measurements
An automatic weather station (AWS, Campbell Scientific;
for a detailed list of sensors, see Table Al) is installed at

110ma.s.l. on a meadow next to the forest patch described
above. The grassland is grazed by horses in summer, and

https://doi.org/10.5194/bg-18-343-2021

deforestation occurred more then 50 years ago. The AWS
records air temperature and relative humidity at two heights
(1.1 and 2.5m) above the ground, while wind speed and di-
rection are measured at 3.2m above ground. In addition, the
station measures liquid precipitation, snow depth, and in-
coming and outgoing short- and longwave radiation and is
equipped as a Bowen ratio station (B, see Appendix A). All
meteorological variables were recorded with 10 min resolu-
tion and stored as 30 min averages. In order to install soil
temperature and moisture sensors in the ground a soil pit was
excavated in the immediate vicinity (2.5m) of the AWS. The
O horizon has a depth of 0.04 m; the A horizon at 0.1 m con-
tains undecomposed roots, dead moss remains, dense root-
ing and some organic humus. The mineral soil is podzolized,
sandy and dominated by quartz. The rooting depth is 0.18 m.
Iron-rich bands were found at 0.4, 0.7 and 1.1 m. The active-
layer thickness was 2.3 m in mid-August 2018 and in early
August 2019. In this soil pit, soil temperature and moisture
measurement profiles are installed from the top to the bottom
of the active layer, consisting of eight temperature sensors
(0.07, 0.26, 0.88, 1.33, 1.28, 1.58, 1.98 and 2.28 m) and four
moisture probes (0.07, 0.26, 0.88 and 1.33 m). In addition the
conductive ground heat flux in the topsoil layer is measured
with a heat flux plate installed at 0.02m depth. Further, we
record the near-surface ground temperature with five stand-
alone temperature loggers (iButtons, see Table Al) with a
measurement interval of 3h. These are installed in the up-
per 0.03m of the organic soil at our forest site. The forest
soil has a litter layer of 0.08 m and an organic-rich A horizon
reaching a depth of 0.16 m. It is rich in organic and undecom-
posed material. Mineral soil is podzolized, and the rooting
depth is 0.20m. The average active-layer thickness between
spatially distributed point measurements was 0.75m in mid-
August 2018 and 0.73 m in early August 2019. In a vegeta-
tion survey along a 150m transect from the grassland into
the forest, the tree height of every tree within a 2m distance
was estimated. Trees < 2m were measured with a measur-
ing tape; trees > 2m were measured with a clinometer or vi-
sually estimated after repeated comparisons with clinometer
measurements. Together, the instrumentation, with a variety
of different loggers, records the spatial and temporal vari-
ances across the two sites which are representative for a large
area of the mixed boreal forest domain in eastern Siberia
(https://doi.org/10.1594/PANGAEA.914327, Langer et al.,
2020; https://doi.org/10.1594/PANGAEA.919859, Stuenzi et
al., 2020b). In addition, we use a secondary study site, lo-
cated 581km east of Nyurba, with an extensive measurement
record of radiation and temperature data from below the for-
est canopy, allowing for a comprehensive model validation
(see Appendix C).

Biogeosciences, 18, 343-365, 2021
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Figure 1. (a) Overview image of the location of the automatic weather station (AWS) in the grassland in the lower-right corner and the
location of the instrumented forest site in the upper-left corner (Brieger et al., 2019a). (b) Respective soil profiles with the depths of the
organic-matter-dominated O horizon, the top layer of the mineral soil containing the decomposed organic layer (Ah horizon), and the subsoil
mineral layer (B horizon) at the grassland site (left) and at the forest site (right). (¢) Global evergreen needleleaf (dark green) and summergreen
needleleaf (light green) boreal forest distribution and the boundary line between the discontinuous and continuous permafrost extent in brown.
The primary study site is marked with a black cross; our secondary study site is marked with a grey circle. Data: © ESA CCI Landcover
classes, aggregated to summergreen and evergreen needleleaf classes (after Herzschuh, 2019) and permafrost extent from Land Resources of
Russia — Maps of Permafrost and Ground Ice (after Kotlyakov and Khromova, 2002).

Table 1. Overview of the processes for which this study differs from the former CG parameterizations.

Process or parameter CG CG Crocus and CLM-ml vO

See Eq. (1)

Surface energy balance Surface energy balance modulated by canopy,

see Eq. (2), after Bonan et al. (2018)

Direct precipitation from forcing
data of Westermann et al. (2016)

Precipitation modulated by canopy (canopy drip, canopy
and stem evaporation, and stem flow and direct throughfall),
see Eq. (4), after Bonan (2019)

Precipitation interception

Dynamic evapotranspiration —— See Eq. (7) in Bonan et al. (2018)

Snow scheme Westermann et al. (2016) Crocus snow scheme, see Sect. 2.3.3, after Zweigel et al. (2020)

tended with different functionalities such as lake heat transfer
(Langer et al., 2016), multi-tiling (Nitzbon et al., 2019, 2020)
and an extensive snow scheme based on Crocus (Vionnet
et al., 2012; Zweigel et al., 2020). The thermo-hydrological

2.3 Model description

2.3.1 Ground module

CryoGrid is a one-dimensional, numerical land surface
model developed to simulate landscape processes related
to permafrost such as surface subsidence, thermokarst and
ice wedge degradation. The model version is originally de-
scribed in Westermann et al. (2016) and has since been ex-

Biogeosciences, 18, 343-365, 2021

regime of the ground is simulated by numerically solving
the one-dimensional heat equation with groundwater phase
change, while groundwater flow is simulated with an explicit
bucket scheme (Nitzbon et al., 2019). The exchange of sen-

https://doi.org/10.5194/bg-18-343-2021
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Figure 2. Schematic of the surface energy and water balance of
the forest (a, ¢) and grassland (b, d) schemes for (a, b) the snow-
free period and (c, d) the snow-covered period. The active layer
(AL), the permafrost (PF), tree and grassland (dotted lines), and the
snowpack (Snow) in the snow-covered period. In each of the four
panels, incoming and outgoing longwave (L, and Loyt), incoming
and outgoing solar (S, and Sout), turbulent fluxes (Qp and Qe), the
storage heat flux (Qs), and precipitation (and interception) of rain-
and snowfall are shown.

sible and latent heat, radiation, evaporation, and condensa-
tion at the ground surface are simulated with a surface energy
balance scheme based on atmospheric stability functions. In
addition, the model encompasses different options for sim-
ulating the evolution of the snow cover including the Cro-
cus snowpack scheme. The model is forced by standard me-
teorological variables which may be obtained from AWSs,
reanalysis products or climate models. The required forcing
variables include air temperature, wind speed, humidity, in-
coming short- and longwave radiation, air pressure, and pre-
cipitation (snow- and rainfall) (Westermann et al., 2016). The
change of internal energy of the subsurface domain over time
is controlled by fluxes across the upper and lower boundaries
written as

SE

g = Sin — Sout + Lin — Lout — Qh - Qe - thm;ps (1>
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where the input to the uppermost grid cell is derived from
the fluxes of shortwave radiation (S, and Sout) and longwave
(Lin and Loy) radiation at the same time regarding the latent
(Qe) and sensible (Qn) heat added by precipitation (Qprecip)
and storage heat flux (Qs) between the atmosphere and the
ground surface (Westermann et al., 2016).

For this study, we have adapted the multilayer canopy
model developed by Bonan et al. (2014, 2018). The canopy
model is coupled to CryoGrid by replacing its standard sur-
face energy balance scheme, while soil state variables are
passed back to the forest module. In the following, we de-
scribe the canopy module and its interaction with the existing
CryoGrid soil and snow scheme. All differences towards for-
mer CryoGrid parameterizations are summarized in Table 1.

2.3.2 Canopy module

The multilayer canopy model provides a comprehensive pa-
rameterization of fluxes from the ground, through the canopy
up to the roughness sublayer. The implementation of a rough-
ness sublayer allows for the representation of different forest
canopy structures and their impact on the transfer of verti-
cal heat and moisture. The concept is similar to the multi-
layer approach in ORCHIDEE-CAN (Chen et al., 2016; Ry-
der et al., 2016). In an iterative manner, photosynthesis, leaf
water potential, stomatal conductance, leaf temperature and
leaf fluxes are calculated. This improves model performance
in terms of capturing the stomatal conductance and canopy
physiology, nighttime friction velocity, and diurnal radia-
tive temperature cycle and sensible heat flux (Bonan et al.,
2014, 2018). The within-canopy wind profile is calculated
using above- and within-canopy coupling with a roughness
sublayer (RSL) parameterization (see Bonan et al., 2018, for
further detail).

The multilayer canopy model (Bonan et al., 2018) was de-
veloped based on the use with CLM soil properties. Follow-
ing the notations summarized in Bonan (2019) we developed
a CLM-independent multilayer canopy module which can be
coupled to CryoGrid by integrating novel interactions and an
adapted snow cover parameterization. In order to set neces-
sary parameters of the canopy module, we make use of val-
ues defined for the CLM plant functional type of evergreen
needleleaf forest. Please note that all parameters defining the
canopy are set as constant values so that vegetation is not dy-
namic and that changes in forest composition or actual tree
growth are not considered in this study.

2.3.3 Snow module

The snow module employed in this study is based on Zweigel
et al. (2020) (submitted, available upon request). The Cryo-
Grid model is extended with snow microphysics parameter-
izations based on the Crocus snow scheme (Vionnet et al.,
2012), as well as lateral snow redistribution. The CLM-ml
(v0) multilayer canopy model has not yet been coupled to a
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Figure 3. Surface energy balance for the snow-covered (28 October 2018-27 April 2019) and snow-free (10-27 October 2019 and 28 April-
10 October 2019) periods at the ground surface of grassland and forest and at the top of the canopy of the forest (Forest TOC). Shown are
the net radiation (Qpet) and sensible (Qy,), latent (Qe) and storage heat flux (Qs) for the model runs of the forest and grassland site as well
as the measured values at the grassland site. The bars indicate mean values, while the whiskers show the corresponding standard deviations.

snow scheme (Bonan et al., 2018). Following Vionnet et al.
(2012) the microstructure of the snowpack is characterized
by grain size (gs, mm), sphericity (s, unitless, range 0-1)
and dendricity (d, unitless, range 0—1). Fresh snow is added
on top of the existing snow layers with temperature- and
wind-speed-dependent density and properties. After depo-
sition the development of each layers’ microstructure oc-
curs based on temperature gradients and liquid water con-
tent (Vionnet et al., 2012). Snow albedo for the surface layer
and an absorption coefficient for each layer are calculated
based on the snow properties. Solar radiation is gradually ab-
sorbed throughout the snow layers, and the remaining radi-
ation is added to the lowest cell. Additionally, the two me-
chanical processes of mechanical settling due to overload
pressure and wind compression increase snow density and
compaction. During snowfall, new snow is added to the top
layer in each time step and mixed with the old snow based
on the amount of ice. Once a cell exceeds the snow water
equivalent of 0.01 m, which equals a snow layer thickness
of 0.03m, a new snow layer is built. Here, snow accumu-
lates on the ground under the forest canopy. During the first
snowfall, the surface energy balance of the ground and snow
is calculated for each respective cover fraction. After reach-
ing a snow layer thickness of 0.03 m, the ground surface en-
ergy balance is calculated for the snowpack itself (see Ta-
ble A2). Variables exchanged based on the snow cover are
the ground surface temperature, surface thermal conductiv-
ity and layer thickness of the layer directly under vegetation.
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Evaporation flux is subtracted from the snow surface. Top-
of-the-canopy wind speed is used to calculate the density of
the falling snow. Additionally, snow interception is handled
like liquid precipitation interception described in Eq. (4).

2.3.4 Interactions between the modules

The vegetation module forms the upper boundary layer of
the coupled vegetation—permafrost model and replaces the
surface energy balance equation used for common CryoGrid
representations. The top-of-the-canopy (TOC) surface en-
ergy balance is calculated by the vegetation module based on
atmospheric forcing. The forest module numerically solves
the energy balance of the ground surface below the canopy
defined as

Sincanopy - SO'—“gmund + Li“canopy - LOUlgmund - thround

= Qegouns = Lsgrouna = 0; @

where Linopy @0 Singypop, are the incoming long- and short-
wave radiation at the ground surface and the lower boundary
fluxes of the multilayer canopy module, Sout,,,,q i the out-
going shortwave flux from the ground, Lou'-gm:nd is the outgo-
ing longwave flux, Oh,,,,q is the sensible heat flux, Qe
is the latent heat flux, and Qs is the storage heat flux
at the ground surface. The first six components of the sub-
canopy energy balance directly replace the respective com-
ponents surface energy balance scheme of CryoGrid (see
Eq. 1). Qsyoua is calculated based on temperatures of the
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uppermost ground or snow layers that are passed from Cryo-
Grid to the forest module. The storage heat flux is calculated
as

Ts— Tground

Qngund =k Az

. 3
where k is the soil thermal conductivity, Ty is the soil surface
temperature, Tground is the actual ground temperature for the
first layer below the surface and Az is the layer thickness.
Soil thermal conductivity is parameterized following West-
ermann et al. (2013, 2016) and is based on the parameteriza-
tion in Cosenza et al. (2003). The thermal conductivity of the
soil is calculated as the weighted power mean from the con-
ductivities and volumetric fractions of the soil constituents
water, ice, air, mineral and organic (Cosenza et al., 2003). In
Fig. 2 the energy fluxes expected for a forested and a grass-
land site in the snow-covered and snow-free periods each are
illustrated schematically.

In the novel model setup which allows for soil-vegetation
interaction, the vegetation module receives ground state vari-
ables of the top 0.7 m of the soil layers. These state variables
are soil layer temperature (Tground) and soil layer moisture
(Werouna), as well as the diagnostic variables soil layer con-
ductivity (kground) and ice content (Iground). The vegetation
transpiration fluxes are subtracted from the ground soil lay-
ers within the rooting depth and evaporation fluxes from the
ground surface.

Following the notation in Bonan et al. (2018) the rain and
snow fraction reaching the ground (Wground,) is described as
follows

3 Wground)
8t
and consists of the direct throughfall ( f Pr), the canopy drip
(D), the canopy evaporation (E.), the stemflow (D) and

the stem evaporation (E;), which are based on the retained
canopy water (W;) as

SWe
8t

=fPr+Dc—E.+ D¢ — E; “4)

=(0-f—-foPr—Ec— D, ®

where 1 — f — fi Pr is the intercepted precipitation, and the

retained trunk water (W,) is represented as

SW,

—— = fiP— E.~ Dy, ©®)
ot

respectively. Lateral water fluxes are neglected in this base-

line, one-dimensional model setup.

2.4 Model setup and simulations

We ran model simulations for forested and non-forested sce-
narios based on in situ measurements recorded in 2018 and
2019. The subsurface stratigraphies used in CryoGrid is de-
scribed by the mineral and organic content, natural poros-
ity, field capacity, and initial water and ice content. Some of
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these parameters could be measured at the forest and grass-
land sites and were used to set the initial soil profiles in the
model. Table A3 summarizes all parameter choices for soil
stratigraphies, and Table A4 summarizes constants used. The
subsurface stratigraphy extends to 100 m below the surface,
where the geothermal heat flux is set to 0.05 W m~2 (Langer
et al., 2011b). The ground is divided into separate layers in
the model. The uppermost 8 m section has a layer thickness
of 0.05m, followed by 0.1 m for the next 20, 0.5m up to
50 and 1m thereafter. The remaining CryoGrid parameters
were adopted from previous studies using CryoGrid (see Ta-
ble A2) (Langer et al., 2011a, b, 2016; Westermann et al.,
2016; Nitzbon et al., 2019, 2020). We use ground surface
temperature (GST) as the target variable for model valida-
tion. GST results from the surface energy balance at the in-
terface between the canopy, snow cover and ground and pro-
vides an integrative measure of the different model compo-
nents. In addition it is the most important variable determin-
ing the thermal state of permafrost.

For the canopy stratigraphy, we follow the parameteriza-
tions in Bonan et al. (2018) for the plant functional type
evergreen needleleaf (see Table A5 and A6). This canopy
stratigraphy can be described by two parameters: the leaf
area index (LAI) measured at the bottom of the canopy de-
fines the total leaf area. The leaf area density function on
the other hand describes the foliage area per unit volume of
canopy space, which is the vertical distribution of leaf area.
Leaf area density is measured by evaluating the amount of
the leaf area between two heights in the canopy separated by
the distance. This function can be expressed by the beta dis-
tribution probability density function which provides a con-
tinuous representation of leaf area for use with multilayer
models (see Bonan, 2019, for further information). Here,
we use the beta distribution parameters for needleleaf trees
(p=3.5, ¢ =2), which resembles a cone-like tree shape.
LAI can be estimated from satellite data and calculated from
below-canopy light measurements or by harvesting leaves
and relating their mass to the canopy diameter. Ohta et al.
(2001) have described the monitored deciduous—needleleaf
forest site at the Spasskaya Pad research station (our sec-
ondary study site, see Appendix C), which has comparable
climate conditions but is larch-dominated. The value of the
tree plant area index (PAI), obtained from fish-eye imagery
and confirmed by litter fall observations, varied between
3.71m?m~2 in the foliated season and 1.71m*>m~2 in the
leafless season. This value does not include the ground veg-
etation cover. Further, Chen et al. (2005) compared ground-
based LAI measurements to MODIS values at an evergreen-
dominated study area (57.3° N, 91.6° E) southwest of the re-
gion discussed here, around the city of Krasnoyarsk. The
mixed forest consists of spruce, fir, pine and some occasional
hardwood species (birch and aspen). They find LAI values
between 2 and 7m? m~2. To assess the LAI we use data from
the literature and experience from the repeated fieldwork at
the described site. Following Kobayashi et al. (2010), who
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conducted an extensive study using satellite data, the average
LAI for our forest type is set to 4m>m™~2, and the stem area
index (SAI) is set to 0.05m?m~2, resulting in a plant area
index (PAI) of 4.05m?>m~2 and nine vegetation layers for
model simulations. The lower atmospheric boundary layer is
simulated by 4 m of atmospheric layers.

We perform simulations over a 5-year period from August
2014 to August 2019. The model runs are initialized with a
typical temperature profile of 0m depth at 0°C, 2m at 0°C,
10m at —9°C, 100m at 5°C, 5000m at 20°C. Spin-up pe-
riod prior to the validation period is 4 years before we com-
pare modeled and measured data. Test runs with a longer
spin-up period of 10 years confirmed that only 4 years are
sufficient when focusing on GST. The meteorological forcing
data required by the model include air temperature, relative
humidity, air pressure, wind speed, liquid and solid precip-
itation, incoming short- and longwave radiation, and cloud
cover. ERA-Interim (ECMWEF Reanalysis) data for the coor-
dinate 63.18946° N, 118.19596° E were used to obtain forc-
ing data for the total available period from 1979 to 2019
(Simmons et al., 2007).

3 Results
3.1 Model validation and in situ measurements

At our primary study site, the model is validated against
ground surface temperature (GST) measurements of forested
and non-forested study sites. The dataset used covers one
complete annual cycle from 10 August 2018 to 10 August
2019. In addition, the model output is compared to radiation,
snow depth, conductive heat flux, precipitation and temper-
ature measurements of the AWS at the grassland site. The
AWS was set up on 5 August 2018 and taken down on 26 Au-
gust 2019. Data were recorded continuously, except for 40d
in late May and early June due to a power cut. The mean
annual air temperature was —7.3°C with a maximum tem-
perature of 33.1°C, a minimum of —54.0°C and an average
relative humidity of 70.5 %. Precipitation is 129.8 mmyr~!
(liquid). The maximum snow height at the grassland site is
measured to be 0.5 m in February, and the ground was snow-
covered for 181d from 28 October 2018 to 27 April 2019
(values above 0.05 m snow height). A quality check of the ra-
diation data revealed partly inconsistent incoming longwave
radiation measurements for the time span of 1 November
2018-26 February 2019. During this period it is likely that
the sensor is partially covered by snow, making it necessary
to discard those measurements from the record. High-quality
Onet and Lip and Loy, measurements, thus, only exist for
the periods 28 to 30 October 2018 and 27 February 2018 to
27 April 2019. This data gap consequently also limits the pe-
riod for which Bowen ratios are calculated and sensible heat
fluxes (Qp) and latent heat fluxes (Q.) can be derived. The
mean annual grassland albedo is 0.35 with an average of 0.30
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during the snow-free and 0.48 during the snow-covered sea-
son. From December to February the albedo reaches its high-
est values with a mean of 0.7. Mean annual GST at 0.07m
depth is —2.6°C (range from 19.1 to —24.9°C) with an av-
erage of —11.4°C in the snow-covered period and 8.0°C in
the snow-free period. The average annual GST recorded in
forested areas at a depth of 0.03m is 1.9°C (range from 15.6
to —23.4°C) with an average of —9.3 °C in the snow-covered
period and 5.6 °C in the snow-free period.

We acknowledge that the target variable GST does not
allow a detailed evaluation of the surface energy balance.
Therefore, we further validate the model performance with
additional measurements from an external study site (see Ap-
pendix C). Through the Arctic Data archive System (ADS)
we have been provided with meteorological and radiation
data from beneath and above the larch-dominated forest
canopy at Spasskaya Pad for 2017-2018 (Maximov et al.,
2019). These data are used for additional model validation
and are added to the Appendix of our paper. Overall our anal-
ysis reveals a satisfactory agreement between modeled and
measured components of the surface energy balance below
the canopy. Thus, we argue that the performance of the model
at the external study site justifies its application at the pri-
mary study site in Nyurba, where below-canopy fluxes were
not acquired (see Appendix C).

3.1.1 Surface energy balance

In a first step we assess the surface energy balance by com-
paring the modeled net radiation (Qpe), sensible heat flux
(Qn), latent heat flux (Q.) and storage heat flux (Qs) at the
forested site and the modeled and measured fluxes at the
grassland site (see Fig. 3 and Appendix A). Turbulent fluxes
at the forest ground are close to zero for both the snow-free
and snow-covered periods. The TOC sensible heat flux is
highest in the snow-free period (48.6 W m~2), resulting in the
highest net radiation flux (83.5Wm™2). Forest ground net ra-
diation flux is only a third (25.8Wm’2) of the TOC flux. The
latent heat flux in the snow-free period is similar for the for-
est TOC (16.5Wm™2) and grassland sites (measured value
of 22.1Wm~2 and modeled value of 18.5Wm™2). During
the snow-covered season, forest TOC and ground turbulent
heat fluxes and net radiation are close to zero. Net radiation
flux in the snow-covered period is smallest at the grassland
site (modeled value of —20.0 W m™~2 and measured value of
9.7Wm~?2). The resulting storage flux is more than double
at the forest ground (30.4 Wm™2) for the snow-free period
and slightly positive (0.5W m~2) during the snow-covered
period.

The average measured Bowen ratio (B) at the AWS is
1.04, with an average of 1.94 for the snow-free and 0.35 for
the snow-covered periods. At the grassland site the model
predicts a B of 1.8 for the snow-free period and —16.54 for
the snow-covered period. This sums up to an annual average
B of 1.09 for grassland. Modeled annual average B at the for-

https://doi.org/10.5194/bg-18-343-2021



74

S. M. Stuenzi et al.: Variability of the surface energy balance in permafrost-underlain boreal forest

400

A
5
8
1

@
s}
s}

400

Flux [W/m?]

——

n
S
s}

100

- =
' T

351

PaJen0O—-MOouUs

Forest ground modeled
= Grassland modeled
M Grassland measured

88J)—MOUS

| BEN E

Figure 4. Modeled incoming solar and longwave radiation for the snow-covered (28 October 2018-27 April 2019) and snow-free (10—
27 October 2019 and 28 April-10 October 2019) periods at the ground surface of forest (grey) and grassland (striped). Measured (black)
incoming solar (for the same time periods) and longwave radiation (for 28-30 October 2018 and 27 February 2018-27 April 2019) are shown
for the grassland site. The bars indicate mean values, while the whiskers show the corresponding standard deviations.

est ground is more than double with 2.85 for the snow-free
period and 2.01 for the snow-covered period. The top-of-the-
canopy modeled annual average B is 2.99, with an average of
—0.77 in the snow-covered period and 3.93 in the snow-free
period.

More detailed insights into differences of available radi-
ation at the ground surface are presented in Fig. 4. Here,
the incoming short- and longwave radiation measured at the
grassland site and modeled for the forest and grassland are
shown. The longwave radiation dominates the incoming part
of the radiation balance at both sites throughout the year. In
the snow-free period, downward longwave radiation flux is
44.2W m~? higher at the forest ground. In the snow-covered
period downward longwave radiation flux is 40.7 Wm™2
higher at the forest ground. This results in a surplus of en-
ergy of +9.6 Wm~2 for the snow-covered and +16.7 W m~2
for the snow-free periods under the forest canopy compared
to the grassland. The shortwave radiation reaching the for-
est ground is very small for both periods (9.9Wm~2 for
the snow-free and 2.8 Wm™2 for the snow-covered periods),
showing that the canopy effectively intercepts (absorbs and
reflects) most of the incoming shortwave radiation. Short-
wave downward radiation at the grassland site is more than
19 times higher in the snow-free period and 18 times higher
in the snow-covered period.

3.1.2 Thermal regime of the ground near the surface

In a second step, we compare the annual average GST in the
snow-free and snow-covered periods to understand the over-
all model performance and the relative temperature differ-
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ences between the forest and grassland sites (see Fig. 5). We
further discuss the annual cycle of the thermal development
of the permafrost ground, the modeled and measured active-
layer thickness, and the volumetric groundwater content at
both of our study sites.

Measured and modeled average GST values are summa-
rized in Fig. 5. The highest deviation between modeled and
measured GST is found at the grassland site. Here, the model
shows a cold bias of —4.1°C for the snow-covered period.
Also, there is a cold bias of —2.8°C in the snow-free period
in the forest. Overall, we find an average annual difference
of 0.7°C between the two sites. This difference is 5.2°C for
the snow-free season and 6.7 °C for the snow-covered period,
respectively.

For a more detailed understanding of the annual cycle of
the thermal evolution of permafrost ground at our study sites,
we compare the weekly averaged GST at the grassland and
forest site (see Fig. 6). The more detailed analysis of the an-
nual cycle reveals periods with distinct differences between
the model simulations and the measured values. For both
study sites the model produces a slight GST overestimation
in summer and a prolonged thawing period in spring. The
measured data show a much faster ground warming in spring.
This difference is over 20d at the forest site and 15d at the
grassland site. In addition, there is a cold bias by 5°C in Jan-
uary at the grassland site. This bias is not seen at the forest
site. Thawing starts later in model simulations than in mea-
sured values.

To further investigate the temporal evolution of the per-
mafrost ground, we compare modeled and measured active-
layer thicknesses at both study sites. In the grassland, the
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standard deviations for modeled (light grey) and measured (dark grey) values. In addition, the measured duration of the snow-covered period
is shaded at the grassland site. Please note that there is a data gap in the measured data at the grassland site in May-June (see Sect. 3.1 for

further details).

modeled maximum active-layer thickness (ALT) is 2.35m
between 13 and 24 October 2018, with complete freezing
occurring on 9 November and topsoil thawing starting on
3 May. The measured ALT in the grassland was 2.3 m in mid-
August 2018 and early August 2019. The measured ALT in
the forest was between 0.5 and 1.1m in mid-August 2018.
In the forest, the modeled maximum ALT is 2.05m in Octo-
ber 2018 with freezing being completed on the 14 November.
Topsoil thawing began on 23 June, 51 d later than in grass-
land. The modeled ALT in August 2018 was between 0.4 and
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1.8m and therefore overestimated by 0.3 m compared to the
point measurements taken in August 2018 (see Fig. 7).
Moreover, the measured volumetric water content (VWC)
in grassland reaches its maximum of 0.2 in August. The av-
eraged measured VWC at the forest site in August 2018 was
0.3. The model can broadly reproduce this difference, but
there is a model bias towards higher VWC for both sites.
The modeled maximum water content in forest is 0.5 be-
tween the end of June and the beginning of July and is about
0.2 higher than in grassland, where the simulation shows a
maximum VWC of 0.3 in August. The modeled winter ice
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content reaches a maximum value of 0.36 in grassland and
0.42 in forest.

4 Discussion

The model presented here is found to be capable of simu-
lating the differences in the ground thermal regime between
a forested and a non-forested site for permafrost underneath
boreal forests. This can provide important insights into the
range of spatial differences and possible temporal changes
that can be expected following current and future landscape
changes such as deforestation through fires, anthropogenic
influences and afforestation in currently unforested grass-
lands or the densification of forested areas. The implemented
scheme is able to simulate the physical processes that define
the vertical exchange of radiation, heat, water and snow be-
tween permafrost and the canopy. Our simulations show that
the forests exert a strong control on the thermal state of per-
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mafrost. At the grassland site, we find a much larger ground
surface temperature (GST) amplitude of 60.35°C over the
annual cycle, which is 32°C higher than at the forest site.
This vegetation dampening effect on soil temperature is well-
described in the literature (Oliver et al., 1987; Balisky and
Burton, 1993; Chang et al., 2015). Earlier work by Bonan
and Shugart (1989) found that forest soils generally thaw
later and less deeply and are cooler than in open areas. In the
winter, forested soils are typically warmer relative to open
areas. The tree cover can maintain stable permafrost under
otherwise unstable thermal conditions (Bonan and Shugart,
1989). Our results are in agreement with these observations
but further demonstrate that the impact of mixed boreal for-
est on the GST is strongest during the snow period and the
summer peak with the warmest months. Our model reveals
an average of 6.7°C higher GST during the snow-covered
period and 5.2°C lower GST during the snow-free period.
Measurements reveal an average of 2 °C higher GST in forest
during the snow-covered period and 2.3 °C lower GST during
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Figure 9. Modeled (Wind min (grey) and Wind max (red)) and mea-
sured (black) average weekly GST in 0.03m depth in forest with
standard deviations for modeled (light grey and light red) and mea-
sured (dark grey) values. Red represents a simulation using the wind
speed at the top of the canopy as the input value for snow com-
paction. Grey shows the standard model simulation using the wind
speed at the canopy bottom for the snow compaction mechanisms.

the snow-free period. Our model simulations show that the
strong control on the thermal state of permafrost is a result of
the combined effects of canopy shading, the suppression of
turbulent heat fluxes, below-canopy longwave enhancement,
increased soil moisture and distinct snow cover dynamics.
These relevant processes controlling forest insulation will be
discussed individually in the following subsections followed
by a detailed discussion on model applicability and limita-
tions.

4.1 Canopy shading and longwave enhancement

The surface energy balances simulated by the model are very
different for grassland and forest. The forest canopy reflects
and absorbs over 92 % of incoming solar radiation for both
the snow-free and snow-covered periods. The forest ground
albedo therefore has little influence on the energy balance.
This canopy shading effect makes the longwave radiation the
largest source of radiative energy at the forest site for both
time periods. A surplus of longwave radiation of over 20 %
is largely trapped below the canopy due to extremely low
turbulent heat fluxes, similar to a greenhouse. The increased
longwave radiation results in a relatively strong storage heat
flux. Despite shading, the storage heat flux at the forest site
is similar in magnitude to that simulated at the grassland site.
This explains the small difference in the modeled depths of
the active layer at both sites. The heat flux plate used for
measuring the conductive heat flux at the grassland site is de-
signed for use in mineral soil. Due to a certain amount of or-
ganic content in the upper soil layer, under- or overestimated
heat fluxes are possible (Ochsner et al., 2006). This could
explain to some extent the difference between measurements
and simulations. We further find that during the snow-free
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period, the sensible and latent heat flux at the canopy top
are high, while they are close to zero at the forest ground.
In summary, we show that the canopy effectively absorbs
and reflects the majority of incoming solar radiation, mak-
ing canopy shading one of the main controlling mechanisms,
and that the canopy enhances the longwave radiation at the
forest ground because of extremely low turbulent heat fluxes.

4.2 Soil moisture, canopy interception and
evapotranspiration

According to the majority of studies, tree growth in per-
mafrost areas is limited by summer air temperatures and
available water from snowmelt, water accumulated within
the soil in the previous year and permafrost thaw water
(Kharuk et al., 2015; Sidorova et al., 2007). The amount of
precipitation in the eastern Siberian taiga is characteristically
small compared to other areas; therefore it is expected that
permafrost plays an important role in the existence of these
forests (Sugimoto et al., 2002). Sugimoto et al. (2002) found
that plants used rainwater during wet summers but meltwa-
ter from permafrost during drought summers. This indicates
that permafrost provides the direct source of water for plants
in drought summers and retains surplus water in the soil un-
til the next summer. They conclude that if this system is dis-
turbed by future warming, the forest stands might be seri-
ously damaged in severe drought summers (Sugimoto et al.,
2002). Our grassland site, which was supposedly forested un-
til the 1950s, has dried up and has a much smaller organic
layer and a maximum active-layer thickness of 2.30m. The
volumetric water content in forest soil is 10 %—20 % higher
despite the same amount of precipitation and a higher evapo-
rative flux during the growing season. This points to the con-
clusion that permafrost plays an important role in regulating
the hydrological conditions in this boreal forest area by hold-
ing the water table close to the surface, which improves plant
water supply.

4.3 Insulating the litter and moss layer

The existence of a thick moss and organic layer on the forest
ground can significantly lower ground temperatures due to
the high insulation impact (Bonan and Shugart, 1989). The
low bulk density and low thermal conductivity of the or-
ganic mat effectively insulate the mineral soil, causing lower
soil temperatures and maintaining a high permafrost table.
A thick moss—organic layer on the forest floor is an impor-
tant structural component of the forest—permafrost relation-
ship, controlling energy flow, nutrient cycling, water rela-
tions, and, through these, stand productivity and dynamics
(Bonan and Shugart, 1989). At our forest site the moss cov-
erage was found to range between 0 % and 40 % with thick-
nesses ranging from 0.005 to 0.02m. This is a comparably
thin moss layer, but it was taken into account in the ground
setup for the forest site.
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4.4 Snowpack dynamics

Snow cover dynamics on the other hand seem to be a highly
important factor in regard to the thermal evolution of the un-
derlying permafrost ground (Gouttevin et al., 2012). Snow
cover is an essential ecosystem component, acting as a radia-
tion shield, insulator and seasonal water reservoir. The forest
canopy exerts a strong control on snow accumulation due to
interception and reduced wind speeds (Price, 1988). To ana-
lyze characteristics in the snow cover evolution, we compare
modeled and measured snow depths at the AWS (grassland
site) with the modeled snow depth at the forest site. Snow
depth modeled in grassland agrees well with the measured
snow depth and reaches a maximum value of 0.26m in late
April (see Fig. 7). Towards spring, the snowpack in the for-
est accumulates to 1.2m. The melting of snow starts around
the same period but lasts longer up until the end of May. The
snowpack at the forest site exhibits different characteristics
than at the grassland site. The found differences are clearly
induced by the canopy structure controlling snow intercep-
tion within the canopy, mass unload from the branches to the
ground, sublimation and snow compaction.

In addition, our simulations at the forest site show an in-
crease in longwave radiation, a decrease in solar radiation
and the oppression of turbulent fluxes, which additionally
lead to the slower melting of snow, less snow compaction and
therefore a higher snowpack. This is in agreement with ear-
lier work on snowpack modeling in coniferous forests (Price,
1988). For example, Beer et al. (2007) note that vegetation
effects such as solar radiation extinction and atmospheric tur-
bulence have a far greater influence on snow cover dynamics
in boreal forests of eastern Siberia than snow interception
alone. In addition, Grippa et al. (2005) found that the leaf
area index (LAI) and snow depth are highly connected.

To understand the high impact that coupling the vegetation
has on the snow cover, we next study the surface energy bal-
ance simulated by our model for our specific forest study site
and a hypothetical, sparse canopy with an LAI of 1 m>m~2,
while keeping all other parameters the same (see Fig. 8). In
snow-free periods the mean incoming solar radiation at the
ground is 5 times higher in the sparse canopy simulation,
which leads to a higher net radiation flux (Qper). Turbulent
fluxes (Qn and Q.) are similar, which suggests that air cir-
culation is blocked, even in a very sparse canopy. The high
longwave radiation at the forest ground is persistent for the
hypothetical sparse canopy as well, and longwave radiation
remains the dominant energy component.

Snow depth analysis further reveals that for a sparse forest
canopy the maximum snow depth reaches 0.23m only, re-
sulting in a maximum ALT of 0.88 m and an annual average
8T of 0.8°C. This confirms that the thermal differences be-
tween forest and grassland sites are largely controlled by the
impact of the canopy density on snow depth and density.

The snowpack at our primary site (mixed forest) reaches
a maximum thickness of 1.2m, which is in accordance with
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studies of boreal forest snow depths in other boreal regions
such as in Canadian boreal regions, where, i.e., Kershaw and
McCulloch (2007) found varying mean snowpack depths be-
tween 0.73 and 1.3m in different forest types and depths
of only 0.08m in a tundra landscape. Further, Fortin et al.
(2015) measured maximum snowpack heights between 0.7
and 0.9m in a black-spruce-dominated forest—tundra eco-
tone. Similar values were also found in a study in mixed bo-
real forests in northeastern China (Chang et al., 2015) and
in a more general large-scale approach for the circumpo-
lar north (Zhang et al., 2018). This strong variability and
heterogeneity in snow distribution has already been identi-
fied as a very important driver of the subsurface and hydro-
logical regimes and runoff in unforested permafrost regions
(Nitzbon et al., 2019).

Nevertheless, the strong delay between observed and mod-
eled top ground thawing at the forest site (see Fig. 6) de-
mands further investigation. The snow compaction currently
used in the snow module is dependent on wind speed only
(see Sect. 2.3.3). Due to the coupled forest canopy, modeled
wind speed at ground level is strongly reduced to the mini-
mum value of 0.1 ms™!. Consequently, the snow compaction
is remarkably low. To understand how much of the difference
between modeled and measured spring GST can be explained
by the underestimated snow compaction, we simulate an ex-
treme case, using the above-canopy wind speed for the snow
compaction processes (see Fig. 9). The use of the above-
canopy wind speed and the resulting high snow compaction
reduces the difference between modeled and measured GST
in spring by about 50 %. This reduction arises from the lower
insulation capacity of the thinner snowpack. However, the
timing of topsoil thawing does not improve. This may be ex-
plained by the fact that the snow cover has, on the one hand,
a lower depth but, on the other hand, a higher density, which
results in the same snow water equivalent and an equally high
amount of energy needed to melt the snow cover completely.

4.5 Applicability and model limitations

The presented model is largely able to reproduce recorded
GSTs in forests. The detailed analysis of the annual cy-
cle shows that the snowmelt period in spring is biased at
the forest and grassland sites. In reality, the ground warms
up faster than is modeled. In the forest this is most likely
caused by a wrong representation of snowpack compaction
and snowmelt. Our analysis reveals that an extreme case of
snow compaction only partly reduces the difference between
modeled and measured GST in spring. This points to more
complex processes that control snowmelt in forest than are
currently represented by the model. Thus, it would be highly
desirable to obtain further field measurements in order to
gain a better understanding of snowmelt processes in boreal
forests.

An aspect not represented in the model is the moisture
transport and migration in frozen ground including the form-
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ing of ice lenses and excess ground ice, which can have a
high impact on the local micro-topography and the surface
energy balance. Furthermore, lateral water flow and snow re-
distribution may be important processes to be investigated in
the future, since they can strongly modify the ground thermal
regime as well as the snowpack development.

Additionally, more detailed field studies and modeling ex-
ercises on the variation of canopy densities and structures
should be carried out in order to obtain a better understand-
ing of the impact of dynamic forest stand development on
permafrost and vice versa. In combination, the above model
limitations could explain a great part of the described GST
and ALT differences between measurements and modeled
simulations.

To simulate the needle tossing of deciduous larch, we have
incorporated a leaf area index threshold between needle toss-
ing and leaf-out (10 October—30 May) for simulations at our
external validation site at Spasskaya Pad (see Appendix C).
This tunes the model towards a more detailed representa-
tion of larch-dominated forests, which are particular to the
secondary study site and large parts of eastern Siberia. The
analysis reveals a satisfactory agreement between modeled
and measured components of the surface energy balance be-
low the predominantly deciduous forest canopy. The mixed
forest cover at our primary study site only contains 7 % of de-
ciduous larch trees. The LAI reduction implemented is there-
fore very small and had no noticeable effect on our results.
This modification can be used to study further taxa-specific
interactions with permanently frozen ground. It would also
be desirable to implement a spatially explicit, dynamic veg-
etation model, such as the larch forest simulator (LAVESI
— Larix Vegetation Simulator, Kruse et al., 2016), to further
analyze the dynamic vegetation distribution under the recog-
nition of the found interactions. This would allow us to simu-
late the vegetation response to changes in permafrost temper-
ature and hydrology dynamically over a large timescale and
across a wide range of boreal forest ecosystems in eastern
Siberia.

5 Conclusions

This study presents a specific application of a novel, cou-
pled multilayer forest—permafrost model which enables us
to investigate the energy transfer and surface energy balance
in permafrost-underlain boreal forest of eastern Siberia. By
simulating interactions between the vegetation cover and per-
mafrost, our modeling approach allows us to quantify and
study the impact of the forest on the hydro-thermal regime of
the permafrost ground below. An extensive comparison be-
tween measured and modeled energy balance variables (GST,
Qc, Oh, Onet» Sin and Soyut) reveals a satisfactory model per-
formance justifying its application to investigate the thermal
regime and surface energy balance in this complex ecosys-
tem. Despite overall good performance, the field measure-
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ments reveal model shortcomings during the snowmelt pe-
riod. Based on this modeling exercise and field measure-
ments, we investigate the thermal conditions of two land-
scape entities as they typically occur in the boreal zone. In re-
gard to the forest insulation effect on permafrost and ongoing
land cover transitions, this study delivers important insights
into the range of spatial differences and possible temporal
changes that can be expected following landscape changes
such as deforestation through fires, anthropogenic influences,
and afforestation in currently unforested grasslands or the
densification of forested areas. The detailed vegetation model
successfully calculates the canopy radiation and water bud-
gets, leaf fluxes, and canopy turbulence and aerodynamic
conductance. These canopy fluxes alter the below-canopy
surface energy balance, the ground thermal conditions and
the snow cover dynamics. We find a strong dampening effect
of over 30°C on the annual ground surface temperature am-
plitude of the permafrost. Further, forested permafrost main-
tains a higher soil water content by controlling water storage
in the ground. The forest cover alters the surface energy bal-
ance by inhibiting most of the solar radiation and suppressing
turbulent heat fluxes. Additionally, we reveal that the canopy
leads to a surplus in longwave radiation trapped below the
canopy, similar to a greenhouse. Therefore and despite the
canopy shading, the storage heat flux at the forest site is sim-
ilar in magnitude to that simulated at the grassland site. In
summary, we identify the following key points.

i. The forest canopy effectively absorbs and reflects over
90 % of incoming solar radiation, making canopy shad-
ing one of the main controlling mechanisms.

ii. The vegetation cover suppresses the majority of the tur-
bulent heat fluxes in the below-canopy space.

iii. The forest canopy enhances the longwave radiation be-
low the canopy by up to 20 %, similar to a greenhouse,
which results in a comparable magnitude of storage heat
flux for both the forest and the grassland sites.

iv. Forested permafrost holds a higher groundwater content
than the dry grassland site.

v. Forest canopy shading leads to the slower melting of
snow, less snow compaction and therefore a higher
snowpack.

vi. The differences in the thermal development of the forest
and grassland sites are highly influenced by the depth,
density and resulting insulation capacities of the snow
cover, which are in turn controlled by the forest canopy
density.
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Appendix A: Bowen ratio and turbulent heat flux Thereafter, latent heat flux (Q.) is calculated as
calculation
. . o 0= 2% (A2)
With the AWS equipped as a Bowen ratio station, B is calcu- 1+ B
lated following Foken (2016) as . .
& ( ) and sensible heat flux (Qy) is
c AT
v A 9= (- 09t (A3)
v A hES TR R
where the specific heat at constant pressure for moist air (c) . .
with the storage heat flux (Qs) bein
is 1.006kJ kg~ K~! and the latent heat of vaporization of & Q9 &
. Q —1. Q H

water (Ly) is 226QkJ kg™ '; AT is the temperature difference Os = Lin + Sin — Lout — Sout, (Ad)
between the two air temperature sensors at heights 0.115 and
0.252m; and Ag is the difference in specific humidity calcu- and Q, being the convective ground heat flux.
lated from measured relative humidity (¢), temperature and
pressure.
Table A1l. Sensors used for field measurements.

Sensor Brand Measurement Accuracy

Temperature and relative Vaisala Air temperature and +1% (15-25°C)

humidity probe (HMP155A) relative humidity

Alpine wind monitor (05103-45) R. M. Young Company  Wind speed and direction 1% of reading

Sonic ranging sensor (SRS0A) Campbell Snow depth 0.4 % of height

Barometric sensor (CS100) Setra Barometric pressure +0.5 mbar (20°C)

Four-component net radiometer Hukseflux Short- and longwave in and out 10 % daily totals

(NRO1)

Thermistor probe (107) Campbell Soil temperature 0.2°C

Heat flux sensor (HFPO1) Hukseflux Ground heat flux +3%

Rain gauge tipping bucket, R. M. Young C. Precipitation (liquid) 2 % up to 25 mm h!

unheated (52 203)

Water content reflectometer (CS616) Campbell Soil moisture +2.5% VWC

HOBO four-channel data logger and Onset Soil temperature +2mV £2.5% of absolute

temperature sensor reading

iButton (DS1922L)

Maxim Integrated

Soil temperature

+0.5°C (=10-65°C)

Table A2. Overview of the CryoGrid parameters used.

Process or parameter Value  Unit Source

Density of falling snow Psnow 300 kgm’3 Kershaw and McCulloch (2007)
Albedo at ground o 03 - Field measurement
Roughness length 20 0.001 m Westermann et al. (2016)
Roughness length of snow Z0gnow 0.0001 m Boike et al. (2019)
Geothermal heat flux F 0.05 Wm2 Westermann et al. (2016)
Thermal conductivity of mineral soil fraction  kmineral 30 Wm!'K~!  Westermann et al. (2016)
Emissivity € 099 - Langer et al. (2011a)
Root depth Dt 02 m Field measurement
Evaporation depth Dg 0.1 m Nitzbon et al. (2019)
Hydraulic conductivity K 1075 ms™! Boike et al. (2019)
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Table A3. Ground setup for simulations. Depth in meters with all others in unitless volumetric fractions.

Top depth  Water orice  Mineral Organic  Field capacity = Natural porosity
Forest 0 0.6 0 0.2 0.5 0.8
0.08 0.6 0.1 0.2 0.5 0.7
0.16 0.6 0.4 0 0.5 0.6
Grassland 0 0.5 0.4 0.1 0.5 0.5
0.04 0.4 0.6 0 0.5 0.4
0.1 0.4 0.6 0 0.5 0.4
Table A4. Constants.
Constants Value  Unit
Von Kérman 04 -
Freezing point water (normal pressure) 27315 K
Latent heat of vaporization 2501 x 106 J kg_l
Molecular mass of water 18.016/1000 kg mol~!
Molecular mass of dry air 28.966/1000 kg mol~!
Specific heat of dry air (constant pressure) 1004.64 T kg’1 K-!
Density of fresh water 1000 kgm’3
Density of ice 917 kgm’3
Heat of fusion for water at 0°C 0.334 x 100 Jkg’1
Thermal conductivity of water 057 m k!
Thermal conductivity of ice 229 wmlk-!
Kinematic viscosity of air (0°C, 1013.25hPa) 0.0000133  m?s~!
Specific heat of water vapor (constant pressure) 1810 J kg’1 K-!

Biogeosciences, 18, 343-365, 2021
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Table AS. Multilayer canopy parameters. PFT: plant functional type. VIS: visible. NIR: near-infrared. NET: needleleaf evergreen boreal.

Parameter PFT NET boreal Value  Unit Source
Leaf angle depth from spherical 0.01 - Bonan (2002)
Leaf reflectance (VIS-NIR) 0.07/0.35 - Bonan (2002)
Stem reflectance (VIS-NIR) 0.16/0.39 - Bonan (2002)
Leaf transmittance (VIS-NIR) 0.05/0.01 - Bonan (2002)
Stem transmittance (VIS-NIR) 0.001/0.001 - Bonan (2002)
Maximum carboxylation rate (25°C) 43 pmol m2s~! Bonan (2002)
Photosynthetic pathway c - Bonan (2002)
Leaf emissivity 098 - Bonan (2002)
Quantum efficiency a 0.06  umol CO; pumol photon’l Bonan (2002)
Slope m 6 - Bonan (2002)
Leaf dimension 0.04 m Bonan (2002)
Roughness length 0.055 m Bonan (2002)
Displacement height 0.67 m Bonan (2002)
Root distribution parameters 7.0/20 - Bonan (2002)
Minimum vapor pressure deficit 100 Pa Bonan (2019)
Plant capacitance 2500 mmol H,O m~2 leaf area MPa~! Bonan (2019)
Minimum leaf water potential —2  MPa Bonan (2019)
Stem hydraulic conductance 4 mmol H,O m~2 leaf area s~ MPa~!  Bonan (2019)
Atmospheric COp 380  umol mol~! Bonan (2019)
Atmospheric Oy 209  umolmol~! Bonan (2019)
Soil evaporative resistance 3361.509 sm~! Bonan (2019)
Specific heat of dry—wet soil 1396 Jkg_l K-! Oleson et al. (2013)
Specific heat of fresh HyO 4188 Jkg 'K~! Oleson et al. (2013)
Specific leaf area at the top of the canopy 0.01 m? g_l C Bonan et al. (2018)
Fine root biomass 500 g biomass m—2 Bonan (2019)
Leaf drag coefficient 025 - Bonan (2019)
Foliage clumping index 0.7 - Bonan (2019)
Table A6. Further ground parameters needed by the vegetation.

Soil parameters (sandy clay loam) Value  Unit Source

Soil layer Clapp—Hornberger b (empirical parameter)  4.05, 4.38, 104 - Bonan (2019)

Alpha (empirical parameter) 0.059 cm™3 Bonan (2019)

n (pore size distributed index) 148 - Bonan (2019)

Initial porosity 0.8,0.7,0.6 m3m~3 Bonan (2019)

Soil layer depth or thickness 0.1,0.1,0.7 m -

Interface depth 0.05,0.15,045 m -

Number of soil layers 3 - -
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Appendix B: Direct and diffuse solar radiation
components from cloud cover data

ERA-Interim cloud cover data (N) allow us to use a simple
approach to differentiate the incoming shortwave radiation
(Sin) into diffuse,

Siaee = S % (03407 x (V/8)?). (B1)
and direct,
Singireer = Sin — Singitruse (B2)

components, based on Younes and Muneer (2007).

Appendix C: External validation site “Spasskaya Pad”

Further validation of the model performance is performed for
a well-studied research site at Spasskaya Pad at 62.14° N,
129.37° E. This additional validation site is located 581km
from our primary study site but allows for validating fur-
ther model variables due to additional observational data.
Spasskaya Pad is a continuous permafrost region, and the
active-layer depth is about 1.2 m in larch-dominated forests.
The main tree species is Dahurian larch (Larix gmelinii), and
there is a stand density of 840 treesha™!. The understory veg-
etation (Vaccinium) is dense and 0.05 m high. In 1996 a 32m
observation tower was installed (Ohta et al., 2001) in larch-
dominated forest. Through the Arctic Data archive System
(ADS, http://ads.nipr.ac.jp/, last access: 3 September 2020)
we have been provided with the most recent available me-
teorological and radiation data from beneath and above the
larch-dominated forest canopy for the time period 2017—
2018 (Maximov et al., 2019). Each variable used here is
measured at exactly 5 min intervals, except radiation (1 min).
Ventilated shelters cover air temperature and humidity sen-
sors. Net all-wave radiation and the four components of radi-
ation are measured every minute, and the data loggers record
average, maximum and minimum values. Upward and down-
ward longwave radiation is corrected using the sensed tem-
perature at domes and sensor bodies. Ground temperature is
measured at seven depths, and soil moisture is measured at
five depths. A more detailed description of the sensors can
be found in Table 1 in Ohta et al. (2001). We have set up and
run a 6-year simulation for this study site (2013-2019), using
ERA-Interim forcing data using the grid cell closest to the
coordinate 62.14° N, 129.37° E. The measurement tower is
situated in larch-dominated forest so that a simple leaf-off pa-
rameterization is implemented. Following Ohta et al. (2001)
we define a partial leaf-off period from 10 October-30 May,
resulting in a reduced winter LAI of 0.5m?>m~2. The sum-
mer LAI is set to a constant value of 1.9 m? m’z, and we use
the measured average tree height of 18 m for setting up the
canopy structure. In order to ensure consistent model vali-
dation with the primary study site we used identical soil pa-
rameters for the external study site. All soil parameters used
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are summarized in Table A3, while Table A4 summarizes the
constants used. We make use of canopy parameters defined
by the PFT deciduous needleleaf due to the dominance of de-
ciduous larch. The subsurface (soil) stratigraphy extends to
100m below the surface, where the geothermal heat flux is
set to a standard value of 0.05 W m—2 (Langer et al., 2011b).
The ground is divided into separate layers in the model. The
uppermost 8 m have a layer thickness of 0.05m, followed
by 0.1m for the next 20, 0.5m up to 50 and 1 m thereafter.
All remaining model parameters were set to default values
as defined in previous studies (see Table A2) (Langer et al.,
2011a, b, 2016; Westermann et al., 2016; Nitzbon et al.,
2019, 2020). Similar to the primary study site we use ground
surface temperature (GST) as one of the target variables for
model validation, measured and modeled at 0.2m. In addi-
tion we use air temperature below the canopy, measured at
the height of 1.2m, net radiation (Qpet), latent (Qe) and sen-
sible (Qn) heat flux, and incoming (Si,) and outgoing (Sout)
shortwave radiation flux at the ground surface as additional
target variables allowing for a comprehensive validation of
the modeled heat and moisture exchange processes within
and below the canopy.

We assess the surface energy balance by comparing the
median weekly values of modeled and measured net radi-
ation (Qpet), sensible heat flux (Qy), latent heat flux (Qe),
and incoming (Sjp) and outgoing (Seyt) solar radiation at the
forested site (see Fig. C1).

Modeled turbulent fluxes below the canopy are small dur-
ing the snow-covered period, and measurement data are not
available during this period. Modeled and measured sensible
heat flux in the snow-free period differ by 0.1 Wm~2 only.
Modeled latent heat flux is only a fourth of the measured
value and therefore underestimated in our model. Modeled
net radiation in the snow-free period (25.7 W m~2) is slightly
above measured net radiation (19.4 Wm™2). For the snow-
covered period, median modeled net radiation is slightly be-
low the measured median value. The incoming shortwave
radiation measured and modeled for the forest site fit well
with differences well below 10Wm~2. The standard devi-
ation of measured values is higher for all variables except
snow-covered net radiation.

In a second step, we compare the modeled and measured
annual median GST for the snow-free and snow-covered pe-
riods and air temperature below the canopy to understand the
overall model performance regarding the thermal regime of
the surface and the ground and the relative temperature dif-
ferences between the model and measurements (see Fig. C2).

The highest deviation between modeled and measured
temperatures is found in the GST of the snow-free period.
Here, the model shows a cold bias of —2°C. For the snow-
covered period the difference is 1.8 °C. For the air tempera-
ture below the canopy the difference between modeled and
measured in the snow-free period is 1.5°C; for the snow-
covered period, the difference is again 1.8 °C. This falls into
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the range of 1.5-2°C that is commonly used for validation
purposes (Langer et al., 2013; Westermann et al., 2016).

Overall our analysis reveals a satisfactory agreement be-
tween modeled and measured components of the surface en-
ergy balance below the canopy. Thus, we argue that the per-
formance of the model at the external study site justifies its
application at the primary study site in Nyurba, where below-
canopy fluxes were not acquired.
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Figure C1. Modeled (grey) incoming and outgoing solar radiation (Sj, and Soy¢) and turbulent fluxes (Qp, Qe and Qpet) for the snow-
covered (28 October 2017-27 April 2018, above) and snow-free (10-27 October 2017 and 28 April-10 October 2018, below) periods at the
ground surface of forest. The bars indicate median values, while the whiskers show the corresponding standard deviations.
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Figure C2. (a) Modeled (grey) and measured (black) air temperature (°C) below the canopy and (b) ground surface temperature (°C) for

both the snow-covered (28 October 2017-27 April 2018, above) and snow-free (10-27 October 2017 and 28 April-10 October 2018, below)
periods at the forest site at Spasskaya Pad. The bars indicate median values, while the whiskers show the corresponding standard deviations.
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Code and data availability. The code is available at http://github.
com/CryoGrid/CryoGrid/tree/vegetation (last access: 4 Decem-
ber 2020) and https://doi.org/10.5281/zenod0.4317107 (Stuenzi et
al., 2020a). The iButton soil temperature data are available at
https://doi.org/10.1594/PANGAEA.914327 (Langer et al., 2020).
The AWS data are available at https://doi.org/10.1594/PANGAEA.
919859 (Stuenzi et al., 2020b). The data for high-resolution pho-
togrammetric point clouds used in Fig. 1 are available at https:
//doi.org/10.1594/PANGAEA. 902259 (Brieger et al., 2019b).
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Abstract

Boreal forests efficiently insulate underlying permafrost. The magnitude of this insulation effect is
dependent on forest density and composition. A change therein modifies the energy and water
fluxes within and below the canopy. The direct influence of climatic change on forests and the
indirect effect through a change in permafrost dynamics lead to extensive ecosystem shifts such as a
change in composition or density, which will, in turn, affect permafrost persistence. We derive
future scenarios of forest density and plant functional type composition by analyzing future
projections provided by the dynamic global vegetation model (LPJ-GUESS) under global warming
scenarios. We apply a detailed permafrost-multilayer canopy model to study the spatial
impact-variability of simulated future scenarios of forest densities and compositions for study sites
throughout eastern Siberia. Our results show that a change in forest density has a clear effect on the
ground surface temperatures (GST) and the maximum active layer thickness (ALT) at all sites, but
the direction depends on local climate conditions. At two sites, higher forest density leads to a
significant decrease in GSTs in the snow-free period, while leading to an increase at the warmest
site. Complete forest loss leads to a deepening of the ALT up to 0.33 m and higher GSTs of over

8 °C independently of local climatic conditions. Forest loss can induce both, active layer wetting up
to four times or drying by 50%, depending on precipitation and soil type. Deciduous-dominated
canopies reveal lower GSTs compared to evergreen stands, which will play an important factor in
the spreading of evergreen taxa and permafrost persistence under warming conditions. Our study
highlights that changing density and composition will significantly modify the thermal and
hydrological state of the underlying permafrost. The induced soil changes will likely affect key
forest functions such as the carbon pools and related feedback mechanisms such as swamping,
droughts, fires, or forest loss.

1. Introduction insulate the underlying, ecosystem-protected perma-

frost (Chang et al 2015) and therefore play an import-

The boreal forest cover exerts a strong control on
numerous climate feedback mechanisms (Bonan et al
2018, Zhang et al 2018). Globally, 80% of boreal
forests are underlain by permafrost (Helbig et al
2016). The forest cover is considered to efficiently

© 2021 The Author(s). Published by IOP Publishing Ltd

ant role in the development of boreal regions and the
stability of permafrost in a warming climate. Boreal
regions are projected to warm between 4°C and
11 °C by 2100, with a modest precipitation increase
(Scheffer et al 2012, Meredith et al 2019). The change
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in air temperature and precipitation directly influ-
ences the vegetation cover development (Esper et al
2010, Kharuk et al 2015, Sato et al 2016, Ito et al 2020)
and permafrost thaw (Meredith et al 2019), directly
affecting soil water availability and root space lim-
itation (Carpino et al 2018). The changing thermo-
hydrological soil conditions may provoke changes
in forest density and forest composition (Takahashi
2006, Kharuk et al 2013, Liu et al 2017, Kropp et al
2021) leading to extensive ecosystem shifts (Pearson
et al 2013, Gauthier et al 2015, Boike et al 2016, Kruse
etal 2016).

Forest composition and density exert a strong
control on permafrost stability (Yi et al 2007,
Chasmer et al 2011, Fisher et al 2016) and a direct
feedback mechanism is expected to control the tem-
poral ecosystem evolution (Bonan et al 1992, Carpino
et al 2018, Loranty et al 2018). This feedback mech-
anism (figure A1) is, however, poorly understood and
broad-scale vulnerability studies do not yet exist. The
canopy exerts shading by reflecting and absorbing
most downward solar radiation and by suppressing
the majority of turbulent heat fluxes in the below-
canopy space (Chang et al 2015). Further, the canopy
controls the surface albedo, which is much lower than
in grasslands especially during snow-covered periods
(Bonan and Shugart 1989). The canopy decreases soil
moisture and leads to a reduced thermal conductiv-
ity through precipitation interception (Thomas and
Rowntree 1992) and higher evapotranspiration (Vitt
et al 2000). Additionally, the canopy slows snow melt-
ing in spring and reduces snow compaction because
of the suppressed turbulent fluxes, which therefore
leads to higher snowpacks under denser canopies
(Stuenzi et al 2021). Finally, the vegetation cover
promotes the accumulation of an organic surface
layer (Bonan and Shugart 1989, Yi et al 2007) which
further insulates the topsoil from the atmosphere.
A change in the forest density modifies the within-
and below-canopy energy and water fluxes (Chasmer
et al 2011, Stuenzi et al 2021). The forest composi-
tion also has an impact on the ground surface energy
and water balance. Most boreal forests are dominated
by evergreen needleleaf taxa, but wide areas of the
north-eastern Eurasian continent are dominated by
deciduous needleleaf taxa. The needle-shedding of
deciduous taxa impacts the within and below canopy
fluxes (Tanaka et al 2008, Zhang et al 2011, Peng et al
2020, Stuenzi et al 2021), the litter and organic surface
layers (Bonan and Shugart 1989) and the fire regime
(Rogers et al 2015). Since evergreen and deciduous
taxa can establish under similar climate conditions
(Esper and Schweingruber 2004, Kharuk et al 2009)
the successful spread of evergreen taxa into currently
larch dominated areas and vice-versa, mainly depends
on the frequency of disturbance events, which have
increased over the past decades (Shuman et al 2011,
Mekonnen et al 2019, Meredith et al 2019).

S M Stuenzi et al

Detailed modeling studies are needed to incor-
porate the local, heterogeneous, and complex feed-
back mechanisms, caused by the vegetation type
and its relationship with topsoil temperature, act-
ive layer thickness (ALT), and available plant water
(Tchebakova et al 2009, Schuur and Mack 2018,
Kropp et al 2021, Stuenzi et al 2021). It has been
shown that the integration of ecosystem compon-
ents such as permafrost is highly relevant for pro-
jections on biomass and vegetation cover (Ito et al
2020). Here, we fill this gap between vegetation cover
model projections and the actual physical impact this
vegetation cover change has on permafrost ground,
and present a detailed coupled permafrost-multilayer
canopy model, developed for use in permafrost-
underlain boreal forest systems.

We analyze (a) the trends of the two ecosystem
changes, boreal forest densification and plant func-
tional type composition, based on biome LPJ-GUESS
model projections for north-eastern Siberia. Based
on the projected trends in ecosystem changes, we
use CryoGrid to simulate the projected ranges of (b)
forest densities and (c) plant functional type com-
positions for three different study sites throughout
north-eastern Siberia to investigate the impact of can-
opy variability on the ground thermal and hydro-
logical regime. We thereby study the effect of the
projected trends over an extensive range of predom-
inantly deciduous-dominated boreal forests, as well
as over different climate characteristics within the
polar climate regime. This study delivers important
insights into the range of spatial differences and pos-
sible temporal changes to the permafrost condition
that can be expected following landscape changes
such as deforestation through fires or other anthro-
pogenic influences, afforestation in currently unfor-
ested grasslands, or the climate-induced densification
of forested areas.

2. Methods

2.1. Study region

The treeline of north-eastern Siberia is dominated
by the deciduous needleleaf tree genus Larix Mill.
(figure 1), even though in mixed forest stands, larch
taxa are out-competed by evergreen taxa, which
is thought to represent the late-successional stage
(Kharuk et al 2007). Once established, larch forests
are likely to stabilize through a complex vegetation-
permafrost-climate feedback system. Mainly shal-
low active layer depths hinder the establishment
of evergreen taxa (Herzschuh 2019) and in more
southern regions of eastern Siberia, larch is mixed
with evergreen conifers (pine, spruce, fir) and hard-
woods (Kharuk et al 2019). The ground vegetation
is generally dominated by mosses and lichens that
form carpets. Larch has shallow roots and preferably
grows on clay permafrost soils with a shallow ALT and
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Figure 1. Main map: leaf area index (m*m~2) from satellite imagery and permafrost extent in north-eastern Siberia. The three
study sites are marked with black crosses (Nyurba (NYU), Spasskaya Pad (SPA), and Chukotka (CHK)). Additionally, the dotted
line indicates the two individual study regions, West (E 105.25°-137.25°) and East (E 137.75°-169.75°) as used in the biome
projection data analysis. Top left corner: spatial distribution of current deciduous and evergreen boreal forest dominance and the
study sites. Data: ESA CCI Land Cover classes. ESA. Land Cover CCI Product User Guide Version 2. Tech. Rep. (2017) (after
(Herzschuh 2019)), permafrost extent from Land Resources of Russia—Maps of permafrost and Ground Ice (after Kotlyakov and
Khromova (2002)), and Copernicus Global Land Service, Leaf Area Index (LAI), (after Copernicus Global Land Operations

(2021)). Adapted from Stuenzi et al (2021). CC BY 4.0.

maximum wetness of 20%-40%. Evergreen conifers
and hardwood both prefer deeper active layers and
a higher soil moisture availability (Ohta et al 2001,
Rogers et al 2015). To capture these spatial differences
across boreal forests, we study the current forest com-
position and structure along a east-west transect rep-
resented by three different sites as specified in table 1,
figure 1, and appendix B with figure B1.

2.2. Projected forest evolution

We use ESA CCI Land Cover satellite data to para-
meterize forest composition and Copernicus Global
Land Service leaf area index (LAI) data to paramet-
erize forest density under current climate conditions
(figure 1). To understand the current plant functional
type distribution and the projected changes we study
projections of LAI and plant functional types simu-
lated by the LPJ-GUESS model as part of ISIMIP2b
(Frieler et al 2017). We analyze the forest change
scenarios from 2006 until 2099 under three global
warming scenarios (RCP 2.6, RCP 6.0, RCP 8.5). The
LPJ-GUESS dynamic vegetation model combines an
individual- and patch-based representation of forest
dynamics with biogeochemical cycling from regional
to global scales and is further described in Smith et al

(2014). The model is forced with bias-adjusted cli-
mate data from the Hadgem2-es earth system model.
The EWEMBI dataset (Lange 2019) served as the
basis for the trend-preserving bias adjustment of
the GCMs at a daily time step (as detailed in Fri-
eler et al (2017)). The data selected cover a region
from E 105°-167° and N 45°-70° at a spatial res-
olution of 0.5° x 0.5°. We have separated this area
into two individual study regions: West (E 105.25°—
137.25°) and East (E 137.75°-169.75°) (figure 1),
because of the differences in temperature and cur-
rent vegetation cover between these two regions. We
analyze projected LAI for needleleaf evergreen and
needleleaf deciduous plant functional types under the
three warming scenarios at the transect sites. Note
that these LAI values are averaged annual values over
the entire study sites, and do not represent the full
summer LAI in deciduous forests. Therefore, we also
study the projected monthly LAI (only available for
the combination of all PFTs) for August, which cor-
responds to the maximum LAI of deciduous taxa plus
the LAI of all other PFTs, including needleleaf ever-
green and hardwoods, under the available warming
scenarios (RCP 6.0, RCP 8.5) for the period 2006—
2099 (figure B2).
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Table 1. Description of different study sites. Adapted from Stuenzi et al (2021). CC BY 4.0.

Study site Nyurba (NYU)  Spasskaya Pad (SPA)  Chukotka (CHK)
Lat N 63.08° N 62.14° N 67.40°
Lon E117.99° E 129.37° E 168.37°
Elevation (m asl) 117 237 603

Mean annual air temperature (°C) —3.69 —5.97 —11.69
Mean snow-covered air temperature (°C)  —9.6 —12.7 —17.7
Mean snow-free air temperature (°C) 13.6 13.7 6.0

Solid precipitation (mm) 101 84 116

Liquid precipitation (mm) 180 170 292
Dominant plant functional type Evergreen Deciduous Deciduous
Tree height (m) 8 12 11

Leaf area index (m’m™2) 3 3 1

Study regions West West East

2.3. Coupled permafrost-vegetation model

The model setup is based on the permafrost model
CryoGrid (originally described in Westermann et al
(2016)), a one-dimensional, numerical land surface
model that simulates the thermo-hydrological regime
of permafrost ground by numerically solving the
heat-conduction equation (Nitzbon et al 2019). The
CryoGrid model was extended by a multilayer can-
opy module developed by Bonan et al (2014) for
the use in permafrost regions (appendix C and Stu-
enzi et al (2021) for model details). Here, we add
a parameterization for deciduous forest to simulate
the leafless state of deciduous-dominated regions out-
side of the short vegetative period in summer. This is
achieved by allowing for separate leaf area index con-
trolled by static time windows defining leaf-on and
leaf-off season (10 October—10 April) following liter-
ature values for east Siberia (Spasskaya Pad) (Ohta
et al 2001). Further, a more realistic canopy struc-
ture is simulated by allowing fractional composition
of deciduous and evergreen taxa within the simu-
lated forest stand. In addition, we test a parameter-
ization for coupling forest density (LAI) to fine root
biomass (Riotal, (gm™2)) (appendix D). Further, we
have implemented a new relationship for phase parti-
tioning of water in frozen soil (freeze curve) based on
Painter and Karra (2014) (appendix C).

2.4. Model simulations and setup

We ran model simulations for a wide range of forest
types and forest compositions at the three transect
sites. Parameters defining the canopy, snow, and
soil properties were set according to literature val-
ues, model documentation, and own measurements
(appendix for details). Tables E2 and E4 summar-
ize the ground and vegetation parameter choices
for all three sites. Table E3 summarizes constants
used. We perform model simulations over a time
period of five years from August 2014 to August 2019.
This equals a spin-up period of four years before
comparing modeled and measured data. The met-
eorological forcing data (air temperature, air pres-
sure, wind speed, relative humidity, solid and liquid

4

precipitation, incoming long- and shortwave radi-
ation, and cloud cover) are obtained from ERA-
Interim (ECMWEF Reanalysis) extracted for the three
sites (N 63.08°, E 117.99°, N 62.14°, E 129.37°, and
N 67.40°, E 168.37°) (Simmons et al 2007). We use
ground surface temperature (GST, top 0.4 m of the
soil column) as the major target variable for model
validation (appendix D). We further analyze max-
imum yearly ALT and the available water for plants
within this active layer (PAW).

For each study site, we conduct 70 simulations
representing different forest types and forest compos-
itions (figure 2). The range of different forest types
considered are bench-marked based on the projec-
ted ISIMIP2b data described by canopy density (leaf
area index, LAI (m’m~2)) between 0 and 7m?m—2
and fractions between deciduous needleleaf and ever-
green needleleaf taxa (0%—90% deciduous) (figure 2).
To test the statistical significance of the differences
between the simulated mean GSTs for varying forest
densities and compositions, we apply variance ana-
lysis (one-way ANOVA) with a significance level of
0.001. Data are controlled for normal distribution
and homogeneous variance across all groups. Stat-
istical analyzes were performed using R software (R
Core Team 2016).

3. Results

3.1. Forest evolution under climatic warming

The biome projection data from LPJ-GUESS model
simulations data reveal that in the eastern sub-
domain of our study region an increase in evergreen
taxa are projected for all warming scenarios (RCP
2.6, RCP 6.0, RCP 8.5), with a peak in the yearly
mean value of 0.5m?’m ™2 and a maximum value of
2 m?’m~2, and 1.8 m*>m~2 around 2075 respectively,
for the RCP 6.0 and RCP 8.5 scenarios, followed by
a decrease towards the end of the century (figure 3).
In the western sub-domain, the three global warming
scenarios project an increase in deciduous taxa. The
overall LAI for August under the RCP 8.5 warming
scenario increases by 2 m*>m~2 in the western region
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Figure 2. Schematic of the simulated vegetation trajectories and the possible impact on the thermal development of the
permafrost. Left: photographs from the three study sites and the respective model set-ups for Nyurba (NYU), mixed forest with a
LAI of 3 m?m ™2 (mid-density), for Spasskaya (SPA), deciduous-dominated forest with a LAI of 3 m?’m ™2 (mid-density), and for
Chukotka (CHK), deciduous-dominated with a LAI of 1 m?>m~2 (low-density). Right: schematic illustration of the range of
possible forest cover scenarios (Forest density: low-density to high density, and forest composition: evergreen, mixed (10%-50%
of deciduous taxa) or deciduous dominated (60%—90% of deciduous taxa), and no forest cover) caused by either, climatic
changes and/or disturbance events such as i.e. an extreme drought, a fire event, logging, or pest infestation. Each forest cover
scenario is simulated at each of the three sites, NYU, SPA and CHK.
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Figure 3. Projected LAI for needleleaf evergreen (blue) and needleleaf deciduous (red) plant functional types under the three
warming scenarios, RCP 2.6, RCP 6.0, and RCP 8.5 for the time frame 2006-2099. Data covers the region from E 105° — 167° to
N 45° — 70° and is separated into two individual study regions, West (E 105.25°-137.25°, bottom) and East (E 137.75°-169.75°,
top). The lines indicate mean values while the shaded areas show the corresponding 90th and 10th percentile.
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Figure 4. Averaged modeled snow-covered period GST, average modeled snow-free period GST and the respective spread for
different forest canopy densities (LAl = 2 — 7 m?m~2) and no forest cover (LAl = 0 m?m~2) at the three study sites over 1 year
(10 August 2018-10 August 2019). Statistical significance of each trend is based on ANOVA analysis (significance codes: *** =
0.001, ** = 0.01, * = 0.05). The bars indicate mean values while the whiskers show the corresponding standard deviations.

and doubles in the eastern region (appendix B). Cur-
rently, we find mean values around 3 m?’m~2 for
the western study region and 1m?’m~2 in the east.
According to the annual data (figure 3), the mean
LAl is currently dominated by evergreen taxa. In the
western region, this dominance switches around 2050
under all three climate forcing scenarios. Under the
strongest climatic warming scenario, deciduous LAI
increases to a mean value of 2.4 m?m—2, a value three
times higher than the end of the century decidu-
ous taxa projection under RCP 2.6. The projection
data reveals an increase in needleleaf evergreen taxa
at both sites for the coming decade, followed by a
decrease in the western region under all climate scen-
arios. In the eastern region, the increase continues
until 2060, where-after the LAI of needleleaf ever-
green taxa stays constant under RCP 2.6 and decreases
under both the RCP 6.0 and 8.5 scenarios. In the
western region, deciduous taxa will continue increas-
ing until the end of the century under all climate
forcing scenarios. Based on these data, which are in
agreement with other model projections for Eurasia
(Shuman et al 2014, Meredith et al 2019), we can
constrain the expected changes in plant functional
type compositions and forest densities for the entire
eastern Siberian permafrost underlain boreal forest
region east of 105° and north of 45°. The overall
forest density is projected to increase with warming

temperatures under all warming scenarios and for
both study regions.

3.2. Permafrost sensitivity under changing forest
density

The simulations clearly demonstrate that higher
forest density leads to lower mean GST in the snow-
free period. This trend is highly significant with p <
0.01 for Chukotka and Nyurba. The average snow-
free GST is 1°C colder for the simulations with
the densest canopy covers. For Spasskaya Pad (SPA),
this trend is reversed, showing an increasing GST
for denser canopies (p < 0.01). In the snow-covered
period mean GST increase with larger LAI values at
Chukotka and Nyurba (p < 0.01) (figure 4). Tem-
perature values for the simulations without forest are
higher at all sites and for both time periods except for
the snow-covered period at the Nyurba site, where the
simulation without forest cover is 1.3 °C colder. The
maximum difference between a sparse forest cover
and no forest cover is a temperature increase of 8.3 °C
in the snow-covered period at Chukotka.

Our model simulations show that the projected
forest development alone exerts a strong control on
the thermal state of the permafrost, in addition to the
expected effect of a warmer and dryer climate itself. At
two study sites, higher forest density leads to a signi-
ficant decrease in ground surface temperatures in the
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the corresponding standard deviations.

snow-free period, while leading to an increase at the
warmest site, SPA.

The magnitude of the insulation effect on the
annual GST change from no forest cover to a dense
forest cover is —6.3°C at Chukotka, —0.2°C at
Nyurba, and —2.5 °C at Spasskaya.

The impact of forest density on GST consequently
alters the annual ALT dynamics. We find a decline
in maximum ALT with increasing canopy density for
two sites in our study region. Highest maximum ALT
of 0.68 m is found at the Spasskaya site with a LAI of
0m?*m~2. The lowest maximum ALT is simulated at
the Chukotka site with a value of 0.2 m only for LAI
7m?m~2 (figure 5). We find a significant trend (p <
0.01) of a decrease in ALT with an increasing can-
opy density in Chukotka but an insignificant trend
in Nyurba. At the SPA site, our model predicts an
increasing maximum ALT with an increasing canopy
density from LAI 1 —4 m®>m~2. The maximum ALT
for the simulations without a forest cover is higher at
all sites. The difference between LAI 1 m*m~2 and no
forest cover is up to 0.33 m in Chukotka. The decrease
in snow-free period insulation with higher forest
density is strongest at the coldest site of Chukotka.

Here, the average maximum ALT of all simulations
at highest forest density (7 m*m~2) is 0.22 m, while
average ALT is 0.27 m for a low LAI (1 m*m~2). The
maximum ALT under a dense forest canopy is thus
found 0.05 m (—19%) lower than under a sparse can-
opy. At Nyurba we find an average maximum ALT
value of 0.45m for a sparse canopy as well as for a
dense canopy. At SPA low-density forest results in
a maximum ALT of 0.54m, which is considerably
lower than the mean value of 0.57 m (—5%) for high-
density forest.

In order to analyze the impact of forest density on
soil hydrology, we investigate the total yearly avail-
able plant water within the active layer. We find a
clear and significant trend at Chukotka and Nyurba,
with a decrease in available plant water for higher
forest densities. The Chukotka site reveals the avail-
able plant water to be three times higher for the sim-
ulation without forest cover. The soil moisture in the
active layer steadily decreases with increasing forest
density at Chukotka and Nyurba, whereas it remains
constantly low for SPA. SPA is the driest site, both in
terms of liquid and solid precipitation, which leads to
a very low amount of available plant water together
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with a relatively shallow snow cover (< 0.2m) during
winter.

The available plant water found is up to four
times higher for the non-forested simulation at the
Chukotka site and up to two times higher at the
Spasskaya site. This indicates that forest loss may
trigger the development of wetter and potentially
swampy soil conditions depending on precipitation,
evaporation, and ALT. In contrast, forest cover loss
leads to a reduction in available plant water (up to
50%) at Nyurba which is characterized by climate
conditions similar to Spasskaya. These contrasting
hydrological impacts were observed in the vicinity of
the respective study sites of Spasskaya and Nyurba.
The performed simulations, thus, reveal that boreal
forest loss can amplify both the wetting and drying of
sub-Arctic regions.

3.3. Permafrost sensitivity under changing forest
composition

Across the three study sites, we find a significant
trend (p < 0.01) in lower GST’s with an increasing
percentage of deciduous taxa in the snow-covered
period (figure 6). A lower percentage of deciduous
taxa leads to a significant increase in the mean win-
tertime GST at Chukotka and Nyurba. The forest
enhanced insulation effect of evergreen canopies,
compared to deciduous cover, reaches up to +2.7°C
during the snow-covered period at Chukotka. A cool-
ing trend of lower percentages of deciduous taxa in

8

the summer period is found at SPA and Chukotka
(p < 0.01).

The magnitude of the insulation on the annual
GST change from evergreen to deciduous forest cover
is —2.3°C at Chukotka, —0.3°C at Nyurba, and
—1.2°C at Spasskaya.

Changes in deciduousness also affect maximum
ALT and the available plant water (figure 7). At SPA,
Chukotka and Nyurba we find statistically signific-
ant trends (p < 0.01) towards higher maximum ALTs
with decreasing deciduous taxa. The difference in ALT
between 90% and 0% deciduous taxa are +0.04 m
(+15%) at Chukotka, +0.05m (+11%) at Nyurba
and +0.07m (+11%) at SPA. We find statistically
significant trends (p < 0.01) towards higher avail-
able plant water with decreasing deciduous taxa at
Chukotka and Spasskaya.

4. Discussion

About 55% of the total global permafrost area is
covered by boreal forest (Gruber 2012, Helbig et al
2016). The forest cover plays an important role in
insulating and stabilizing the permafrost underneath.
The magnitude of this is highly dependent on the
forest density as well as on the forest composition and
structure but this relationship has not yet been stud-
ied in depth (McGuire et al 2002, Fisher et al 2016,
Stuenzi et al 2021). Our results provide a detailed
examination of the exact impact of boreal forest on
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permafrost by covering a wide variety of forest dens-
ities and plant functional type compositions.

We find forest density to significantly control the
ground thermohydrological conditions at all sites,
whereby trends strongly differ in magnitude and dir-
ection. The cooling trends of denser canopies at the
wetter sites, and the warming trend at the driest site,
are reflected in the ALT dynamics. At the coldest site,
the maximum ALT under a dense canopy is 19%
lower than under a sparse canopy. Forest loss leads
to higher snow-free GSTs at all sites and higher snow-
covered GST at Chukotka and Spasskaya, with a max-
imum temperature increase of +8.3 °C. In just five
years the forest cover loss leads to a warming of the
GSTs at the same order of magnitude as the projected
temperature increase for boreal regions 4°C-11°C
until 2100 (Meredith et al 2019). In the snow-covered
period, a lower share of deciduous trees was found
to lead to warmer GSTs at all three sites. This differ-
ence in insulation capacity between deciduous- and
evergreen-dominated canopies is up to +2.7 °C at the
Chukotka site and +1.5 °C at SPA. Deciduousness has
a higher effect on the average GSTs in cold regions
(Chukotka) and a significant effect on the snow-
covered GSTs at all sites. We show that in addition

to the previously described change in fire regime
(Rogers et al 2015) and albedo decrease (Bonan and
Shugart 1989), the lower insulation capacity of ever-
green canopies will be an important factor in the
spreading of evergreen taxa in eastern Siberia. The
actual thermal and hydrological impact of the forest
cover is therefore determined by the forest density and
structure, highly dependent on the local climate and
hydrological conditions, and therefore varies greatly
between our study sites. We find that forest loss can
amplify wetting as well as drying of the soil. The
available plant water after forest cover loss is four
times higher at the coldest site, two times higher at
the warmest site, and 50% reduced at the driest site.
Depending on precipitation and soil type, forest cover
loss can induce both drying and wetting. Generally,
the reduction in transpiration after forest loss leads
to wetter soils (O’Donnell et al 2011, Loranty et al
2018) which we find at both Spasskaya and Chukotka.
A further important factor determining the hydrolo-
gical conditions is the nature of the soil type (Boike
et al 2016, Loranty et al 2018, Holloway et al 2020).
Very sandy soils explain the good draining conditions
and the resulting drying trajectory at Nyurba, while
the clay-containing soils at Spasskaya and Chukotka
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are drained less, and hence the forest cover change can
lead to wetting.

In this study, we focus on the direct physical
impact of forest change on the detailed thermal
and hydrological conditions of permafrost ground
underneath, rather than investigating the exact tim-
ing of these ecosystem changes because the simula-
tions themselves are decoupled from projected cli-
mate forcing data. Because of the difference found in
the forest cover’s impact on the thermal regime of the
permafrost ground, we argue, that specific, local and
detailed land-surface models are needed to under-
stand the complex dynamics in permafrost underlain
boreal ecosystems. Further, higher detail in the sim-
ulated change to the thermal and hydrological condi-
tions could be achieved by incorporating a change in
the thickness or composition of the litter, moss, and
organic layers over time, and by additionally simu-
lating the plant functional type broadleaf, which can
establish wherever sufficient precipitation is available
(Kharuk et al 2009, Shuman et al 2011).

While knowledge about carbon sequestration
through boreal forests is well-established, more and
more studies have found that different processes
can counteract the boreal forest’s role as a carbon
sink (Betts 2000, Bonan 2008). As such, a decreas-
ing albedo due to afforestation has been found to
lead to a positive climate forcing for certain regions
(Bonan 2008, Stuenzi and Schaepman-Strub 2020).
Further, forest loss can lead to reduced evapotran-
spiration and a resulting short-term positive forcing
effect (Liu et al 2019), as well as to an increased
surface albedo, mainly in the snow-covered-period,
and hence, a strong cooling effect (Lyons et al 2008,
Rogers et al 2015, Chen et al 2018, Liu et al 2019).
We argue that the development of the forest cover
does not only influence the future of the boreal forest’s
function as a carbon sink but also plays an import-
ant role in the stability of permafrost. We show that
varying density and tree composition have a signi-
ficant effect on the thermal and hydrological state
of permafrost. The insulating effect of the forest
cover depends on the local climatic conditions but
significant impact was found at all sites. Finally,
the structure and composition of forests are highly
dependent on the local ecosystem resilience towards
an increasing frequency and intensity of forest fires,
rising air temperatures, and a decrease in precipita-
tion (Shuman et al 2011, Mekonnen et al 2019). Espe-
cially, the favoring of different fire regimes between
evergreen and deciduous taxa, as well as warmer
and drier conditions, can lead to fast ecosystem
shifts. Altered thermal conditions, soil drainage or
higher soil wetness, enrichment in nutrients, and an
increased active layer depth can all have a favoring
effect on either evergreen needleleaf or deciduous
hardwood expansion, lead to the complete loss of
forest cover, or change the forest density (Takahashi
2006, Kharuk et al 2013, Liu et al 2017, Kropp et al
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2021). Here, we show that these changes will cause a
shift in the thermal and hydrological permafrost state,
which potentially destabilizes tightly coupled ecosys-
tem functions.

4.1. Conclusions

In this study, we can underlay the tightly coupled
interplay between forest and permafrost development
with a physically-based model and make predictions
on the progression of ecosystem-protected perma-
frost under a variety of forest change scenarios. In
summary, we identify the following key points:

(a) A change in forest density clearly affects the
ground surface temperatures at all sites. Tem-
perature differences are highest at the coldest
site and in the snow-free period. This is further
reflected by a decrease in the maximum ALT of
up to 0.05m or 19% at the two colder sites. The
direction of this trend highly depends on local
climate conditions.

(b) At all sites, simulations without a forest cover
reveal higher maximum ALTs of up to 0.33 mand
higher GSTs of more than 8 °C after only five
years. The thermal impact of forest cover loss is
on the same order of magnitude as the climate
warming projected for the region until 2100.
Complete forest loss is found to lead to a deepen-
ing of the ALT and a warming of GSTs at all sites,
independent of local climatic conditions.

(c) Depending on precipitation and soil type, forest
cover loss can induce both drying and wetting.
After forest cover loss, the available plant water
is four times higher at the coldest site, two times
higher at the warmest site, and 50% reduced at
the driest site.

(d) Atallsites, deciduous dominated canopies reveal
lower GSTs, especially during the snow-covered
period. This difference in insulation capacity
reaches up to +2.7 °C for pure evergreen stands
and is likely an important factor controlling the
spreading of evergreen taxa and controlling the
resilience of ecosystem-protected permafrost.

In the light of increasing disturbances (such as
fires and diseases) in boreal forests our conclu-
sions have strong implications regarding permafrost-
vegetation-climate feedback mechanisms. Our sim-
ulations indicate a positive feedback between the
successive establishment of evergreen taxa and active
layer deepening which may accelerate further forest
transformation and permafrost thaw. In addition,
forest cover transformation will have a strong impact
on the hydrological regime, which may further amp-
lify climate-induced changes in near surface temper-
ature and precipitation. In consequence, the feed-
back loop might be further amplified by increasing
fire probability and disease vulnerability due to addi-
tional water stress. On the other hand, under wetter
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climate conditions, enhanced wetting can eventually
lead to swamping and thermokarst causing forest die-
back as observed in drunken forests.
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Appendix A. Interactions between the atmosphere, boreal forest and permafrost
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Figure Al. Interactions between the atmosphere, boreal forest cover, and permafrost. In red (energy) and blue (hydrology) are all
the mechanisms changing due to climatic changes. Climatic change leads to a change in the forest density and structure, which
leads to changes in all feedback processes between forest and permafrost. Additionally, climatic change leads to permafrost
thawing and a change in the water availability, which also leads to forest density and structure changes.
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Appendix B. Study sites and their climate

B.1. Study sites

B.1.1. Nyurba

The most western study site is located south east of
Nyurba at N 63.08°, E 117.99°, and 117 m asl, in a
continuous permafrost boreal forest zone intermixed
with some grassland, agricultural usage, and shallow
lakes. The soils are sandy, and nutrient-poor (Chapin
et al 2011). The forest soil has a litter layer of 0.07 m
and an A-horizon reaching a depth of 0.16 m. It is rich
in organic and undecomposed material. Mineral soil
is podzolized. The rooting depth is 0.20 m. The aver-
age ALT between spatially distributed point measure-
ments was 0.75m in mid-August 2018 and 0.73 m
in early August 2019. The forest is rather dense and
mixed, with evergreen spruce Picea obovata Ledeb.
and deciduous larch Larix gmelinii Rupr. The average
tree height is 8 m (6 m for spruce and 12 m for larch).
This site has been used as the main validation site in
Langer et al (2020), Stuenzi et al (2020, 2021).

B.1.2. Spasskaya Pad
The central study site is the well-described forest
research site in SPA at N 62.14°, E 129.37°, at 237 masl

(Ohta et al 2001, Maximov 2015). SPA is located in
a continuous permafrost region, and the active-layer
depthisaround 1.2 min larch-dominated forests. The
soils are sandy loam, and nutrient-poor. The forest
soil has a litter layer of 0.08 m and an A-horizon
reaching a depth of 0.16 m, mineral soil is podzolized.
The measured average tree height is 12 m. Understory
vegetation (Vaccinium L.) is dense and 0.05 m high.
This site has been used as an external validation site
in Stuenzi et al (2021).

B.1.3. Chukotka

The most northern study area is located at Lake Ilir-
ney in Chukotka at N 67.40°, E 168.37°, and 603 m
asl. The treeline here is dominated by deciduous larch
and underlain by continuous permafrost. The soil is
clay dominated with a litter layer of undecomposed
Betula roots, dead moss, and dense rooting (0.01 m).
The organic horizon consist of organic black hum-
mus with highly decomposed organic material, moss
remains, and good rooting (—0.18 m). The thawed
mineral sediment layer had a thickness of (0.37 m)
with little roots, dark grey clay matrix (40%), and
clasts (60%). The average measured tree height is
11 m.
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B.2. Monthly forest cover projection data
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Figure B1. Monthly average temperature (red) and total monthly solid and liquid precipitation (blue) for the three study sites
(based on ERA-Interim (ECMWF Reanalysis) data for the study site coordinates).
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Figure B2. Projected LAI for the month of August, which corresponds to the maximum LAI of deciduous taxa, under the two
warming scenarios, RCP 6.0 and RCP 8.5 for the time frame 2006-2099. Data covers the region from E 105.25 — 169.75° and N
45.25 — 69.75° and is separated into two individual study regions, West (E 105.25 — 137.25°, bottom) and East (E

137.75 — 169.75°, top). The points indicate median values while the bars show the corresponding 90th and 10th percentile.

Appendix C. Coupled
multilayer-permafrost model

C.1. Coupled multilayer-permafrost model
The canopy model has been coupled to CryoGrid by
replacing its standard surface energy balance scheme
while soil state variables are passed back to the forest
module. The vegetation module forms the upper
boundary layer of the coupled model and replaces
the surface energy balance equation used for com-
mon CryoGrid representations. The multilayer can-
opy model provides a comprehensive parameteriza-
tion of fluxes from the ground, through the canopy up
to the roughness sublayer, which allows the represent-
ation of different forest canopy structures and their
impact on the vertical heat and moisture transfer.
The exchange of sensible heat, radiation, evap-
oration, and condensation at the ground surface are
simulated with an surface energy balance scheme
based on atmospheric stability functions. In addi-
tion, the model encompasses different options to
simulate the evolution of the snow cover includ-
ing the Crocus snowpack scheme (Vionnet et al
2012) as implemented by Zweigel et al (2021). The
model is forced by standard meteorological vari-
ables which may be obtained from AWSs, reana-
lysis products, or climate models. The required for-
cing variables include air temperature, wind speed,
humidity, incoming short-and longwave radiation,
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air pressure and precipitation (snow- and rainfall)
(Westermann et al 2016) and cloud cover (Stuenzi
et al 2021). We implement an updated model for
the phase partitioning among liquid water, water
vapor and ice based on the paramterization in Painter
and Karra (2014). The proposed relationship for
phase partitioning of water in frozen soil shows an
improved performance for unsaturated ground con-
ditions by smoothing the thermodynamically derived
relationship to eliminate jump discontinuity at freez-
ing. The flow in freezing soil is solved by a modified
nonisothermal Richards equation. This constitutive
relationship is more applicable for soils with very
low total water content, which is the case for some
regions in south and eastern Siberia, or high gas
content. Following experimental results in Painter
and Karra (2014), the ratio of ice-liquid to liquid-
air surface tensions for noncolloidal soil, 8 = 2.2, and
the smoothing parameter, w =0, with # and « fol-
lowing the parameterization in the van Genuchten-
Mualem model (van Genuchten 1980). This leads
to an improved model performance for very dry
ground conditions at boreal study sites in eastern
Siberia.

The subsurface stratigraphy extends to 100m,
where the geothermal heat flux is set to 0.05 W m™2
(Langer et al 2011b). The ground is divided into
separate layers in the model, the top 8 m have a
layer thickness of 0.05m, followed by 0.1 m for the
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Figure C1. Averaged modeled maximum ALT and the spread for increasing root biomass and canopy density (Root biomass =
267-1867 g biomass m~2/m? and LAI = 1-7 m*m~2) at the three study sites over a period of 1 year (10 August 2018-10 August
2019). The bars indicate mean values while the whiskers show the corresponding standard deviations.

next 20m, 0.5m up to 50 m and 1 m thereafter. The
remaining CryoGrid parameters were adopted from
previous studies using CryoGrid (table E1) (Langer
et al 2011a, Westermann et al 2016, Nitzbon et al
2019, Stuenzi et al 2021). The model runs are ini-
tialized with a typical temperature profile of Om
depth: 0°C, 2m: 0°C, 10m: —9°C, 100m: 5°C,
5000 m: 20 °C. The remaining CryoGrid parameters
were adopted from previous studies using CryoGrid
(Langer et al 2011a, 2011b, 2016, Westermann et al
2016, Nitzbon et al 2019, 2020, Stuenzi et al 2021).
The subsurface stratigraphy is described by the min-
eral and organic content, natural porosity, field capa-
city and initial water/ice content. Some of these para-
meters could be measured at the forest sites and were
used to set the initial soil profiles and current can-
opy cover (tree height, forest composition) in the
model (AsiaFlux 2017, Langer et al 2020, Stuenzi et al
2020).

C.2. Fine root biomass
Here, we use root/shoot ratio (Rrs) of 0.32 as defined
in Jackson et al (1996) to calculate the fine root

15

biomass correspondent to each LAI value to evaluate
the importance of constraining this parameter.

1 1

X x ,
Fcarbon (1 - Fwater)
(C.1)

Riotal = Rgs X LAI X

SLAg/e

with the specific leaf area at the top of can-
opy SLA;=0.008m?*g~'C for deciduous and
SLA, =0.008m?>g~!C for evergreen taxa, respect-
ively. The carbon content of the dry biomass is
Fearbon = 0.5gCg ™! and the ratio of the fresh bio-
mass that is water Fyue =0.7gH,0g™! (Bonan
et al 2018). Simulation results for LAl = 1—
7 m*>m~2 and corresponding root biomass = 267
1867 g biomass m~2/m? reveal no consistent trend
across the three study sites (figure C1). The change
in ALT caused by an increasing root biomass is up
to 0.05m at Chukotka and SPA and therefore on the
same order of magnitude as found for forest decidu-
ousness. We argue that root biomass needs to be con-
strained further but this is outside of the scope of this
study.
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Figure D1. Top, averaged modeled (blue) and measured (red) snow-covered period GST, and bottom, average modeled and
measured snow-free period GST and the respective spread at the three study sites over a period of 1 year (1 September 2018-10
August 2019 for Nyurba and Chukotka and 1 September 2017 to 10 August 2018 for SPA). The bars indicate mean values while
the whiskers show the corresponding standard deviations.

C.3. Canopy description

The canopy is described by the leaf area index, the
stem area index, and the leaf density function. LAI
describes the total leaf area, which can be meas-
ured by harvesting leaves and calculating the total
mass to canopy diameter ratio or estimated from
below-canopy light measurements. The most com-
mon form of LAI estimation is from satellite data and
the variance in values is rather high. LAI is meas-
ured at the bottom of the canopy and defines the
total one-sided leaf area or the total projected needle
leaf area (m*m~2) of all leaves per unit ground area
(Myneni et al 2002, Chen et al 2005). LAI can be
estimated from satellite data, calculated from below-
canopy light measurements or by harvesting leaves
and relating their mass to the the canopy diameter.
To assess the LAI in our study region we use data
from literature and satellite data. Following Kobay-
ashi et al 2010) who conducted an extensive study
using satellite data, the average LAI of the forest
types in our study region vary between 1 m?>m~2 and
7 m*>m~2. Stem area index is not varied here and
set to 0.05 m*m~2, following Bonan (2019) and Stu-
enzi et al (2021). The leaf area density function is
also not varied here and describes the foliage area
per unit volume of canopy space which is the vertical
distribution of leaf area. Leaf area density is measured
by evaluating the amount of leaf area between two
heights in the canopy separated by the distance.
This function can be expressed by the beta distri-
bution probability density function which provides

a continuous representation of leaf area for the use
with multilayer models ((Bonan 2019) for further
information). Here, we use the beta distribution para-
meters for needleleaf trees (p = 3.5, ¢ = 2) which
resembles a cone-like tree shape. Further, the lower
atmospheric boundary layer is simulated by 4 m of
atmospheric layers.

Appendix D. Model validation and in-situ
measurements

We compare modeled and measured annual, snow-
free and snow-covered mean GST to understand the
overall model performance regarding the thermal
regime of the surface and the ground and the relat-
ive temperature differences between the model and
measurements. GST results from the surface energy
balance at the interface between canopy, snow cover,
and ground, and provides an integrative measure
of the different model components. In addition,
it is the most important variable determining the
thermal state of permafrost. The model has previously
been validated against GST, radiation, snow depth,
conductive heat flux, precipitation and temperat-
ure measurements for Nyurba and Spasskaya (Stu-
enzi et al 2021). To validate the model for all study
sites used here, the model is validated against GST
measurements at all sites. The data sets used for
Nyurba and Chukotka cover one complete annual
cycle from 10 August 2018 to 10 August 2019 (iBut-
ton (DS1922L), Maxim Integrated, accuracy: 0.5°C

16



106

I0P Publishing

Environ. Res. Lett. 16 (2021) 084045

10 R=0.94,p<0.001

S M Stuenzi et al

[°Cl

o

Mogeled GST
)

10

R=0.88, p<0.001

-10

-15 -10 -5 0

= Chukotka
Spasskaya
-+ Nyurba

* Snow-covered
4+ Snow-free

10

Measured GST [°C]

Figure D2. Weekly averaged modeled vs. measured GST data and the respective regression line with regression coefficient R for all
three sites (measured and modeled data cover the time periods 1 September 2018-10 August 2019 for Nyurba (grey) and
Chukotka (blue) and 1 September 2017 to 10 August 2018 for SPA (yellow)). These differences fall into the range of 1.5°C —2°C
that is commonly used for validation purposes (Langer et al 2013, Westermann et al 2016).

(—10°C to 65°C, (Langer et al 2020, Stuenzi et al
2020)). For SPA we have soil temperature measure-
ments acquired through the AsiaFlux Network and
the most recent data available and covering one entire
year was used (August 2017—-August 2018) (Asia-
Flux 2017). The average annual GST recorded at the
warmest study site in Nyurba at a depth of 0.03 m is
2 °C with an average of —9.4 °C in the snow-covered
period and 5.4 °C in the snow-free period. Chukotka
is the coldest study site with average snow-covered

17

GST of —11.3 °Cand 2.8 °C for the snow-free period,
1.9°C colder than Nyurba and 0.5°C colder than
SPA. Here, the average snow-covered GST is —8.6 °C
(figure D1). The model can reproduce these GSTs at
all sites with a slight cold bias for the snow-free peri-
ods in Nyurba (—1.4 °C) and Chukotka (—1 °C) and
a warm bias for the snow-covered period in Nyurba
(+1.5°C). These differences fall into the range of
1.5°C —2°C that is commonly used for validation
purposes (Langer et al 2013, Westermann et al 2016).
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Appendix E. Model parameters used and constants

Table E1. Overview of the CryoGrid parameters used.

Process / Parameter Value Unit Source

Density falling snow Psnow 80-200 kgm™? Kershaw and McCulloch (2007)
Albedo ground o 0.3 — Field measurement
Roughness length 20 0.001 m Westermann et al (2016)
Roughness length snow 20 snow 0.0001 m Boike et al (2019)
Geothermal heat flux Fy 0.05 W m™? Westermann et al (2016)
Thermal cond. mineral soil Kenineral 3.0 Wm'K™! Westermann et al (2016)
Emissivity € 0.99 — Langer et al (2011a)
Root depth Dt 0.2 m Field measurement
Evaporation depth Dg 0.1 m Nitzbon et al (2019)
Hydraulic conductivity K 1073 ms~! Boike et al (2019)

Table E2. Parameter set-up for different study sites.

Soil layer depth
Tree (Litter/organic Respective soil ERA-interim
Study site height (m) /mineral) type coordinate Snow-free period
Nyurba 8 0/0.07/0.16 Peat/clay/sand N 63.08°, E June-October
117.99°
Spasskaya 12 0/0.08/0.16 Peat/clay/sand N 62.14°, E June-September
129.37°
Chukotka 11 0/0.01/0.18 Peat/clay/sand N 67.40°, E July-September
168.37°
Table E3. Constants.
Constants Value Unit
von Karman 0.4 —
Freezing point water (normal pres.) 273.15 K
Latent heat of vaporization 2.501 x 10° Jkg™!
Molecular mass of water 18.016/1000 kg mol ™!
Molecular mass of dry air 28.966/1000 kg mol ™!
Specific heat dry air (const. pres.) 1004.64 Jkg ' K!
Density of fresh water 1000 kgm™?
Heat of fusion for water at 0 °C 0.334 x 10° Jkg™!
Thermal conductivity of water 0.57 Wm~!K™!
Thermal conductivity of ice 22 Wm~!K™!
Kinem. visc. air (0 °C, 1013.25 hPa) 0.0000 133 m?s!
Sp. heat water vapor (const. pr.) 1810 Jkg ' K!

18
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Table E4. Multilayer canopy parameters for deciduous needleleaf (NDT) and evergreen needleleaf (NET) plant functional types.

Parameter Value Unit Source
Leaf angle dep. from spherical 0.01 — Bonan (2002)
Leaf reflectance (VIS/NIR) 0.07/0.35 — Bonan (2002)
Stem reflectance (VIS/NIR) 0.16/0.39 — Bonan (2002)
Leaf transmittance (VIS/NIR) 0.05/0.01 — Bonan (2002)
Stem transmittance (VIS/NIR) 0.001/0.001 — Bonan (2002)
Max. carboxylation rate (25 °C) 43 pmol m™2 7! Bonan (2002)
Photosynthetic pathway C3 — Bonan (2002)
Leaf emissivity 0.98 — Bonan (2002)
Quantum efficiency a 0.06 pmol CO, pmol

photon’l Bonan (2002)
Slope m 6 — Bonan (2002)
Leaf dimension 0.04 m Bonan (2002)
Roughness length 0.055 m Bonan (2002)
Displacement height 0.67 m Bonan (2002)
Root distribution (a/b) 7.0/2.0 — Bonan (2002)
Min. vapor pressure deficit 100 Pa Bonan (2019)
Plant capacitance 2500 mmol H,O m ™2 leaf

area MPa ™! Bonan (2019)
Minimum leaf water potential -2 MPa Bonan (2019)
Stem hydraulic conductance 4 mmol H,Om™2s~!

leaf area MPa ™! Bonan (2019)
Atmospheric CO, 380 pumol mol ! Bonan (2019)
Atmospheric O, 209 mmol mol ™! Bonan (2019)
Soil evaporative resistance 3361.509 sm~! Bonan (2019)
Specific heat of dry-wet soil 1396 ] kg_1 K! Oleson et al(2013)
Specific heat of fresh H,O 4188 ] kg’l K! Oleson et al(2013)
Specific leaf area (TOC) 0.008 (NET)

0.024 (NDT) m? g_1 C Bonan et al(2018)

Fine root biomass 500 g biomass m~? Bonan (2019)
Leaf drag coefficient 0.25 — Bonan (2019)
Foliage clumping index 0.7 — Bonan (2019)
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Key Points:

* We demonstrate a dynamic forest-permafrost model to investigate the interplay
between boreal larch forest, permafrost, and disturbances.

« Canopy fires and logging induce soil drying which leads to abrupt or steady de-
cline of larch forest cover.

« Survival of larch forests after surface fires is dependent on the timing of precip-
itation events.
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Abstract

Boreal forests cover over half of the global permafrost area and are considered to pro-

tect underlying permafrost. Boreal forest development, therefore, has an important im-

pact on permafrost evolution, especially under a warming climate. Forest disturbances

and changing climate conditions cause vegetation shifts and can potentially destabilize

the carbon stored within the vegetation and permafrost. Disturbed permafrost-forest ecosys-
tems can develop into dry or swampy bush- or grasslands, shift towards broadleaf- or ev-
ergreen needleleaf-dominated forests, or recover to the pre-disturbance state. An increase

in the number and intensity of fires, as well as intensified logging activities could lead

to partial or complete ecosystem and permafrost degradation.

We study the impact of forest disturbances (logging, surface and canopy fires) on
the thermal and hydrological permafrost conditions and the ecosystem resilience. We use
a dynamic multilayer canopy-permafrost model to simulate different scenarios at a study
site in eastern Siberia. We implement expected mortality, defoliation, and ground sur-
face changes and analyze the interplay between forest recovery and permafrost.

We find that forest loss induces soil drying of up to 44%, leading to lower active
layer thicknesses and abrupt or steady decline of larch forest, depending on disturbance
intensity. Only after surface fires, which induce low mortality rates and are the most com-
mon disturbances, forests are able to successfully recover and even overpass pre-disturbance
forest density values. We find that the recovery trajectory is highly dependent on post-
disturbance years, with years with low spring precipitation leading to no larch forest reestab-
lishment within the analyzed time period.

Plain Language Summary

Boreal forests of eastern Siberia, cover more than half of the global permafrost area
and insulate the underlying frozen ground. The development of the forest cover is im-
portant for the state and evolution of permafrost. Forest disturbances such as fires or
droughts and climate change can cause changes in this ecosystem. Potentially such shifts
can destabilize the carbon stored within the vegetation and permafrost. Disturbed permafrost-
forest ecosystems can then develop into dry or swampy bush- or grasslands, shift towards
different forest types, or recover. An increase in the number and intensity of fires, as well
as intensified logging, could lead to partial or complete permafrost degradation. We study
the interactions between forest disturbances, permafrost, and forests. We use a forest-
permafrost model and simulate disturbances at a study site in eastern Siberia. We im-
plement mortality, defoliation, and ground surface changes of different disturbances. We
then analyze the forest recovery’s impact on the permafrost underneath. We find that
forest loss can cause soil drying and abrupt or steady decline of forest cover, depending
on the intensity of the disturbance. Only after a surface fire, which has low mortality
rates and is the most common disturbance, forests can successfully recover.

1 Introduction

Boreal forests hold more than one third of global terrestrial carbon and cover about
55% of the total global permafrost area (Helbig et al., 2016). The forest cover is consid-
ered to efficiently insulate the underlying, ecosystem-protected permafrost (Chang et al.,
2015) and therefore play an important role in the development of boreal regions and the
stability of permafrost in a warming climate. Despite little human interference and due
to extreme climate conditions such as winter temperatures below —50° C and very low
precipitation, the biome is highly sensitive to climatic changes and thus prone to veg-
etation shifts (Meredith et al., 2019). Large forested regions in eastern Siberia, which
make up around 20% of the global boreal forest cover, are larch (deciduous needleleaf)
dominated and foster a unique interplay between the forest cover, the underlying per-
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mafrost, disturbances, and climate. Recently, lots of permafrost destabilization and veg-
etation shifts have become visible in this vast ecosystem-protected permafrost region (Ulrich
et al., 2017). Often, the observed permafrost dynamics are related to anthropogenic de-
forestation, fires and forest dynamics but the exact processes and thresholds are poorly
studied.

Forest composition and density exert a strong control on permafrost stability (Yi
et al., 2007; Chasmer et al., 2011; Fisher et al., 2016) and a direct feedback mechanism
is expected to control the temporal ecosystem evolution (Bonan et al., 1992; Loranty et
al., 2018; Carpino et al., 2018). Previous studies have found that the vegetation cover
has a significant impact on the development and stability of the permafrost ground un-
derneath (Stuenzi, Boike, Gédeke, et al., 2021), and vice-versa, the thermal and hydro-
logical conditions of the ground determine the state of the vegetation cover. Anthropogenically-
caused disturbances and changing climate conditions are leading to shifts in this ecosys-
tem which could potentially destabilize the carbon stored within the vegetation and per-
mafrost. Disturbed permafrost-forest ecosystems can potentially develop into dry or swampy
bush- or grasslands, shift towards broadleaf- or evergreen needleleaf-dominated forests
(Takahashi, 2006), or recover to the pre-disturbance state. An increase in the number
and/or intensity of fires, and the lengthening of the fire season (Meredith et al., 2019;
Narita et al., 2020), as well as intensified logging activities could lead to partial or com-
plete permafrost degradation (Meredith et al., 2019) and vegetation shifts away from deciduous-
dominated forest stands (Kharuk et al., 2019). Especially permafrost at the southern mar-
gin might not remain resilient under warming climate because of its dependence on ecosys-
tem protection (Yershov, 2004). While larch growth increments and a positive gross pri-
mary production suggests an increase in carbon sequestration in the future (Kharuk et
al., 2019), an increase in fires and carbon emissions might convert the vast larch forest
into a carbon source especially in years of extreme fires (Kharuk et al., 2021).

Previous modeling set-ups have coupled dynamic vegetation to permafrost mod-
els with a focus on the forest development rather than the permafrost stability (see i.e.
Tchebakova et al. (2009); Zhang et al. (2011); Sato et al. (2016). Sato et al. (2010) (SEIB-
DGVM) have simulated post-fire successional patterns at Spasskaya Pad without incor-
porating or studying permafrost dynamics and the impact of the forest change on per-
mafrost. Zhang et al. (2011) used a coupled permafrost-dynamic vegetation model to study
the interactions between permafrost and forest biomass under current and future climate
scenarios. Tchebakova et al. (2009) used SibClim to simulate vegetation shifts across east-
ern Siberia. Zhang et al. (2009) used FAREAST to model the responses of eastern Eurasian
forests to climatic change to understand the compositional and structural sensitivity at
several locations. FAREAST does not account for the permafrost effected water balance
but simply uses a correction factor (Xiaodong & Shugart, 2005). Takahashi (2006) used
artificial fire at Spasskaya Pad to study fire dynamics and succession and describe the
common patterns within these ecosystems. In Canadian boreal forest areas, Rey et al.
(2020) have found that the pre-disturbance soil conditions are key factors controlling the
thawing and talik formation processes and wildfire initiated talik-development is already
substantial. In summary, former studies on stand-replacing and surface fires and other
disturbances in eastern Siberia have focused on their implications on the carbon bud-
get (Soja et al., 2004; Schulze et al., 2012) or their potential impact through albedo and
related surface radiative forcing (Chen & Loboda, 2018; Chen et al., 2018; Stuenzi & Schaep-
man Strub, 2020), or have not incorporated detailed permafrost dynamics.

Further work is therefore needed to identify the post-disturbance response of per-
mafrost (Holloway et al., 2020), and the related interplay between the living forest and
the permafrost (Li et al., 2021). We couple the one-dimensional permafrost land surface
model CryoGrid adapted for use in boreal forest ecosystems (Stuenzi, Boike, Cable, et
al., 2021; Stuenzi, Boike, Gédeke, et al., 2021), with the individual-based and spatially
explicit larch forest model LAVESI (Kruse et al., 2016). The coupled model forms a dy-
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namic vegetation-permafrost model which is able to reproduce the complex interplay be-
tween larch forests and the dynamically changing thermo-hydrological soil conditions linked
to permafrost. We reconstruct vegetation disturbances (surface and canopy fires, and
logging) reported over the past century and simulate such scenarios at a specific, well-
described site in central Yakutia. We study the interplay between forest disturbances,
larch recovery, and the thermo-hydrological ecosystem factors. We shift the focus from
vegetation succession towards the assessment of the impact different disturbances have
on the hydro-thermal regime of permafrost and its interactions with deciduous larch for-
est on a mid-term temporal scale (30 years, until 2050). We investigate the complex in-
terplay between forest disturbances, permafrost degradation, and changing ecological fac-
tors which control larch forest stand recovery and permafrost dynamics to understand
how certain disturbances, in combination with projected changing climatic conditions,
can push this tightly coupled system out of balance.

The main objectives of this study are

1. to demonstrate the capabilities of a coupled, dynamic multilayer forestpermafrost
model to simulate the interplay within the highly sensitive system formed by dy-
namic boreal larch forest and permafrost

2. to investigate which disturbances and intensities occur in our study region and un-
der which climatic circumstances they trigger the tightly coupled system to get
out of balance, and

3. to study if, when and how the thermal and hydrological conditions of the under-
lying permafrost and the larch forest cover itself can reach a new state.

2 Materials and Methods
2.1 Study region

We used a site previously used for model validation at the southern margin of con-
tinuous permafrost to evaluate the permafrost’s resilience towards forest disturbance sce-
narios. Our study site Spasskaya Pad (SPA) is located at N 62.14°, E 129.37°, about 20 km
north of Yakutsk, on the western side of the central Lena river, at an elevation of 237 ma.s.l.
(Maximov et al., 2019). The region is underlain by continuous permafrost and the ma-
jority of the forested area is dominated by the deciduous species Dahurian larch Lariz
gemelinii (89 —90%), while 6% are covered by Scots pine Pinus sylvestris, which pre-
fer sandier soils. The rest of the area is vegetated by the willow birch, a successful early-
successor after forest disturbances. Especially after disturbances, deciduous species such
as Alnus or Betula can also grow in the forest stands. Average tree height is 18 m, with
dense understory vegetation such as Vaccinium vitis-idaea growing 0.05m tall. Sugimoto
et al. (2002) report a stem density of 836 stemsperha and a basal area of 27.12m?ha~!
for larch. Leaf-out of deciduous larch taxa has been observed in mid-May, with a grow-
ing period until late August. Topography is quite flat with an incline of 1.6 towards the
north-east. Mean annual air temperature reaches —5.97° C, with an average of —12.7°C
during the snow-covered and 13.7° C during the snow-free periods. Liquid precipitation
adds up to around 170 mm and solid precipitation to 84 mm (Simmons et al., 2007). In
very dry and harsh conditions, larch trees restrict growth and photosynthetic capacity,
by using water efficiently through stomata closure regulation (Baldocchi et al., 2004).
Additionally, they can use snow and ground ice melt water from the seasonally thaw-
ing frozen ground (Kelliher et al., 1998). Therefore their physiological conditions are closely
linked to the soil moisture dynamics. Active layer thickness is typically 1.0—1.4 m un-
der larch forest. The ecological optimum of Siberian larch species is far from the cold
climate and frozen soils but in the milder climatic conditions they are outcompeted by
stronger competitors such as evergreen spruce or pine, and thus pushed out to the less
favourable sites, first of all to the north (Abaimov et al., 1998). Their main rooting mass
(80%) is concentrated in the upper, 0.3 m deep soil layer (Stuenzi, Boike, Cable, et al.,
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2021; Stuenzi, Boike, Géideke, et al., 2021). On warmed up and well drained plots the

roots of Larix gemelinii can penetrate to the depth of 0.8—1m. Under optimal ecolog-

ical conditions the tallest trees of Lariz gemelinii can reach the height of 35—40m (Abaimov
et al., 1998).

2.2 Forest disturbance scenarios

In the following, different disturbances occurring in boreal forests are introduced.
Based on impact size and frequency we focus on two main disturbance classes: forestry
and fire (see Fig. 1). We further specify different intensity classes based on literature val-
ues on mortality and defoliation, organic and litter layer damage, and a change in sur-
face albedo (Kirichenko et al., 2009; Shvidenko & Nilsson, 2000; Averensky et al., 2010;
Narita et al., 2020).

A relevant factor in the development of boreal forests is the importance of logging.
In Yakutia, the forestry industry started recovering around 2000 after a sharp reduction
between 1990 and 2000. In 2015, 1’000'000 m® of wood have been sold (Narita et al., 2020).
Low-developed transport infrastructure and remoteness of the foreign and domestic mar-
kets hinder large-scale timber production in the Sakha republic, which is therefore not
of importance to the republics economy and only accounts for roughly 1% of the exports.
Accordingly, 97% of the harvested wood goes to the domestic market (Oleg Tomshin,
personal communication, October 31, 2017). Based on this, it is assumed that logging
does not account for a substantial part of the regions forest loss, but accessible forest stands
in the vicinity of settlements and roads are prone to small- and large scale deforestation.
We divide logging into three classes of intensity from a thinning where a quarter of trees
are removed to a clear cut with 100% tree removal.

The most prominent disturbance in terms of area size and occurrences are forest
fires. In Yakutia, the annual average fire area between 2015 and 2018 was estimated to
10405 km? (Narita et al., 2020). Forest fires are the largest cause of forest loss or for-
est destruction in eastern Siberia. Fires are caused by dry thunderstorms, and human
factors such as agricultural burning. The causes of ignition are hard to backtrack but
it is assumed that around 70% of fires are anthropogenic (Takahashi, 2006). Larch are
generally well adapted to wildfires and protected by their thick bark. Additionally, larch
drop low-hanging branches which limits the chances of a fire spreading into the canopy.
Finally, the low canopy closure additionally lowers the chance of high severity canopy
fires (Schulze et al., 2012). There are different types of fires, which are classified into the
two categories, surface and canopy fires. Most common are surface fires which are quick
and result in a low energy output. They do not necessarily harm living trees, and are
therefore rather nondestructive with mortality rates from 12 to 50%. Nevertheless they
have a large effect on the forest development especially by reducing the organic and lit-
ter layers and impacting the surface albedo. In a study using artificial fires at SPA the
canopy photosynthesis was not affected the year after a surface fire, but the mortality
was increased for the following years (Takahashi, 2006). Tree die-back is increased for
up to 5 years and mortality for up to 10 years (Shvidenko & Nilsson, 2000). Less com-
mon but more destructive are canopy fires, consuming most trees, including their crowns,
and leading to mortality’s between 60 and 100%. The variation in the mortality caused
by forest fires is very high. Therefore, we use 6 different categories, making a distinc-
tion between surface and canopy fires and intensities. A low intensity surface fire causes
the forest to go through natural thinning, where the smallest and weakest, or pre-damaged
trees die. After a medium intensity fire the seeds of some trees survive and can trigger
the regeneration of the coniferous forest. After a high intensity crown fire the trees are
killed and dry out, resulting in high fuel accumulation, and widespread degradation (Shvidenko
& Nilsson, 2000). The long-term effects of fire on the soil thermal regime are poorly un-
derstood. It is speculated that the organic layer is fully reestablished after 10-25 years
(Bonan & Shugart, 1989). Wildfires elevate albedo through different mechanisms such
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Figure 1: Left: Photograph and schematic illustration of the current forest cover at
the study site, SPA. Right: Different development trajectories and their impact on the
ecosystem including natural growth without any external disruptions, and the main dis-
turbances, logging and fires (surface and canopy).

as the exposure of the previously shielded forest floor, an elevated snow season albedo

due to a (partly) missing forest canopy, and the dominance of early-succession species

such as birch or aspen with a higher albedo than needleleaf (Randerson et al., 2006; Stuenzi
& Schaepman Strub, 2020). Jin et al. (2012) found that the higher spring albedo and

large albedo increases in areas that had burned more severely were sustained for at least

7 years after fire.

2.3 Coupled permafrost-vegetation model

We couple a detailed permafrost-multilayer vegetation model described in (Stuenzi,
Boike, Cable, et al., 2021; Stuenzi, Boike, Gédeke, et al., 2021), based on CryoGrid (Westermann
et al., 2016), to LAVESI, an individual-based larch vegetation simulator, originally de-
scribed in Kruse et al. (2016).

2.4 CryoGrid

The permafrost model is based on a one-dimensional, numerical land surface model
that simulates the thermo-hydrological regime of permafrost ground (Nitzbon et al., 2019).
The thermo-hydrological regime is simulated by numerically solving the one-dimensional
heat equation with ground water phase change. We use a modified nonisothermal Richards
equation to solve flow in freezing soil based on the paramterization in Painter and Karra
(2014). This relationship for phase partitioning of water in frozen soil shows an improved
performance for unsaturated ground conditions by smoothing the thermodynamically
derived relationship to eliminate jump discontinuity at freezing. The exchange of sen-
sible and latent heat, radiation, evaporation, and condensation at the ground surface are
simulated with an surface energy balance scheme based on atmospheric stability func-
tions. In addition, the model encompasses different options to simulate the evolution of
the snow cover including the Crocus snowpack scheme.
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This model has previously been extended by a multilayer canopy module developed
by Bonan et al. (2014) for the use in permafrost regions (see Stuenzi, Boike, Cable, et
al. (2021) and Stuenzi, Boike, Géadeke, et al. (2021) for model details). The multilayer
canopy model provides a comprehensive parameterization of fluxes from the ground, through
the canopy up to the roughness sublayer. In an iterative manner, photosynthesis, leaf
water potential, stomatal conductance, leaf temperature and leaf fluxes are calculated.
This improves model performance in terms of capturing the stomatal conductance and
canopy physiology, nighttime friction velocity and the diurnal radiative temperature cy-
cle and sensible heat flux (Bonan et al., 2014, 2018). The within-canopy wind profile is
calculated using above- and within-canopy coupling with a roughness sublayer (RSL) pa-
rameterization (see Bonan et al. (2018) for further detail). The canopy model has been
coupled to CryoGrid by replacing its standard surface energy balance scheme while soil
state variables are passed back to the forest module. The vegetation module forms the
upper boundary layer of the coupled model and replaces the surface energy balance equa-
tion used for common CryoGrid representations. CryoGrid operates at a 1D spatial res-
olution, and a 5-min time-step. Please note that our model does not account for lateral
water fluxes. These fluxes are extremely small at this dry and homogeneous study site
and therefore do not play an important role in the permafrost hydrology here. It requires
a minimum LAI of 0.7m?m~2 and a minimum height of 1m to set up a full canopy struc-
ture required for the radiative transfer scheme, therefore forest covers below these thresh-
olds are considered forest cover free.

2.5 LAVESI

To dynamically update the vegetation cover we couple this vegetation-permafrost
energy transfer model to the Lariz Vegetation Simulator (LAVESI). LAVESI is an individual-
based, spatially-explicit model that can simulate larch-dominated stand dynamics orig-
inally described in Kruse et al. (2016). The relevant processes (growth, seed production
and dispersal, establishment and mortality) are incorporated and adjusted to observa-
tion data gained from field surveys and literature. LAVESI simulates the forest cover
dynamics at a yearly temporal resolution. Here, we use a plot size of 125021250 m. This
simulated forest patch in LAVESI is coupled to the one-dimensional CryoGrid set-up by
separating the study plot area into three sub-areas. The spatial variability of the for-
est cover is, thus, explicitly represented by an ensemble of three parallel CryoGrid in-
stances. Stand specific state variables such as, leaf area index (LAI), plant area index
(PAI), litter layer height, organic content in the organic soil layer, albedo and the soil
moisture content are provided to CryoGrid by LAVESI. In exchange, LAVESI receives
the yearly total plant available ground water in percent (PAW), and the maximum ac-
tive layer thickness (ALT). The output generated by the three CryoGrid instances is ex-
trapolated back to the original resolution of the environmental grid used in LAVESI with
a resolution of 0.220.2m (see Kruse et al. (2021) for additional model details). The op-
timum plant available water levels for growth for the simulated Lariz gmelinii tree species
is between 21.1% to 40% (Sato et al., 2010). When actual levels fall below 15% or ex-
ceed 60%, trees get a growth penalty of 10% and with this a higher mortality rate. Fur-
ther LAVESI parameters are provided in the original descriptions in Kruse et al. (2016),
Kruse et al. (2018) and Kruse et al. (2021). Newly introduced parameters are provided
in Table A2.

2.6 Model simulations

We use this coupled, dynamic vegetation-permafrost model to study permafrost
conditions under natural, disturbance-driven and climate change induced forest cover dy-
namics. We run model simulations for disturbance scenarios under two different climate
scenarios at a typical, larch-dominated forest patch at our study site SPA. Additionally,
we run reference simulations without any disturbances (see Fig. 2). Based on the most
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common disturbances and their impact on the vegetation in terms of increased mortal-
ity or defoliation, we simulate a variety of forest stand scenarios to understand thresh-
old values in the forest-permafrost dynamics. We implemented the disturbance scenar-
ios at a fixed date in 2020. Tables A1, A3, and A5 summarize the ground and vegeta-
tion parameter setups. Table A4 summarizes all constants used.

The disturbance scenarios are implemented in LAVESI at the export stage where
data is compiled for CryoGrid. For all scenarios we split the total simulated area into
three equally-sized subareas to represent the three scenario intensities (see Fig. 2). For
each, LAVESI aggregates the necessary output to call CryoGrid. Leaf area index (LAI),
stem area index (SAI), the 75-percentile tree height, and litter layer height are exported.
Additionally, the other state variables (albedo and organic content) are set based on lit-
erature values as detailed in the following and visualized in Fig. 2. In the natural growth
scenario there is no increased mortality or defoliation, and no litter layer damage. Albedo
is set to the standard value of 0.15, the organic layer is undamaged. In the logging sce-
nario, trees are removed randomly with a probability of 25% (subarea 2.1), 50% (2.2)
and 100% (2.3). There is no additional defoliation and no litter layer damage, albedo
is at the standard value of 0.15, and the organic layer is undamaged. In the surface fire
scenario trees are removed randomly with a probability of 12% (3.1), 20% (3.2) and 50%
(3.3) (Shvidenko & Nilsson, 2000). Albedo is set to the increased value of 0.4 for a to-
tal of 7 years (Jin et al., 2012). The organic layer is reduced to 10% (3.2), and completely
removed (3.3), growing back linearly within 10 years (Bonan & Shugart, 1989). For the
crown fire scenario, trees are removed randomly with a probability of 60% (4.1), 75% (4.2)
and 100% (4.3) (Shvidenko & Nilsson, 2000). Trees are additionally completely defoli-
ated (Shvidenko & Nilsson, 2000). Albedo is set to 0.4, coming back to the standard value
of 0.15 after 7 years (Jin et al., 2012). The organic layer thickness is reduced to 10% (4.1)
and completely removed in the other subareas (4.2 and 4.3), growing back linearly within
10 years (Bonan & Shugart, 1989).

2.7 Meteorological forcing data

The meteorological forcing data used by CryoGrid (air temperature, air pressure,
wind speed, relative humidity, solid and liquid precipitation, incoming long- and short-
wave radiation, and cloud cover) are obtained from ERA-5 (ECMWF Reanalysis) ex-
tracted for the site (N 62.14°, E 129.37°) at a 1-hourly time-step (Hersbach et al., 2018).
Scenario data from the MPI-ESM1.2-HR model of the Max Planck Institute for Mete-
orology (Miiller et al., 2018) was then applied as 6-year monthly mean anomalies rela-
tive to the reference period 2015-2020 to the ERA5 data to generate forcing data for the
projected time span 2021-2050 and the two climate change scenarios (SSP - Shared So-
cioeconomic Pathways, SSP1-2.6 and SSP5-8.5) (Koven et al., 2015). The MPI-ESM1.2-
HR (with a spatial resolution of 0.94° EW x 0.94° NS or approx. 100km) model grid
was interpolated to fit the ERA-5 grid. Temperature threshold for snow vs. rain is 0° C,
and minimum wind speed is set to the minimum value within the reference time frame
(2015-2020). We perform model simulations until 2050 under two projected climate change
scenarios (SSP - Shared Socioeconomic Pathways) SSP1-2.6 (atmospheric CO2 around
420 parts per million (ppm) and global temperatures 1.3 to 1.9° C above pre-industrial
levels by 2100), and SSP5-8.5 (atmospheric CO2 around 935 parts per million (ppm) and
global temperatures 4 - 6.1° C above pre-industrial levels by 2100). From the same data
the necessary forcing data of monthly mean temperature and precipitation sums for LAVESI
were aggregated and 6-hourly wind speed and direction were sampled. Prior to the ERA-
5 time period (0-1978) we use the monthly Climate Research Unit data set CRU TS 2.23
available at a 0.5° resolution (Harris et al., 2020).
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Figure 2: Schematic of the four simulations with the respective values for mortality, de-

foliation, change in litter layer height, existence of an organic layer and albedo change.

Left: Undisturbed, natural vegetation growth. Middle/right: Implementation of the three
disturbance scenarios, logging, surface fire, crown fire.
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3 Results

We first discuss the model validation for the study site, and give an overview of the
projected climatic changes. We then report on the forest stand developments under nat-
ural and disturbance-driven conditions. Lastly, we focus on the post-disturbance thy-
drological and thermal regimes of permafrost.

3.1 Model validation

The multilayer canopy-permafrost model has previously been validated against GST,
radiation, snow depth, conductive heat flux, precipitation and temperature measurements
for SPA in Stuenzi, Boike, Cable, et al. (2021). Site-specific LAVESI model validation
for SPA is performed by comparing modeled and field-based forest density values, in num-
ber of trees (stand density). The initial parameters set in the current LAVESI model ver-
sion simulated a larch forest similar to the present stands at SPA. Modeled summer LAI
reached 3.56 m>m~2 after model spin-up which compares very well with the measured
LAI value of 3.66m?m~2 at SPA (Ohta et al., 2001; Sugimoto et al., 2002) (further model
validation is provided in Kruse et al. (2021)). LAVESI spin-up is 2015 years before the
forest cover variables are provided to CryoGrid to achieve larch forest stands that are
in equilibrium with climate. For the first year of coupling (2015), CryoGrid runs for a
total of 5 years, from 2010-2015, following Stuenzi, Boike, Cable, et al. (2021). This equals
a spin-up period of four years before delivering ALT and PAW values for the year 2015
to LAVESI.

3.2 Climatic changes

The average annual air temperature projected for 2020-2050 at our study site is
—7.4° C under the SSP1-2.6 scenario and —6.4° C under SSP5-8.5. Under SSP5-8.5 a
maximum annual average air temperature of —4.5° C is projected for 2050 (see Fig. 3),
+2.9° C above the 2021 annual average. Under SSP1-2.6 the change from 2021 to 2050
is +1.0° C. The average total yearly liquid precipitation is 487 mm under SSP1-2.6 and
401 mm under SSP5-8.5. The average total yearly solid precipitation is 196 mm under
SSP1-2.6 and 186 mm under SSP5-8.5 respectively. The average total yearly precipita-
tion (both liquid and solid) is therefore 961 mm higher under SSP1-2.6.
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Figure 3: Comparison of the climate data forcing of SSP1-2.6 (blue) and SSP5-8.5 (red)
for annual average air temperature, annual summed liquid and solid precipitation for the
time period 2020-2050.
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3.3 Forest stand development

In the natural growth scenario, where climate is the only varying factor, with yearly
average temperatures rising between 1.0 and 2.9° C, we see a very stable development
of both active layer thickness (ALT) and plant available water (PAW, volumetric wa-
ter content [%]). The system stays in an equilibrium state under both climate scenar-
ios, SSP1-2.6 and 5-8.5, for the 30 years analyzed (see Fig. 4). While liquid and solid
precipitation do not follow a clear trend until 2050, tree density and tree height balance
out the temperature changes leaving the ALT and PAW at a constant level throughout
the 30 year period. The ALT of the natural growth scenario shows the lowest variation
and is 0.96 m (with a standard deviation (sd) of +0.1) under SSP1-2.6, and 0.99 m (sd:
+0.1) under SSP5-8.5, respectively. PAW has a mean value of 17.24% (£1.3) under SSP1-
2.6, and 17.03% (+1) under SSP5-8.5, also resulting in the lowest variations compared
to the other scenarios. We show a decadal height decrease of —0.4 and LAI decrease of
—1.2 under SSP1-2.6 climate forcing and a decadal height increase of +2 (SSP5-8.5) and
LAI increase of +1.4 under SSP5-8.5. Tree density stays constant throughout the en-
tire 30-year period analyzed. In most disturbance scenarios inducing forest loss the larch
forest cover can not reestablish to pre-disturbance state within the 30 years analyzed,
which will be explained in detailed in the following paragraphs on soil moisture. Under
SSP5-8.5 forcing we see a faster larch density and height decrease for the logging sce-
nario. Nevertheless, in the majority of intensity classes of the surface fire scenario we see
forest densification compared to the pre-disturbance state. The surface fire disturbance
results in an increasing tree height and LAI for two intensity classes under SSP1-2.6 and
all three intensities under SSP5-8.5. This points out that a surface fire can have a pos-
itive effect on larch growth within the affected forest patch.

3.4 Post-disturbance hydrological regime of the ground

We find that a change in larch forest cover has a consistently large impact on the
hydrological regime of permafrost at our study site. Under the SSP1-2.6 climate scenario
the average PAW after every disturbance is lower than before with decreases from —2
to —7% (volumetric water content [%]). The largest decrease is simulated for the canopy
fire scenario 4.3, where we see complete forest loss just one year post-disturbance. The
loss in PAW occurs within the first year after complete forest cover loss. For the natu-
ral growth scenario PAW values of up to 20% are simulated. Under SSP5-8.5 forcing post-
disturbance PAW is also lower, with decreases from —1 to —7%. The largest decrease
is simulated for scenario 4 where the pre-disturbance PAW of 16% (+3) decreases to 9%
(£1).

3.5 Post-disturbance thermal regime of the ground

Under SSP1-2.6 the average ALT after disturbance is lower than before with de-
creases up to —0.1m in all scenarios. This equals an ALT decrease of —2 to —4%. The
biggest decrease is simulated for the canopy fire scenario 4.3. Under SSP5-8.5 forcing the
average post-disturbance ALT is higher for scenario 3 (+0.1m) and lower for all other
scenarios, with decreases up to —0.1m. At this very dry site the latent heat content re-
lated to ground ice is small and therefore we do not see large varieties in the ALT over
the studied time period. The increases in larch density following the surface fire scenario
have no large impact on the ALT. The simulated differences between SSP1-2.6 and 5-
8.5 are surprisingly small with ALT differences below 0.1 m.
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4 Discussion
4.1 Larch forest recovery and disturbances under a warming climate

Our natural growth simulations show that larch height and density play an impor-
tant role in controlling the permafrost conditions underneath and maintaining the ecosys-
tem’s stable conditions. Under natural growth our model simulates a stable development
under both climate scenarios until 2050. At SPA this stable trajectory was also found
in a previous study by Sato et al. (2016). Larch forest is declining in some southern, drought-
prone regions, while expanding at the northern treeline (i.e. Mamet et al. (2019)). In
central Yakutia this trend is not visible for the studied time period. Further, we find that
the plant available water (PAW) and the thawing conditions control the growth of larch
forest cover. Our modeled values (ALT: 0.96—0.99 m (£0.1) and PAW: 17.03—17.24%

(£1 —1.3)) show a good agreement with measured values for SPA presented in Sato et

al. (2016) where ALT under larch forest was 1.04 m and soil wetness was 20.7% in the

top 0.5 m. The disturbance scenarios all lead to a change in forest cover and PAW at vary-
ing degrees. Logging and canopy fire scenarios with high mortality rates lead to a con-
sistent loss of larch forest cover and very low PAW values. Generally, lower LAT leads

to decreasing transpiration through the vegetation which can lead to a wetting of the
ground (O’Donnell et al., 2011) but sandy soil offers good drainage conditions which fur-
ther enhance the drying of the ground at this study site (see also i.e. Zhang et al. (2011)).
In previous studies we have additionally found higher snowpacks in dense forest hence
there is a higher availability of melt water in spring (Stuenzi, Boike, Cable, et al., 2021).
The substantial decrease in soil moisture presented here cannot sustain constant larch
forest covers nor trigger the reestablishment of pre-disturbance larch tree heights and
densities. A decline in larch cover is consistent for all intensities of the logging and canopy
fire scenarios. This is in agreement with the study conducted by Takahashi (2006) at Spasskaya
Pad where they state a post-fire reforestation period of 30-35 years with a likely change

in dominant species. We find that this is not the case in a majority of intensities of the
surface fire scenario. Here, the slight decrease in forest density and average stand height

is not followed by an immediate decline in plant available water. The forest cover is slowly
able to recover in five out of six intensities of the surface fire scenario. Surface fire is a
regular phenomenon that is important for the stability, productivity and carbon seques-
tration in the fire-adapted coniferous forests of Siberia. Accordingly, deciduous larch are
less vulnerable to surface fires than other conifers and the ecosystem is most accustomed
to this type of disruption because it is the most common disturbance (Schulze et al., 2012;
Takahashi, 2006). Our simulations reveal decadal LAI increases up to +3.8 (SSP1-2.6)
and +9.5 (SSP5-8.5) and height increases up to 4+0.9 (SSP1-2.6) and +1.5 (SSP5-8.5).
This reveals that larch forests generally thrive after surface fires which could therefore

be an important factor for larch forest persistence.

Interestingly, the lowest intensity surface fire implemented leads to contrasting for-
est cover trajectories between the two climate scenarios even though the differences in
precipitation and air temperature are small for the studied period until 2050 (see Fig.
5). In scenario 3.1, the lowest intensity surface fire scenario, LAI shows a decadal trend
of —4.8 (SSP1-2.6) and +1.9 (SSP5-8.5), and a tree height decadal trend of —1.8 (SSP1-
2.6) and 40.4 (SSP5-8.5). Two understand how these two, very similar climate scenar-
ios can cause such a difference in larch forest growth we need to study the different fac-
tors involved. Studying the plant available water (PAW) values exchanged between our
models, we see a high sensibility of LAI towards small decreases in PAW (see Fig. 5).

In scenario 3.1, PAW values under SSP1-2.6 scenario are lower than under SSP5-5.8 for
a number of years starting in the year 2021, one year after the disturbance. At this point
in time the LAI trajectories separate and larch forest can not recover under SSP1-2.6.

The annual sum of solid and liquid precipitation as well as the annual average air
temperature for 2021 (where the LAI trajectories divide) are extremely similar. We there-
fore study the weekly 2021 solid and liquid precipitation patterns in more detail to un-
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scenario 3.1 under the two climate scenarios SSP1-2.6 and SSP5-8.5. Shown is the time
period from 2015-2050 with the disturbance occurring in 2020 followed by 30 years of
recovery.
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Figure 6: LAI and plant available water trajectories and the forcing for the surface fire
scenario 3.1 under the two climate scenarios SSP1-2.6 and SSP5-8.5. Shown is the weekly
2021 solid (left) and liquid (right) precipitation pattern for both climate forcing scenarios.

derstand how these small differences in PAW, which eventually lead to the divergence

in LAI, can be explained. Fig. 6 does reveal very different precipitation patterns between
the two climate scenarios. While SSP1-2.6 shows higher solid precipitation values in De-
cember and January, the SSP5-8.5 scenario shows extremely high values of solid precip-
itation in late April. Similarly, under SSP5-8.5, we see an above-average intensity lig-
uid precipitation phase mid-June, while higher liquid precipitation values occur under
SSP1-2.6 in fall and early spring. So while the sum of liquid and solid precipitation show
no differences between the two climate forcings, we conclude that the timing of precip-
itation events can define the entire larch forest recovery trajectory. As such, spring pre-
cipitation is much more important for larch forest recovery and persistence than precip-
itation throughout the rest of the year.

Notably, small differences in weather, such as these differences in the timing of pre-
cipitation events found here, or extreme weather events can also be dampened in a nat-
ural forest, i.e. because of bushy undergrowth which impacts snow depth, snow redis-
tribution, lateral surface water flow, shading, etc. Nevertheless ou simulations reveal that
a week of high precipitation, in combination with light disturbances in the previous year,
can potentially change the trajectory of the tightly coupled forest/permafrost ecosystem.
Further, it is clearly visible that LAI decreases every time PAW values reach the crit-
ical threshold of 15%. We recognize that this is a set parameter within our model setup
which is highly important for the forest trajectory. This value is derived from the liter-
ature value of the lower boundaries of the optimum water availability which is 21.1% for
larch as defined by (Sato et al., 2010). In both other intensities of the surface fire sce-
nario, PAW values are very similar under both climate scenarios and LAI can recover
or even surpass pre-disturbance conditions because the critical value of 15% is rarely reached.
Wherever this is the case such as for the 3.3 subarea, in the years 2032 and 2044, we also
see the expected 10% mortality with its related LAI decrease. We conclude that the set
threshold value of 15% is highly relevant in terms of larch forest trajectories. This value
should be further evaluated to make even better projections for larch forest development.
Nevertheless, we see clear indications for a feedback behaviour between plant available
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water and larch growth. Wherever the exact threshold value occurs in nature, drought-
like states under-passing this value can trigger an unstoppable larch forest decline. Re-
generation in the North is slow due to slow turnover rates and short growing seasons.
Stand-replacing disturbances cause succession with a change in dominant species as re-
ported by Takahashi (2006). A typical progression for larch-dominated ecosystems goes
from deciduous needleleaf towards deciduous broadleaf to mixed deciduous and evergreen
needleleaf. In our simulations we do not specifically account for the successional stage

of deciduous broadleaf trees such as birch or aspen, which also have an effect on the sur-
face energy balance of the ground. We rather study if the larch-dominated forests can
return to the pre-disturbance, stable state. We show that this depends on the permafrost
dynamics, mainly the hydrological conditions of the ground, and individual dry or wet
years as well as on the exact timing of precipitation events. Further, we focus on the main
disturbances while there are many more scenarios to be studied, among others droughts,
windfall, or pests, which have also been reported to increase with climatic changes (Kharuk
et al., 2021).

5 Conclusions

We find that ecosystem resilience towards different disturbances depends on the
intensity and the type of disturbance event. We use a coupled larch dynamics permafrost
model and apply different disturbance scenarios, such as surface and canopy fires, and
logging. Our modeling study is in agreement with observations which show large resilience
against regional, typical fire regimes, such as the surface fire scenario implemented here.
In contrary, the larch forest remains severely disturbed after all other disturbances stud-
ied here. Such events usually trigger ecosystem scale changes such as total vegetation/litter
layer and organic layer removal, no immediate larch forest recovery and drying up of the
soil. We find that after such severe disturbances the larch forests are not recovering to
pre-disturbance larch densities or return to larch dominance within the 29 years analyzed.
We further find that the timing of precipitation events within the individual years af-
ter disturbances can have a deciding effect on the larch forest trajectory. This points at
a threshold-bound tipping behaviour to changes in plant available soil moisture.

The main findings of our study can be summarized as follows:

» We find that disturbances with high mortality rates, such as canopy fires and log-
ging, lead to a reduction in plant available soil water by up to —44%, which re-
sults in a continuous decline of larch forest cover.

» Only surface fires, the most common disturbance type, can lead to an increased
larch density and constant soil moisture values over the studied time period of 29
years.

 Finally, we find that the trajectory of larch forests after disturbances is highly de-
pendent on single years with dry spring conditions. Such years drastically change
the direction of the larch forest development within the studied time period.

Here, we demonstrate the capabilities of a dynamic multilayer-forest-permafrost
model in simulating the complex interactions and feedbacks between boreal forest cover,
permafrost, climate and disturbances. Our study provides an overview of possible, mid-
term permafrost and larch forest trajectories after a variety of disturbance scenarios which
disrupt the tightly coupled ecosystem. These finding are particular to dry, larch-dominated,
and permafrost-underlain larch forests in eastern Siberia. Nevertheless, our study has
implications for other boreal areas such as evergreen-dominated forests because our model
showcases how fragile the quasi-equilibrium between active layer thickness, plant avail-
able soil moisture and forest cover is.
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Appendix A Model parameters used and constants

Table Al: Overview of the CryoGrid parameters used.

Process / Parameter ‘ Value  Unit Source

Density falling snow Psnow 80-200 kg m™ Kershaw and McCulloch (2007)
Albedo ground « 0.3 - field measurement
Roughness length 20 0.001 m Westermann et al. (2016)
Roughness length snow 20snow 0.0001 m Boike et al. (2019)
Geothermal heat flux Fy 0.05 W m2 Westermann et al. (2016)
Thermal cond. mineral soil | kpinerar 3.0 Wm'! K Westermann et al. (2016)
Emissivity € 0.99 - Langer et al. (2011)

Root depth Dy 0.2 m field measurement
Evaporation depth Dg 0.1 m Nitzbon et al. (2019)
Hydraulic conductivity K 105 m st Boike et al. (2019)

Table A2: Overview of the LAVESI parameters used.

Parameter ‘ Larix gmelinii  Reference

Minimum active layer 20 Abaimov et al. (1998)

January threshold temperature | -45C Kruse et al. (2016, 2018, 2019)
Minimum soil water 21.1 % vol. Sato et al. (2010)

Mortality drought 0.237805 Kruse et al. (2016, 2018, 2019)
Rooting depth 50 Abaimov et al. (1998)
Maximum age 609 Kruse et al. (2016, 2018, 2019)
Mortality age 8.18785 Kruse et al. (2016, 2018, 2019)
Resprouting 0.01 Kruse et al. (2016, 2018, 2019)

Table A3: Parameter set-up for the study site.

Tree  Soil layer depth
Study site | height (Litter/Organic
(m)  /Mineral)

Respective
soil type

ERA-interim
coordinate

Spasskaya | 12 0/0.08/0.16 Peat/Clay/Sand
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Table A4: Constants.

Constants ‘ Value Unit

von Karman 0.4 -

Freezing point water (normal pres.) 273.15 K

Latent heat of vaporization 2501 x 10°6  J kg*
Molecular mass of water 18.016 g mol!
Molecular mass of dry air 28.966 g mol!
Specific heat dry air (const. pres.) 1004.64 J kgt K1
Density of fresh water 1000 kg m™
Heat of fusion for water at 0° C 0.334x10°6  J kg
Thermal conductivity of water 0.57 W mt K
Thermal conductivity of ice 2.2 W m? K+
Kinem. visc. air (0°C, 1013.25 hPa) | 0.0000133 m? s

Sp. heat water vapor (const. pr.) 1810 J kgt K1

Table A5: Multilayer canopy parameters for deciduous needleleaf (NDT) plant functional

type.
Parameter ‘ Value Unit Source
Leaf angle dep. from spherical 0.01 - Bonan (2002)
Leaf reflectance (VIS/NIR) 0.07/0.35 - Bonan (2002)
Stem reflectance (VIS/NIR) 0.16/0.39 - Bonan (2002)
Leaf transmittance (VIS/NIR) 0.05/0.01 - Bonan (2002)
Stem transmittance (VIS/NIR) | 0.001/0.001 - Bonan (2002)
Max. carboxylation rate (25°C) | 43 pmol m2 571 Bonan (2002)
Photosynthetic pathway c3 - Bonan (2002)
Leaf emissivity 0.98 - Bonan (2002)
Leaf dimension 0.04 m Bonan (2002)
Roughness length 0.055 m Bonan (2002)
Displacement height 0.67 m Bonan (2002)
Root distribution (a/b) 7.0/2.0 - Bonan (2002)
Min. vapor pressure deficit 100 Pa Bonan (2019)
Plant capacitance 2500 mmol HyO m? leaf

area MPa’! Bonan (2019)
Minimum leaf water potential -2 MPa Bonan (2019)
Stem hydraulic conductance 4 mmol HyO m™2 st

leaf area MPa'! Bonan (2019)
Atmospheric COg 380 pmol mol! Bonan (2019)
Atmospheric Oz 209 mmol mol! Bonan (2019)
Soil evaporative resistance 3361.509 sm’! Bonan (2019)
Specific heat of dry-wet soil 1396 J kgt Kt Oleson et al. (2013)
Specific heat of fresh HoO 4188 J ket K1 Oleson et al. (2013)
Specific leaf area (TOC) 0.024 m? gt C Bonan et al. (2018)
Fine root biomass 500 g biomass m™ Bonan (2019)
Leaf drag coefficient 0.25 - Bonan (2019)
Foliage clumping index 0.7 - Bonan (2019)
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