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ABSTRACT

The Arctic cryosphere is changing at an alarming rate and observed to be more
sensitive to climate change than the other regions on Earth. Due to its unique
location and complex interactions with the rest of the planet, Arctic permafrost is
analogous to a miner’s canary - an early indicator of global change. However,
current permafrost modeling approaches are largely unconstrained due to
insufficient model evaluations, and lacking permafrost-specific processes. This
thesis introduces a carefully designed permafrost model that is able to reproduce
several observed datasets, allowing the identification of several key processes,
and therefore facilitating the projections of the permafrost response to future
climate change. This is completed through a series of iterative steps.

This begins with the systematic development of the JSBACH permafrost
model as well as its evaluations with observed datasets reflecting that
permafrost soil thermal dynamics can be successfully parameterized within an
Earth System Model. Comprising freeze-thaw dynamics, multi-layer snow
physics, vegetation insulation, and coupled soil thermal and hydrological
schemes, this model compares well to site and global observations within an
acceptable level of uncertainty.

Compared to other models with varying complexity, JSBACH now
captures the soil thermal dynamics in various cold region landscape types quite
well. This highlights the importance of incorporating cold region specific
processes to capture the soil physical state of Arctic regions within global
models. Further improvements to the model formulation revealed the sensitivity
of soil thermal regime to model process representations. Results signify the
importance of surface insulation and model internal soil physics as well as
technical model design with regards to soil layering. This process analyses show
the level of detail required for such experiments in global models.

Consequently, these model improvements allow the potential response of
permafrost to future climate change to be projected and constrained. Model
predictions estimate up to 80% loss of permafrost area compared to present-day
conditions. These future projections of the permafrost thermal state show the

noteworthy consequences of expected climate change to this region.



Overall, this study shows a comprehensive analysis of incorporating
permafrost processes in global models and signifies the importance of several
environmental factors on estimating the soil thermal dynamics of the permafrost
systems. The modeling approach presented here fills the current gap in modeling
permafrost physical states within global models, and provides a scientifically
evaluated tool for a better understanding of the complex interactions in the
Arctic and the Earth system. This approach could also be used to develop a
complete biogeochemical representation, applicable to studying the several
complex feedback mechanisms of the Earth system. Using such a model to assess
present-day and future changes to the Arctic region provides numerous insights

applicable to framing successful mitigation strategies for the future.



ZUSAMMENFASSUNG

Die arktische Kryosphare verandert sich mit alarmierender Geschwindigkeit und
reagiert Beobachtungen zufolge sensibler als die anderen Regionen der Erde auf den
Klimawandel. Aufgrund seiner einzigartigen Lage und komplexer Interaktionen mit
dem Rest des Planeten ist der arktische Permafrost, vergleichbar dem
Kanarienvogel eines Bergmanns, ein frithzeitiger Indikator fiir den globalen Wandel.
Trotzdem sind aktuelle Permafrost-Modellansadtze aufgrund von ungeniigenden
Modellevaluierungen zu grofen Teilen unbestimmt und ihnen fehlen
permafrostspezifische Prozesse. Diese Doktorarbeit stellt ein sorgsam konzipiertes
Permafrostmodell vor, das in der Lage ist, verschiedene Beobachtungsdatensatze zu
reproduzieren. Dies erlaubt es, diverse Schliisselprozesse zu identifizieren, und
ermoglicht deshalb Projektionen der Reaktionen des Permafrosts auf den
zukiinftigen Klimawandel. Dies wird durch eine Reihe iterativer Schritte
bewerkstelligt.

Am Beginn steht die systematische Entwicklung des JSBACH
Permafrostmodells und seiner Evaluierung mit Hilfe von Beobachtungsdaten. Diese
Evaluierung legt nahe, dafd die thermische Dynamik von Permafrostbéden im
Rahmen eines Erdsystemmodells erfolgreich parametrisiert werden kann. Dieses
Modell beinhaltet  Gefrier-Auftau-Dynamiken, = Mehrschichten-Schneephysik,
thermische Isolation durch Vegetation sowie gekoppelte bodenthermische und -
hydrologische Aspekte. Der Vergleich mit lokalen und globalen Beobachtungsdaten
ergibt gute Ubereinstimmungen bei einem akzeptablen Maf3 an Unsicherheit.

Verglichen mit anderen Modellen variierender Komplexitat stellt JSBACH
jetzt die thermische Dynamik von Béden in diversen Landschaftstypen kalter
Regionen ziemlich gut dar. Das verdeutlicht, wie wichtig es ist, Prozesse, die fiir
kalte Regionen spezifisch sind, zu beriicksichtigen, um den bodenphysikalischen
Zustand arktischer Gebiete innerhalb globaler Modelle korrekt darzustellen.
Weitere Verbesserungen im Modellaufbau offenbarten die Sensitivitit des

thermischen Systems Boden in Bezug auf die Formulierung der Prozesse im Modell.



Die Ergebnisse heben die Wichtigkeit der Oberflachenisolierung und der
modellinternen Darstellung der Bodenphysik sowie des technischen Modelldesigns
beziiglich der Aufteilung des Bodens in Schichten hervor. Diese Prozessanalysen
zeigen die Detailgenauigkeit, die fiir solche Experimente in globalen Modellen notig
ist.

Infolgedessen erlauben es diese Modellverbesserungen, die potentielle
Reaktion des Permafrosts auf den zukinftigen Klimawandel abzubilden und
einzugrenzen. Die Schatzung des Modells belduft sich auf einen Verlust von bis zu
80% der Permafrostfliche im Vergleich zu heutigen Bedingungen. Diese
Zukunftsprojektionen des thermischen Zustands des Permafrosts zeigen die
beachtlichen Konsequenzen des erwarteten Klimawandels fiir diese Region.

In der Gesamtheit betrachtet, zeigt diese Studie eine umfassende Analyse der
Beriicksichtigung von Permafrostprozessen in globalen Modellen und stellt die
Wichtigkeit verschiedener Umweltfaktoren fiir die Abschiatzung der thermischen
Dynamik des Bodens von Permafrostsystemen heraus. Der hier prdasentierte
Modellansatz fiillt die derzeitige Liicke im Bereich der Modellierung des
physikalischen Zustands von Permafrost in globalen Modellen und stellt ein
wissenschaftlich evaluiertes Werkzeug fiir ein besseres Verstiandnis der komplexen
Wechselwirkungen in der Arktis und dem Erdsystem bereit. Dieser Ansatz konnte
auch verwendet werden, um eine vollstandige biogeochemische Reprasentation zu
entwickeln, die angewendet werden kann, um diverse komplexe
Ruckkopplungsmechanismen des Erdsystems zu untersuchen. Solch ein
Modell anzuwenden, um die heutigen und zukiinftigen Verdnderungen in der
Arktis abzuschatzen, liefert zahlreiche Erkenntnisse, die bei der Gestaltung
erfolgreicher Strategien zur Schadensminderung fiir die Zukunft angewendet

werden konnen.



RIASSUNTO

La criosfera artica sta cambiando ad un ritmo allarmante, tale da indicare come
sia molto piu’ sensibile ai cambiamenti climatici rispetto ad altre aree sulla
Terra. A causa della sua ubicazione alquanto unica e alle complesse interazioni
con il resto del pianeta, il permafrost artico e’ analogo ai canarini usati nelle
miniere di carbone - un indicatore precoce dei cambiamenti climatici. Cio’
nonostante, gli attuali approcci modellistici per simulare le dinamiche del
permafrost non sono robusti a causa di un’insufficiente valutazione dei modelli e
mancanza di specifici processi legati a tali dinamiche. Il presente lavoro
introduce un modello di permafrost attentamente sviluppato in grado di
riprodurre diversi datasets di osservazioni, permettendo l'identificazione di
diversi processi-chiave e facilitando le proiezioni della risposta del permafrost ai
cambiamenti climatici. Il lavoro e’ strutturato attraverso una serie di steps
iterativi.

Initialmente si e’ proceduto allo sviluppo sistematico del modello di
permafrost all‘interno di JSBACH, cosi’ come la sua valutazione con osservazioni.
Questo step ha permesso di evidenziare come le dinamiche termiche all'interno
del permafrost possono essere parametrizzate con successo all'interno di un
Earth System Model. Includendo dinamiche termo-fisiche come gelo e disgelo,
fisica della neve in diversi strati, isolamento termico da parte della vegetazione e
accoppiamento di processi termici ed idrologici nel suolo, il modello e’ in grado
di riprodurre osservazioni a scala di sito e globale con un livello accettabile di
incertezza.

Se confrontato con altri modelli di diversa complessita’, ]SBACH ora
simula abbastanza bene processi termici nel suolo in diverse regioni fredde.
Questo sottolinea I'importanza di incorporare processi specifici delle regioni
fredde per rappresentare lo stato fisico del suolo nelle regioni Artiche in modelli
globali. [ miglioramenti apportati al modello hanno indicato come la
riproduzione del regime termico del suolo sia sensibile alla rappresentazione dei
processi coinvolti. I risultati indicano come siano importanti l‘insolazione
superficiale e i processi fisici specifici del suolo cosi‘ come aspetti tecnici legati
alla discretizzazione verticale del suolo. Queste analisi danno un’indicazione del

livello di dettaglio neccessario per condurre tali esperimenti con modelli globali.



[ miglioramenti apportati al modello hanno di consequenza permesso una
piu’ robusta stima della potenziale risposta del permafrost ai cambiamenti
climatici futuri. Le predizioni del modello indicano una perdita di area
interessata da permafrost stimata fino all'80% rispetto allo stato attuale. Tali
proiezioni future dello stato termico del permafrost evidenziano le significative
consequenze dei cambiamenti climatici futuri in queste regioni.

In generale, questo studio mostra un’analisi comprensiva del lavoro di
incorporazione di processi relativi al permafrost nei modelli globali e denota I
importanza di diversi fattori ambientali nella stima delle dinamiche termiche nel
permafrost. L’approccio modellistico qui presentato, colma le attuali lacune nella
simulazione dello stato fisico del permafrost in modelli globali, e fornisce uno
strumento scientificamente validato a supporto di una migliore comprensione
delle complesse interazioni nelle zone artiche e nel sistema terrestre. Tale
approccio potrebbe anche essere usato per sviluppare una completa
rappresentazione biogeochimica, a supporto di studi rivolti all’analisi dei
complessi meccanismi di feedback all’interno del sistema terrestre. L’ utilizzo di
un tale modello, in grado di valutare i cambiamenti odierni e futuri nelle regioni
artiche, fornisce numerose informazioni a supporto di strategie di mitigazione di

successo, applicabili a scenari futuri.
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CHAPTER 1

INTRODUCTION



A complex and interconnected Earth System, where something happening at one
location affects processes at the opposite side of the globe should no longer be a
surprise (Mackenzie and Mackenzie, 1998). Yet, novel discoveries of how this
connection is maintained still fascinate and complicate present-day scientific
pursuits. Not long ago, little was known about: the deep water circulation
connecting the world oceans (Broecker, 1997), the plastics dumped in northern
Europe ending up in the Pacific Ocean Gyre (Robards et al., 1997), China’s dust
affecting weather patterns in Canada (McKendry et al., 2001), or the sand swept
from the Sahara Desert fertilizing the Amazon Forest (Swap et al., 1992). Like a
jigsaw puzzle, each interconnected piece matters and affects each other in the
Earth System.

Specific to the high latitudes, recent discoveries highlight how strongly
these areas are connected to the rest of the Earth System. The amount of ice
accumulated upon Greenland and Antarctica is tightly related to global sea levels
(Lambeck et al., 2002); the sunlight reflected from this ice and snow regulates
our planet’s temperature (Curry et al., 1995); and frozen soils store more carbon
than vegetation and atmosphere combined (Tarnocai et al., 2009). Regardless of
how far away they seem, a more clear understanding of how processes at high-

latitudes relate to the global Earth System is presently critical.

1.1 Background

There have been abrupt environmental changes in the high latitudes (Duarte et
al, 2012; AMAP, 2012; ACIA, 2005; Serreze et al., 2000). Retreating ice sheets of
Greenland (Rignot and Kanagaratnam, 2006), shrinking Arctic sea ice (Stroeve et
al, 2007), increased forest fires in Canada and Russia (Goetz et al, 2007),
amplified atmospheric warming in Siberia and Alaska (McGuire et al.,, 2006;
Serreze and Barry, 2011), soil warming in Russia (Romanovsky et al., 2010a),
Alaska, and Canada (Smith et al, 2010) are a few examples of the recent
environmental transformations in these regions. Such strong shifts have broad
implications for the rest of the world (Jeffries et al., 2013; AMAP, 2012). Most
importantly, the current change in these regions is attracting governments and
businesses for new lands to exploit, and possibly leading to even further changes

in the area. With the lower sea ice cover, there is lower risk of drilling for oil in



the Arctic Ocean, which can sustain more industrial developments in the Arctic
Coast. Similarly, with all the valuable resources under the Arctic Ocean,
governments are claiming new territories and starting military actions for their
claims. On the other hand, thawing permafrost affects the local population, who
depend on the existence of frozen ground. The collapsing ground and coastal
erosions are damaging their infrastructure and putting them under pressure for
finding new territories for settlement as well as herding animals and hunting for
food. The social and economical aspects of a changing Arctic are quite diverse
and needs better planning for the sake of future global economy. That's why
better understanding of the natural system in the polar regions is required and
many scientific projects are supported studying the high latitudes.

Apart from the Arctic Ocean and the Antarctic continent, terrestrial
systems of the northern high latitudes constitute a very important part of the
cryosphere, especially the permafrost underlying these lands (Overland et al,,
2013). Permafrost is soil, rock or sediments that stays below 0 °C for at least two
consecutive years (Van Everdingen, 1998). The current estimate is that around
21 million km? of Earth surface is underlain by permafrost (Gruber, 2012). That
includes roughly 24% of the northern hemisphere lands (Zhang et al., 2008).
Over 4 million people live on permafrost-covered lands in the Arctic
(Romanovsky et al, 2010b), and these regions hold important amounts of
natural resources (Goins et al, 2012). By keeping organic carbon inactively
stored in the soil (Tarnocai et al., 2009; Ping et al., 2008), permafrost has been an
important part of the global carbon cycle (Ciais et al., 2011), thus the climate.
With more carbon stored within the permafrost, atmospheric greenhouse effect
is reduced (Schuur et al,, 2008). Meanwhile, annual melting of permafrost ice
regulates the runoff patterns in major rivers (McGuire et al.,, 2006). Additionally,
landscape and the infrastructure above the permafrost depends on its stability
(Larsen et al, 2008). Simple changes in these environments have notable
implications due to many feedback mechanisms connecting permafrost areas to
the rest of the climate system (AMAP, 2012). As described in Chapin et al. (2005),
decrease in snow season length relates to shrub growth and change in the
summer surface albedo, which in turn warms the surface. There are other

feedback mechanisms related to ice albedo effects, water vapor greenhouse



effect (McGuire et al, 2006, 2009), and increasing greenhouse effect from
released permafrost carbon (Schuur 2008; Heimann and Reichstein, 2008). The
role of permafrost in the global climate system is discussed by many research
initiatives and its future state stays as an important questions for social,
economic, and natural cycles.

1.2  Permafrost: evolution, types, and processes

As its definition is solely based on temperature, permafrost is common in the
universe. Among the many other planetary bodies, our Earth belongs to the cold
ones with cryogenically stable discontinuous permafrost that experiences
seasonal thawing (Yershov, 1998). Due to strong internal heating and developing
continents, the evolution of permafrost on Earth started in the second half of its
life (2-2.5 billion years ago). Although the permafrost evolution experienced
several periods of degradation in many parts, most common areas of permafrost
occurrence were in North America, Europe, Asia, Antarctica, and Greenland.
Within this irregular timeline of frozen ground, the most recent cooling of the
Earth’s ground started in the Pliocene and Pleistocene (Yershov, 1998; Burn,
1994). Rozenbaum and Shpolyanskaya (1998) explains the permafrost
formation history in different parts of the globe. Current evidence shows traces
of permafrost from the Early Pleistocene (700 thousand years ago) and late
Pliocene (1.8 million years ago) at Kolyma river basin and North America.

Within the permafrost regions, the ground can be fully or partly covered
with frozen soil. The international permafrost association (IPA) has categorized
four permafrost classes depending on this coverage fraction. Continuous
permafrost is found in areas with high permafrost occurrence (90%-100% of the
ground), mostly at the northernmost parts of Asia, Europe and North America.
However, areas with less permafrost coverage (50%-90% of the ground) are
considered as discontinuous permafrost, which can occur in more southern parts
than continuous permafrost areas in the northern hemisphere. When the ground
is more heterogeneous and only less than half of it is underlain by permafrost
(10%-50% of the ground), it is classified as sporadic permafrost and it usually
constitutes the border of permafrost extent. Finally, the regions with very rare
occurrence of permafrost (<10% of the ground) are classified as isolated patches

and they are mostly found on southern edges of northern hemisphere
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permafrost areas and on top of mountains. There is also subsea permafrost
found under the Arctic Ocean at the continental shelf, but this is not discussed in
this thesis.

Specific processes are found in these permafrost regions. Study of
permafrost requires understanding of the harsh environmental conditions and
the unusual distribution of water. The soil thermal regime is mainly controlled
by phase change of the soil water and the coupling of atmosphere and land
through the insulating snow and vegetation covers. The distribution of soil water
in and above the soil creates unique landscape types such as polygonal
structures, elevated/degraded circles, pingos, palsas, thermokarst lakes etc. On
the other hand, snow and/or vegetation distribution can control the permafrost
occurrence and its thickness. Inside the soil, years of freezing and thawing of soil
water allows a mixing process solely controlled by soil churning and is called
cryoturbation. On the other hand, several other microprocesses play important
roles in different landscapes, like the snowmelt water infiltration into soil, talik
formations from thawed segments of frozen soils, and anaerobic conditions due
to high saturation in soil layers etc.

1.3  Field observations and international projects

In the northern permafrost areas there have been several field sites at Alaska,
Siberia, Norway, and Canadian Arctic. The observational methods usually include
measuring soil temperatures and estimating active layer thicknesses (ALT)
either by probes, or drilling. There are also observations of soil ice content,
vegetation characteristics, snow distributions and several other ecosystem
properties like growing season, carbon fluxes, and animal impacts. Although
there are many other field sites all around the Arctic, most of them are only
active during the field seasons of researchers and some of them are measuring
just the ecosystem related variables and no continuous data of soil thermal state
is available.

In the recent decades, most of these sites are combined under Global
Terrestrial Network for Permafrost (GTN-P), which is developed by the
International Permafrost Association (IPA). From these efforts, Circumpolar
Active Layer Monitoring (CALM) and international Borehole Dataset are created

and these are very important in studying the current and previous states of



permafrost. Like the GTN-P, there have been many international projects aiming
to address better monitoring of the permafrost and understanding its deeper
connections with the rest of the Earth system. Among these are the Nordic
INTERACT, NORPERM, DEFROST projects, European international PAGE21 and
GREENCYCLESII projects, Swiss mountain permafrost project TEMPS, Canadian
ADAPT project, European Space Agency’s ESA-DUE project, German-Russian
cooperated Carbo-Perm project.

Results of the last international polar year (2007-2008) have shown
increase in soil temperatures almost everywhere in the Arctic circumpolar zone
(Romanovsky et al, 2010b). Warming trends in Siberian permafrost are
described in Romanovsky et al. (2010a). Similarly, Smith et al. (2010) showed
the changes in Canadian Arctic, while Christiansen et al. (2010) documented the
warming situation in Nordic areas. Many other observational evidence indicate
that permafrost soils are warming, but diverse local conditions affect the
warming trends and create different types of changes in separate geographical
regions. This makes it harder to estimate an accurate circumpolar trend that is
representative of all the permafrost regions in the north. Even though the
observation networks have improved in the recent decades, the CALM network
has less than 250 points (Shiklomanov et al., 2008), which are not equally
distributed around the northern circumpolar zone. Same goes for the borehole
locations (Romanovsky et al., 2010b), unequally distributed with a small number
of sites. Harsh physical conditions and sparse settlements in these areas make it
harder to increase the ground observation networks. That's why the quality of
maps created by the ground-collected data is inadequate to paint the actual
picture, whereas the satellite maps cannot provide the desired detail in spatial
and vertical domains.

1.4 Modeling of the permafrost

When application is restricted or limited, theoretical applications support the
advance of our understanding. There is no reason to limit scientific pursuits due
to environmental or technical limitations. The fundamental laws governing the
natural systems are well maintained and can be applied to anywhere on Earth by
a numerical model. When the conditions limit the accessibility to sites or restrict

the continuous measurements of the system, models come to help by simulating
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the soil thermal and hydrological regimes with built-in physical equations.
Especially in cold regions and permafrost areas, models are extremely useful for
undertaking the scientific advancement of our understanding. The first models
that were applied to the permafrost areas are from the 1970s where simple
linear relationships of air and ground temperatures were elaborated and used to
investigate the active layer thickness (upper part of frozen soil that thaws each
summer). Most famous of all these approaches are models based on the Stefan’s
solution (1891), where a linear relationship between active layer thickness and
the ground temperatures is formulized. Similar methods are presented and
widely accepted by the scientific community (e.g. Lunardini, 1981). Among these,
Kudryavtsev’s formula (Kudryavtsev et al.,, 1974) is notably popular. These kind
of empirical approaches are used in models with no explicit soil physics
(Anisimov et al.,, 1997; Stendel and Christensen, 2002; Beer et al., 2007).
However, modeling approaches evolved since then (Riseborough et al,
2008). Soil physics with explicit heat transfer formulations are included and
successfully applied in models (Oelke et al, 2003; Molders et al, 2003;
Khvorostyanov et al, 2008). Further improvements supported the
implementation of explicit soil representation and cold region physics into global
models. This approach allowed a coupling of the rest of the climate system with
permafrost for a more accurate estimation of the climate feedbacks between
different parts of the system. Frozen soil physics used in global Earth System
Models were documented in several studies such as Takata and Kimoto (2000),
Poutou et al. (2004), Lawrence and Slater (2005), Saito et al. (2007), Nicolsky et
al. (2007), Schaefer et al. (2009), Dankers et al. (2011), Koven et al. (2011), and
Gouttevin et al. (2012). These studies are the early efforts of incorporating
permafrost related processes within Earth System models. As they focus on
implementing explicit soil thermal and hydrological processes, their approaches
on modeling complementary processes like the effects of snow insulation,
vegetation and organic matter on soil temperature are quite diverse. Also the
future projections of the permafrost state is studied with these models but the
results show a big range of estimates (Koven et al., 2013; Slater et al., 2013) with
broad circumpolar trends without spatial analysis of different regions in the high

latitudes.



1.5 JSBACH model

In this work, a modeling approach for the northern high latitude permafrost
physical conditions is documented. The choice of model for the experiments in
the next chapters is the JSBACH model, which is part of the Max Planck
Insistute’s Earth System model (MPI-ESM). MPI-ESM includes atmosphere,
ocean, sea ice, and land components. It is one of the major models benchmarked
in the world today and it has been used in the recent IPCC reports. The land
component used to be just a part of vegetation functions mostly done as it was in
BETHY model (Knorr, 2000) and a simple soil representation following the
scheme in ECHAMS5 (Roeckner et al,, 2003). It has been improved to make it a
more interactive land model with multi layer soil representation together with
soil hydrology and soil carbon cycles that feedbacks to the atmosphere. The new

model is renamed as JSBACH.

1.6  Motivation
Even though there are currently numerous efforts to model the permafrost
systems to date, there is still a huge diversity in model outputs (Koven et al,,
2013). Validation against observed data is a required task of any modeling
approach; however, due to limited datasets in the Arctic region, the validation
process has been neglected or limited to a few site observations. This led to a
broad range of model representations from different research groups. Due to the
complex dynamics of permafrost related processes, there are many ways to deal
with physical processes resulting in different suites of complexities in models.
Therefore there is a need to assess and compare different formulations of
process representations in a single model as well as comparing different types of
models in order to find the required complexity for a desired accuracy. Different
representations of the same process have to be compared in order to find a
compromise for both accuracy and computational feasibility. Issues in current
modeling approaches include:

* Validation of model performance with multi-source observational datasets

in order to understand the limitations of model formulations
* (Comparison of current modeling approaches of permafrost processes to

understand the required complexity for global models



* Finding the level of detail needed to represent permafrost related processes
within a global model
* Identifying spatial patterns of changes in permafrost states in response to
climate change
A physically advanced model capable of representing high latitude soil
processes is a focal point to study more complex processes such as methane
balance, thermokarst, and cryoturbation in the long run. The permafrost within
the climate system must be constrained by a carefully designed model and the
soil processes must be investigated through detailed analyses and evaluations
with as many data sources as possible. Only then, the role of permafrost in the
global climate system can be studied and the future projections can be used to
investigate the potential changes.
This thesis aims to answer the following questions:
1. Can permafrost processes be included within an Earth System model that
compare well to site- and global-scale datasets?
2. What is the required level of complexity in global models to estimate
permafrost thermal dynamics?
3. What should be the level of detail needed in computationally efficient and
physically precise process representation for permafrost soil physics?
What will be the thermal state of Arctic permafrost during the 215 century?
How will climate change affect permafrost states in different regions of the

Arctic?

1.7  Outline

In this thesis, the above-mentioned questions will be addressed from a global
modeling perspective. Chapter 2 will illustrate the JSBACH model development
specific to permafrost processes, and evaluations of the model performance at
multi-scale datasets, particularly for the northern high latitude environments.
After the JSBACH model is improved, Chapter 3 will compare it to the current
modeling approaches within a broader multi-model intercomparison study,
which investigates the complexity necessary for models to capture the physical
conditions of cold region soils. Following on that, Chapter 4 will go deeper into

analyzing the details of [SBACH model formulation by extending the process



representation of the improved model in representing site-level thermal
dynamics. From that on, Chapter 5 will focus on the global context and display
the application of the validated JSBACH model to project the future state of
permafrost and cold region conditions within the climate change context during
the 215t century. In conclusion, Chapter 6 will summarize all the new information
included in the individual chapters, ending with several conclusive statements
and future outlooks.

The thesis consists of 4 main chapters, all written individually and some
in the form of journal articles. Each contains its own introduction, methods,
results, discussions, and conclusions and can be read individually. Chapter 2 has
been published in the journal Geoscientific Model Development and Chapter 3 has
been published in the journal The Cryosphere. Chapters 4 and 5 are written solely

for this thesis and they are not published in any journal yet.
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CHAPTER 2

MODEL DEVELOPMENT AND EVALUATION

Peer-reviewed publication published as:
“Ekici, A., Beer, C, Hagemann, S., Boike, ], Langer, M., and Hauck, C.: Simulating high-

latitude permafrost regions by the JSBACH terrestrial ecosystem model, Geosci. Model Dev.,
7,631-647,doi:10.5194/gmd-7-631-2014, 2014.”

11



2.1 Introduction and Summary

This chapter includes the article “Simulating high latitude permafrost regions by
the JSBACH terrestrial ecosystem model”! that has been published in the journal
Geoscientific Model Development. This article is prepared as a main part of this
thesis and describes the model development for permafrost soils together with
evaluations of model performance with observed datasets. The work leading to
this article has primarily been performed by the main author of this thesis,
within the EU project “Greencycles II”. The article itself is appended in the next
section, such that it contains its own sub-sections with abstract and references.
The aim of the work presented in this paper is to prepare the JSBACH
model for the permafrost and cold region specific experiments. By adding
freezing of soil water, coupling heat and water transfer within the soil via heat
transfer parameters and latent heat of phase change, and including surface
insulation processes from snow and moss cover, the JSBACH model is extended
to represent the soil thermal state and evolution within the permafrost areas.
The evaluation procedure with the site and global datasets have revealed
that the new model version is applicable to cold region soils and represents the
permafrost conditions close to observations. Further improvements are required
to overcome the overestimated active layer thickness and underestimated

subsoil temperatures.

1 Ekici, A, Beer, C,, Hagemann, S., Boike, J., Langer, M., and Hauck, C.: Simulating high-latitude permafrost regions by the
JSBACH terrestrial ecosystem model, Geosci. Model Dev., 7, 631-647, d0i:10.5194/gmd-7-631-2014, 2014.
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Abstract. The current version of JSBACH incorporates phe-
nomena specific to high latitudes: freeze/thaw processes,
coupling thermal and hydrological processes in a layered soil
scheme, defining a multilayer snow representation and an in-
sulating moss cover. Evaluations using comprehensive Arctic
data sets show comparable results at the site, basin, continen-
tal and circumarctic scales. Such comparisons highlight the
need to include processes relevant to high-latitude systems
in order to capture the dynamics, and therefore realistically
predict the evolution of this climatically critical biome.

1 Introduction

The effects of global climate change are felt stronger in the
northern high latitudes than elsewhere in the world (ACIA,
2005). During recent decades, polar regions have experi-
enced an increase from around 40.5 to +1°C in surface
atmospheric temperatures, while the global mean has risen
by only from +0.2 to 4+0.3°C (Serreze et al., 2000). Fur-
thermore, soil temperature in the Arctic is also undergoing
warming, which is observed from borehole and active-layer
measurements. After the International Polar Year (2007-
2008), these measurements were summarized to show that
permafrost is warming and active-layer thickness is in-
creasing in the Nordic regions, Russia, and North America
(Christiansen et al., 2010; Romanovsky et al., 2010a; Smith
etal.,2010).

Based on a simple relationship between air temperature
and the permafrost probability, Gruber (2012) estimated that
around 22 % (%3 %) of the Northern Hemisphere land is un-
derlain by permafrost. During the past glacial/interglacial cy-
cles vast amounts of organic matter have been accumulated
in these soils (Zimov et al., 2006). With the abundant re-
sources in interglacial periods, life has flourished and left
huge amounts of organic matter behind; while the glacial pe-
riods created unfavorable conditions for decomposition and
kept the remnants locked away in the frozen soil (DeConto
et al., 2012; Schirrmeister et al., 2013). Supporting that, re-
cent findings on the amount of soil carbon in northern cir-
cumpolar permafrost soils are larger than the previous es-
timates (Hugelius et al., 2010; Ping et al., 2008; Tarnocai
et al., 2009; Zimov et al., 2006). According to Tarnocai et
al. (2009), there are 1672 Pg of carbon stocked in the north-
ern permafrost soils. With the current trend of increasing air
temperature, this carbon rich soil is susceptible to thawing
and being released to the atmosphere in the form of green-
house gases and thus contributing to even further warming
of the atmosphere (Heimann and Reichstein, 2008; Schuur et
al., 2008; ACIA, 2005). Therefore, it is important to under-
stand the underlying processes and to quantify future interac-
tions of permafrost regions within a changing climate (Beer,
2008).

The recognition of this importance has spurred recent ad-
vances of dynamic global vegetation models and Earth sys-
tem models by representing processes that are specific to
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high-latitude regions. With the understanding of feedback
mechanisms and recent estimates of vast amounts of soil
carbon, progress has been made to address uncertainties in
Arctic simulations. At present, most of the global models in-
clude common processes related to permafrost regions, e.g.,
latent heat release/consumption from the phase change of soil
water (Riseborough et al., 2008), organic matter decompo-
sition at freezing conditions, methanogenesis and methane-
related processes. Li et al. (2010) have shown a comprehen-
sive review of different freezing schemes in sophisticated
models. However, within the global models either an extra
term of latent heat is added (e.g., Molders et al., 2003; Takata
and Kimoto, 2000) or the method of “apparent heat capac-
ity” is incorporated into temperature calculations (e.g., Beer
et al., 2007; Hinzman et al., 1998; Nicolsky et al., 2007;
Oelke, 2003; Poutou et al., 2004; Schaefer et al., 2009). In
either way, the models showed a significant improvement in
simulating soil temperature or active-layer thickness (e.g.,
Dankers et al., 2011; Gouttevin et al., 2012a; Lawrence et
al., 2012; Zhang et al., 2008).

Besides the freeze/thaw events, the coupling of snow and
soil thermal constitutes the basis for the soil thermal profile
during winter (Dutra et al., 2010; Slater et al., 2001; Stieglitz
et al., 2003). Due to strong insulating properties of snow,
the winter soil temperature is kept warmer than the much
colder atmospheric temperature. Furthermore, the timing of
snowmelt influences the duration of the growing season and
the active-layer thickness, which is also related to the amount
of infiltrating snowmelt water into the soil. Goodrich (1982),
Kelley et al. (1968) and Groffman et al. (2006) found that
snow cover strongly influences the ground thermal regime.
Using the ORCHIDEE (Organising Carbon and Hydrology
In Dynamic Ecosystems) model, Gouttevin et al. (2012b)
showed that the snow cover and the disappearance of snow
are important factors for the plant and soil metabolic activity
and biogeochemical feedbacks between the soil and the at-
mosphere. However, in most cases snow is represented rather
simply in the models. Due to the high complexity of snow
types and snow processes, a simple parameterization yield-
ing a realistic heat insulation effect was used (e.g., Beer et
al., 2007; Koren et al., 1999; Verseghy, 1991). While more
advanced snow schemes were developed in some modeling
studies (Boone and Etchevers, 2001; Loth and Graf, 1998),
it is not always practical for global modeling exercises to in-
clude such a complex approach due to its computational re-
quirements.

Impacts of changing permafrost conditions on the climate
system and vegetation activity have also been investigated. It
is shown by Poutou et al. (2004) that including soil freezing
in their model leads to dryer summers and warmer winters in
different regions. Beer et al. (2007) have found out that with
the permafrost-specific processes the high-latitude vegeta-
tion carbon stocks are better represented in a dynamic global
vegetation model. In other modeling studies, future implica-
tions of possible permafrost carbon release are investigated

Geosci. Model Dev., 7, 631-647, 2014

A. Ekici et al.: Simulating high-latitude permafrost regions

and their effects on global climate are shown under different
warming scenarios (Burke et al., 2012; Hayes et al., 2011;
Koven et al., 2011; Schaefer et al., 2011; Schneider von
Deimling et al., 2011; Zhuang et al., 2006). A good review of
permafrost carbon cycle models is documented in McGuire
et al. (2009).

Although progress has been undertaken on representing
permafrost processes in land surface models, there is still
a considerable uncertainty regarding the magnitude of the
effects of permafrost feedbacks on climate. A consensus is
not yet close to being reached regarding the timing of per-
mafrost response to climate change and consequences of per-
mafrost feedback mechanisms on the climate system. An in-
tercomparison study of different land surface schemes espe-
cially with respect to cold regions’ climate and hydrology
revealed large differences between the models, even in case
of a similar implementation of frozen ground physics (Luo
et al., 2003). Due to missing processes and related deficien-
cies of their land surface schemes, climate models often show
substantial biases in hydrological variables over high north-
ern latitudes (Luo et al., 2003; Swenson et al., 2012). Thus,
the representation of the complex dynamics of permafrost-
related processes within global models is a challenging yet
essential task (Hagemann et al., 2013). To contribute to this
progress, we have advanced the land surface model JSBACH
(Jena Scheme for Biosphere—Atmosphere Coupling in Ham-
burg) and we show the reliability of the new model version
in multiscale evaluations.

2  Methods
2.1 Model description and improvements

JSBACH is the land surface component of the Max Planck
Institute Earth System Model (MPI-ESM) that comprises
ECHAMSG6 for the atmosphere (Stevens et al., 2012) and
MPI-OM (Max Planck Institute Ocean Model) for the ocean
(Jungclaus et al., 2012). It is designed to serve as a land sur-
face boundary for the atmosphere in the coupled simulations;
but it can also be used offline given that it is a comprehen-
sive terrestrial ecosystem model with a process-based ap-
proach for representing key ecosystem functions. JSBACH
simulates photosynthesis, phenology and land physics with
hydrological and biogeochemical cycles (Raddatz et al.,
2007; Brovkin et al., 2009). The photosynthesis scheme
follows Farquhar et al. (1980) and Collatz et al. (1992).
The BETHY (Biosphere Energy-Transfer Hydrology) model
(Knorr, 2000) covers most of the fast canopy processes. The
current version employs a relatively simple carbon cycle
model (Raddatz et al., 2007). Vegetation carbon is classified
as “green”, “wood” or “reserve” carbon and these are trans-
ported into soil carbon pools via litter fluxes. The soil organic
matter is stored in “fast” or “slow” soil carbon pools with dif-
ferent decomposition rates. All carbon pools have a constant
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Fig. 1. Vertical soil model structure of the new JSBACH version.
The numbers left of the soil column show the depths of the bot-
tom of each layer while the numbers right of the soil column show
layer thicknesses. Here snow and organic layers are simply shown
to represent a multilayered snow scheme and constant moss layer
described in the text.

turnover time, which is only modified by temperature and
moisture in the case of soil carbon pools.

The current version of the model can be run with 30 min
temporal resolution and global simulations are usually per-
formed at 0.5° spatial resolution; however, the 1-D point
model can also be run for a single location. The grid cells are
usually divided into tiles of homogeneous vegetation cover.
In the version discussed here, we prescribed the vegetation
cover and kept it constant over time (cf. Sects. 2.2 and 2.3).

The soil is discretized into five layers with increasing
thicknesses (Fig. 1). Heat conduction through the vertical soil
layers is assumed to be the dominant method of heat transfer;
therefore convective and radiative heat transfer processes are
neglected. Surface temperature is calculated by considering
incoming radiation and surface albedo, then it is used as the
upper boundary forcing for the soil temperature calculations.
During the snow period, the uppermost snow layer is forced
by surface temperature and the bottom snow-layer tempera-
ture is used to force the soil column. In the simulations men-
tioned here, a constant moss layer is present over the soil.
Hence the upper boundary condition for the soil temperature
calculations is the moss-layer temperature, while a zero heat
flux is assumed for the bottom boundary condition at 10 m
depth. The one-dimensional heat transfer equation (Eq. 1) is
solved for each layer. For each time step, and each soil layer,
the numerical solution to heat conduction (first term on the
right side of Eq. 1) gives the soil-layer temperature and then
as a second step, this temperature is updated with respect to
the heat used for (or gained from) phase change of soil water
(second term on the right side of Eq. 1) in that layer. This
routine continues from the top to the bottom to calculate all
the soil-layer temperatures.
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with T': soil-layer temperature (K), c: volumetric heat capac-
ity of the soil layer (Jm—3 K~'), A: heat conductivity of the
soil layer (W K- 'm™1), Ls: Latent heat of fusion d kg_l),
pi: density of ice (kg m_3), 6;: volumetric soil ice content
(m3’,m_3), t: time (s), and z: soil-layer depth (m).

JSBACH mainly uses the physics package of ECHAMS
(Roeckner et al., 2003). This comprises the separation of
rainfall and snowmelt into surface runoff and infiltration and
the calculation of lateral drainage following the Arno scheme
(Diimenil and Todini 1992). A new soil hydrology scheme
(Hagemann and Stacke, 2014) has been implemented into
JSBACH that uses the same five-layer structure (see Fig. 1)
as the thermal module and calculates soil water transport
by using the one-dimensional Richards equation (Richards,
1931) shown in Eq. (2). Here, the local change rate of mois-
ture 06,,/0¢ is related to vertical diffusion (first term on
the right side of Eq. 2) and percolation by gravitational
drainage of water (second term). Both processes are consid-
ered separately. Percolation is calculated following the Van
Genuchten (1980) method and the diffusion is calculated us-
ing the Richtmyer and Morton (1967) diffusion scheme. For
the latter, the soil water diffusivity D of each layer is param-
eterized following Clapp and Hornberger (1978).

The soil water content may be greater than O for each layer
above the bedrock. There is no water available for the land
surface scheme below the bedrock. Consequently, horizon-
tal drainage (ECHAM4 formulation following Diimenil and
Todini, 1992) may occur only from those layers above the
bedrock. The formulation has been slightly modified as now
drainage may only occur if the soil moisture is above the
wilting point. Note that the previously used bucket model
soil moisture now corresponds to the root zone soil mois-
ture. The associated rooting depth determines the depth from
where transpiration may occur. Bare soil evaporation is oc-
curring only from the uppermost layer.

In the hydrology module, first the input/output terms (pre-
cipitation, snowmelt, evapotranspiration) are accumulated
and infiltrated into (removed from) the soil. Then, the phase
change routine updates the water and ice contents of each
layer before the vertical water movement is executed. Each
layer’s field capacity is updated with the corresponding
layer’s ice content that is created or melted in the same time
step. This allows for a more realistic water transport within
the frozen layers. Finally the vertical water movement is per-
formed as described above and the soil water content at each
layer is updated.

90 9 90 oK
il (D W)+ + S, (2)

or 9z \ 0z ) ez
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with 6y: volumetric soil water content (m>m™3), D: soil
water diffusivity (m>s~!), K: soil hydraulic conductivity
(ms~!), and S: source and sink terms (s~1).

As shown in Eq. (3), a supercooled water formulation is
also incorporated to allow liquid water to coexist with ice
under freezing temperatures. This approach follows the Niu
and Yang (2006) formulation.

Ly (T —Ti) } b
8T Yrsat '

with Oy max: maximum supercooled water content (m), Ogy:
soil porosity (m®m™3), T, freezing temperature of water
(K), g: gravitational acceleration (m s_2) , Wsat: saturated soil
matric potential (m), and b: Clapp and Hornberger exponent
).

Soil heat transfer is coupled with the hydrological scheme
through latent heat from phase change and two parameters:
the volumetric heat capacity (c) and the soil heat conductivity
(») in Eq. (1). We have parameterized the heat capacity us-
ing the de Vries (1963) formulation (Eq. 4) and the heat con-
ductivity following Johansen’s (1975)method (Eq. 5). Equa-
tions (6-9) describe the terms in Eq. (5). With these formula-
tions, the amounts of water and ice influence the soil thermal
properties. In concert with the latent heat of fusion effect on
temperature (second term on the right side of Eq. 1), a cou-
pling of the hydrology and soil thermal dynamics is achieved.
For Eq. (8), bulk density needs to be inserted with the given
unit below.

ewmax = esat { (3)

¢ = (1 = 0sat) pscs + pwewby + picit; 4)

with pg, pw, and pj: density of soil solids, water and ice, re-
spectively (kg m_3); cs, Cw, and cj: specific heat capacities of
soil solids, water and ice, respectively Jkg~! K~1).

A= Kehsat + (1 — Ke))\drys (5)
log(Sat)+1>0 T > Tf,
e = , 6)
Sat T < Tty
hosat = AL Ot O St )
0.135 ppuix + 64.7
dry = ’ (®
2700 — 0.947 ppuix
Poulk = 2700 (1 — Osar) , )]

with K,: Kersten number (-), Agt: heat conductivity of
the saturated soil (WK 1m™1), Adry: heat conductivity of
the dry soil (WK~!m™), Sat: saturation ((6y + 6;)/z/6sat)
s, Aw, and Ai: heat conductivities of soil solids, water and
ice, respectively (W K! m_l), and ppyik: soil bulk density
(kgm™3).

Snow is treated as external layers above the soil column.
With increasing snow depth in winter, new layers are added
up to maximum of five snow layers. The top four layers are
always 5 cm in thickness, while the bottom layer is unlimited
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in size. A 5 cm snow layer is always kept in contact with the
atmosphere in order to maintain the numerical stability due
to rapid changes in air temperature. The uncertainty of rep-
resenting 5 cm snow layers is assumed to be negligible when
compared to having a nonlayered snow scheme. The snow
properties are kept constant for simplicity. A snow density
of 250kgm™3 is used for the snow depth calculations and
the snow heat conductivity is fixed at 0.31 WK~! m~! with
a snow heat capacity of 522500 Jm—3 K~!. This simple ap-
proach is chosen to ensure the heat insulation for the soil
rather than providing a complex snow model. For this reason,
the snow layers are hydrologically inactive, meaning there is
no water held within each snow layer, thus neither the trans-
fer of meltwater within the snowpack nor refreezing effects
are considered. Water infiltration from snowmelt into the soil
is treated separately in the hydrology module.

In addition to the snow layers, the importance of moss
cover in the Arctic is mentioned in several studies (Beringer
et al., 2001; Rinke et al., 2008). The moss cover above soil
affects the soil heat transfer through thermal and hydrologi-
cal insulation depending on the thickness and wetness of the
moss. Also in reality, the moss distribution shows great spa-
tial differences. This geographic dependence of moss cover
brings additional heterogeneity to the soil thermal dynamics
in the Arctic. To have the first step to represent such complex-
ity, a constant uniform moss cover without the hydrological
effects is assumed for the entire domain. This moss layer has
similar functions as the snow layers, i.e., not having dynamic
hydrology but rather providing constant heat insulation for
the underlying soil layers. For the simulations presented in
this paper, a 10 cm thick moss layer is chosen for all the sea-
sons. The heat parameters for the moss layer follow Beringer
et al. (2001), with heat conductivity of 0.25 WK~! m~! and
volumetric heat capacity of 2 500000 Jm—3 K~!.

2.2 Global forcing data

For the period 1901-1978, daily forcing data with 0.5°
spatial resolution from the EU project WATCH (Water
and Global Change) has been used (Weedon et al., 2010,
2011). This data is based on ERA-40 (ECMWF 40 year
Re-Analysis) reanalysis results that were bias-corrected by
using several observation-based data sets, such as climate
grids from the Climate Research Unit, University of East
Anglia (CRU). For the 1979-2010 period, ECMWF (Euro-
pean Centre for Medium-Range Weather Forecasts) ERA-
Interim reanalysis data (Dee et al., 2011) has been used. This
data set was downloaded at 0.5° spatial resolution and bias-
corrected against the WATCH-forcing data following Piani et
al. (2010). A more detailed description of the climate forcing
data set can be found in Beer et al. (2014). With this ap-
proach, a consistent time series of climate data for the period
1901-2010 is ensured.
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Table 1. JSBACH model parameters used in the site simulations.
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NUUK SAMOYLOV
Veg. cover type Tundra Tundra
Porosity (6sat) 46 % 42 %
Field capacity 36 % 36 %
Soil depth before bedrock 36 (cm) 800 (cm)
Soil mineral heat capacity (cs) 2213667 (Jmf3 Kil) 2187782 (Jm73 Kil)
Soil mineral heat conductivity (As)  6.84 (Wm~! K1) 743 (Wm~!K™1
Saturated hydraulic conductivity 242x 1079 (ms™!) 8009 x 1070 (ms~1)
Saturated moisture potential ( ¥gat)  0.00519 (m) 0.00385 (m)
Clap and Hornberger exponent (b) 5.389 (-) 4.885 (-)

The sand, silt and clay fractions from the Harmonized
World Soil Database v.1.1 (FAO et al., 2009) were the ba-
sis for deriving the soil thermal properties. Up to four tiles
per 0.5° grid cell area are distinguished for vegetation-related
model parameters (Raddatz et al., 2007). The coverage of
these tiles has been estimated by combining the GLC2000
land cover map (GLC2000 database, 2003), the MODIS
(Moderate Resolution Imaging Spectroradiometer) Vegeta-
tion Continuous Fields product (Hansen et al., 2003) and the
WWEF (World Wildlife Fund) biome map (Olson et al.,2001).

JSBACH was forced by global atmospheric carbon diox-
ide concentrations following the CMIP5 (Coupled Model In-
tercomparison Project Phase 5) protocol (Meinshausen et al.,
2011).

2.3 Simulation setup

Site-level simulations were performed running the model at
a single point, forced by meteorological site observations
(see below section). Soil parameters were extracted from the
above-mentioned global land surface data and given in Ta-
ble 1. Using the observed meteorological data, an average
seasonal cycle was prepared and repeated for 30 years to
force a spin-up simulation for bringing the soil thermal and
hydrological profiles to equilibrium. Then, the transient sim-
ulation for the site was conducted using multiple years of ob-
served climate and the results were used for comparison with
the soil temperature observations. The time period used for
the site simulations is from August 2008 to December 2009
for Nuuk, and from July 2003 to October 2005 for Samoylov.

For the circumpolar simulations, the model was run us-
ing the previously described global daily forcing data for
the grids above 50° north. First, the model’s physical state
was brought into equilibrium with a 30-year run repeating
an average seasonal cycle of climate variables from the pe-
riod 1901-1930. Then, a climate-transient run with constant
atmospheric CO, concentration at the 1901 value was exe-
cuted for the same period. These 30-year model results were
further used to force a 1000-year carbon balance model run
in order to prepare equilibrated carbon pools. Finally, these
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carbon pools are used as the initial condition to start a fully
transient run from 1901 to 2010.

2.4 Validation data sets
24.1 Nuuk-site observations

The Nuuk observational site is on the southwestern coast of
Greenland, 250 km south of the polar circle at around 64°
north and 51° west. It is situated in the Kobbefjord at an alti-
tude of 500 m a.s.1. (above sea level) close to the city of Nuuk.
Ambient climate is arctic/polar with mean annual tempera-
ture of —1.5°C in 2008 and —1.3°C in 2009 (Jensen and
Rasch, 2009, 2010). Vegetation type consists of Empetrum
nigrum with Betula nana and Ledum groenlandicum with a
vegetation height of 3-5 cm. The study site’s soil lacks min-
eral soil horizons due to cryoturbation and lack of podsol de-
velopment due to its dry location. Soil type is categorized
as mostly sandy soil with 10 % organic matter in the top
10 cm, no ice lenses in the profile and no permafrost. No soil
ice or permafrost formations have been observed within the
drainage basin. Snow cover is measured at the Climate Basic
station 1.65 km from the soil station but at the same altitude.
At the time of the annual Nuuk basic snow survey in mid-
April, the snow depth at the soil station is much alike the
snow depth at the Climate Basic station: 0.1 m when the
snow depth is high (near 1 m) and much alike if it is much
lower. Strong winds (> 20m s~1) have a strong influence on
the redistribution of newly fallen snow especially in the be-
ginning of the snow season, so the formation of a permanent
snow cover at the soil station can be delayed by as much as
one week; while the end of the snow cover season is more
or less alike the date at the Climate Basic station. In some
winters there is some depth hoar formation in the snowpack
(B. U. Hansen, personal communication, 2013).

The meteorological (half-hourly incoming radiation, air
temperature, precipitation, wind speed) and soil observa-
tions (hourly soil temperature) were downloaded from the
Greenland Ecosystem Monitoring database web server (Za-
ckenbergGIS). For the meteorological variables, the time
period used was July 2008 to December 2010, while the
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soil temperature was available from August 2008 to Decem-
ber 2009. The downloaded ASCII (American Standard Code
for Information Interchange) files have been combined in a
netCDF (network Common Data Form) format file; minor-
gap filling was needed to create a continuous climate forcing
to force the Nuuk site-level simulations.

2.4.2 Samoylov-site observations

The Samoylov field site is located in northern Siberia
(72.4° N, 126.5° E) at the Lena River delta. The site repre-
sents a typical lowland tundra landscape and is character-
ized by continuous and ice-rich permafrost, which reaches
depths of about 200 m (Grigoriev et al., 1996). The local cli-
mate is Arctic—continental with a mean annual air tempera-
ture of about —13 °C. The annual temperature range spans
from about —45 °C in winter to 20 °C in summer (Boike et
al., 2013). The total annual precipitation is about 200 mm, of
which about 25 % contributes to snowfall (Boike et al., 2008;
Langer et al., 2011). The snow cover is strongly character-
ized by wind drift and is usually very shallow with maximum
depths of about 0.5 m (Boike et al.,2013). The land surface at
the field site is dominated by polygonal tundra mainly vege-
tated by mosses and sedges (Kutzbach et al., 2004). The tun-
dra soil consists of water-/ice-saturated sandy peat with the
water table usually close to the surface (Langer et al., 2011).
The volumetric mineral content is reported to range between
20 and 40 % while the volumetric organic content is on the
order of 5-10 % (Kutzbach et al., 2004; Langer et al., 2011).
The peat soil complex reaches depths of 10-15m and is un-
derlain by sandy-to-silty river deposits reaching depths of at
least 1 km.

Hourly values of air temperature, precipitation (not in win-
ter), wind speed and incoming longwave radiation is pro-
vided by the site measurements. Winter precipitation and in-
coming shortwave radiation are complemented by WATCH
reanalysis data. Altogether a continuous model forcing data
set is created. Minor gap filling was needed to fill in the miss-
ing data. The time period for the prepared data set is from
July 2003 to October 2005.

24.3 Circumarctic data sets

The International Permafrost Association’s (IPA) permafrost
map (Brown et al., 2002) was used for comparing the sim-
ulated permafrost extent with the observations. Although
the TPA map has distinct permafrost classes, only the outer
border of the discontinuous and sporadic zones was con-
sidered when comparing with the model’s permafrost ex-
tent, which is calculated using the simulated soil tempera-
tures from the circumarctic model simulation. Following the
permafrost definition of IPA (soils under freezing tempera-
tures for at least 2 consecutive years), the permafrost state
of each grid box is determined. The permafrost condition
for each grid box was calculated with regards to the soil
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temperature only. For all of the five soil layers the temper-
atures are checked if any of the layers are staying below 0°
for at least 2 years. For comparing with the IPA map, the
1980-1990 average values of the model’s permafrost state
were used.

The Circumpolar Active Layer Monitoring network’s
(CALM) data set (Brown et al., 2000) was used for evaluat-
ing the simulated active-layer thickness. The CALM network
maintains active layer thickness measurements at more than
200 sites since the 1990s. We have chosen the CALM sites
within the continuous permafrost zone in our simulation do-
main and compared them with the corresponding 0.5° x 0.5°
grid box of the results from the simulation conducted using
global climate and soil texture data as forcing. Using a lin-
ear piecewise interpolation the simulated soil temperatures
in five soil layers are interpolated into 200 evenly spaced
nodes and the depth of 0° is calculated afterwards to repre-
sent the thawing depth at each time step. Then the maximum
thawing depth during the summer season is taken to be the
active-layer depth for comparison. If there were more than
one CALM site within one model grid box, the most appro-
priate one is chosen for the comparison. Averaging several
CALM sites within one grid box is avoided since the average
value could represent a nonrealistic condition due to surface
heterogeneity. We tried to select the site that is most com-
parable with the model assumptions (e.g., upland soils) and
the soil conditions represented by the global soil map. Since
not all the sites had recorded measurements during the 1990—
2010 period, we have averaged the existing years of data and
compared it with the averages of corresponding years from
the model output.

Numerous borehole observations from circumarctic sta-
tions were gathered during the International Polar Year (IPY
2007/2008). They include deep and shallow borehole tem-
perature observations representing the state of the permafrost
(Romanovsky et al., 2010b). These borehole measurements
are available through Global Terrestrial Network for Per-
mafrost (GTN-P). Observations from these borehole mea-
surements were compared with the simulated temperatures.
As in the CALM comparison, the corresponding grid box
values of the JSBACH simulation results were used for com-
parison. Since there were more boreholes in most of the grid
boxes and surface heterogeneity has less effect on deep soil
temperatures (7-10 m depth), we have performed a grid av-
eraging to compare with the model outputs. The time period
chosen for the comparison follows the IPY period: averaging
years 2007 and 2008 outputs.

244 Continental-scale maps

The Russian permafrost temperature map (Land Resources
of Russia CD-ROM, 2002) was prepared by the Russian
Academy of Sciences and The International Institute for Ap-
plied Systems Analysis (IIASA). This map is an upscaled
product of several meteorological and soil station data that
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Fig. 2. Observed and simulated upper-layer soil temperature at the
Nuuk site. Observed soil temperature at 5cm is plotted with the
black line and the red line shows the JSBACH-simulated soil tem-
perature in the first layer (ca. 3 cm).

are gathered during the expeditions in the second half of
the 20th century. The data is digitally available (Land Re-
sources of Russia CD-ROM, 2002) and downloadable from
the web server of the IIASA (Land Resources of Russia). In
the map, permafrost temperature is distinguished as 9 tem-
perature classes and the temperature ranges (range of 1 or
2°C) show a scale from 0 to —17°C. To prepare a map
comparable with JSBACH simulation results, the mean of
the observed temperature classes were used to plot the ob-
servational map in this paper. Since there was no detailed
information about the depths of these observations, values
are assumed to be representative of those at depth of no sea-
sonal temperature change. Following the observational time
period, mean JSBACH subsoil temperature (last soil layer,
ca. 7 m) of the 1960-1990 period was used for comparison.

The 0.5° active-layer thickness map (Beer et al., 2013)
from Yakutia is an upscaled digitized version of the map of
landscapes and permafrost conditions in Yakutia (Fedorov et
al., 1989, 1991). Covering most of eastern Siberia, this map
is very useful to understand the permafrost conditions ata 1 :
2 500000 spatial scale during the period 1960—1987. Maps of
mean and standard deviation of active-layer thickness were
prepared at 0.5° spatial resolution based on 0.001° raster im-
ages. Active-layer thickness values range from 0.4 m at the
northern continuous permafrost zone to 2.5 m at the southern
borders of permafrost where isolated patches dominate the
landscape.

For comparison with the active-layer thickness map, soil
temperatures simulated at a 0.5° spatial scale during the pe-
riod 1960-1990 were used to derive the model’s active-layer
thickness, and then the mean of all these years is used to pre-
pare the comparison map.
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Fig. 3. Observed and simulated soil temperature at the Nuuk site.
Observed soil temperature at 30 cm is plotted with the black line
and the red line shows the JSBACH-simulated soil temperature in
the second layer (ca. 18 cm).

24.5 Arctic river runoff data

There are several big rivers flowing into the Arctic Ocean
from Russia, Canada and Alaska; and they are all affected
by the conditions of permafrost underlying their respective
basins. By comparing the temporal dynamics of runoff val-
ues at the river mouths, the model performance in represent-
ing the interactions between permafrost processes and the
hydrological scheme can be assessed all around the basin
areas. For testing model hydrological processes, runoff data
from the Lena and Yenisey rivers were compared to simula-
tion results. The runoff observations at the river mouth sta-
tions were gathered from the R-ArcticNET database (Lam-
mers et al., 2001). The simulated runoff values in all the grid
boxes within river basins were accumulated. For the evalua-
tion of the seasonal cycle, simulation results were shifted by
2 months accounting for the time lag between the further grid
cells and the river mouth station, for the reason that JSBACH
does not include a river routing scheme.

3 Results and discussions
3.1 Site-level validation

By forcing JSBACH with the meteorological data from the
Nuuk synoptic station, a site-level simulation was performed.
JSBACH successfully captured the topsoil temperature dy-
namics during the simulation period (Figs. 2 and 3). Fol-
lowing the observations, summer 2008 topsoil temperatures
gradually cool down to 0 °C. Simulated temperatures fluctu-
ate around 0 °C from October to February, in agreement with
the observed data. After June, when the simulated temper-
atures are above zero, it takes until mid-July to capture the
observations again during the summer of 2009.

Geosci. Model Dev., 7, 631-647, 2014



638

20

—JSBACH (3cm)
data (6cm)

soil temperature [°C]

Fig. 4. Observed and simulated upper-layer soil temperature at the
Samoylov site. Observed soil temperature at 6 cm is plotted with
the black line and the red line shows the JSBACH-simulated soil
temperature in the first layer (ca. 3 cm).
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Fig. 5. Observed and simulated soil temperature at the Samoylov
site. Observed soil temperature at 21 cm is plotted with the black
line and the red line shows the JSBACH-simulated soil temperature
in the second layer (ca. 18 cm).

The second site’s simulation is performed at the Samoylov
site, where the conditions are representative of wet tun-
dra permafrost. Except for the overestimations during early
summer, JSBACH results successfully captured the summer
temperature dynamics at different soil depths (Figs. 4 and
5). During autumn, simulated temperatures are falling down
with a similar slope to the observations, while the warm-
ing up period (May—June) displays an underestimation com-
pared to the observed values. However, winter temperatures
are not simulated as cold as the observed values. The mini-
mum value of the JSBACH winter temperatures are 10—15 °C
warmer than the observations (Figs. 4-6). As in the Nuuk
comparison, the zero curtain is also seen at Samoylov. The
timing of the freezing is also well represented by the model.
Both observed and simulated temperatures are stagnating
at around 0°C during the freezing period of September—
October (Fig. 5). Figure 6 shows the temperatures at a year-
long frozen depth, where the model comparison to the ob-
served values show similar dynamics.
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Fig. 6. Observed and simulated soil temperature at the Samoylov
site. Observed soil temperature at 71 cm is plotted with the black
line and the red line shows the JSBACH-simulated soil temperature
in the third layer (ca. 78 cm).

A more detailed analysis of these comparisons requires
mentioning the effects of freeze/thaw cycles. The latent heat
released (consumed) when the soil water freezes (melts) is
responsible for delaying the cold (heat) penetration into the
soil. The site simulation results show that the topsoil tem-
peratures are wavering around 0 °C during the phase change
event. This so-called zero-curtain effect is also visible in the
observational data (Figs. 2-5). This match indicated that the
phase change is accurately represented by the model.

It is seen from both site-level comparisons that winter soil
temperatures do not drop as low as might be expected due to
atmospheric conditions alone. Even when the air temperature
is minimal in high winter (ca. —20 °C for Nuuk and —40 °C
for Samoylov, not shown), soil keeps a rather warm temper-
ature profile (ca. —3 °C for Nuuk and —25 °C for Samoylov)
as long as snow exists on top.

However, in reality, snow has rather complicated charac-
teristics. Within the snowpack, metamorphism processes cre-
ate various types of snow with different thermal properties
(Loth and Graf, 1993). When there is new snowfall, fresh
snow presses down to squeeze the air out of deeper snow
layers, thus increasing the snow density. With higher density,
the snow insulation effect decreases due to increased snow
heat conductivity. However, depending on site-specific con-
ditions, springtime snow insulation can be altered due to the
effects of depth hoar formation, wind drift or snowmelt wa-
ter. Snow properties can also be modified by rainwater per-
colation into the snowpack. Also, snowmelt water infiltra-
tion into the soil can change the temperature profile of the
soil. Additionally snow albedo changes with these processes.
Boike et al. (2013) explained the strong wind conditions at
Samoylov, where the maximum snow depth does not ex-
ceed 0.5 m. However this is not the case in JSBACH simula-
tions, so there is an overestimation in simulated snow depths
(Fig. 7). Such effects are still not represented in the current
version of JSBACH and they can explain the mismatch in
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Fig. 7. Observed and simulated snow depth at the Samoylov site.

simulated versus observed springtime soil temperature in the
Samoylov site-level simulations (Figs. 4 and 5). Without dy-
namically changing snow properties and lack of these snow-
specific processes, our model cannot correctly represent the
lower spring insulation and keeps a colder soil temperature
profile. Similar effects were also shown by Westermann et
al. (2013). Zhang et al. (2005) and Langer et al. (2013)
pointed out the importance of correct parameterization of the
snow thermal properties in permafrost simulations. Further
progress in resolving these issues will be shown in the next
model version.

3.2 Circumarctic validation

To evaluate the model’s reliability at circumarctic scale, we
compared the TPA permafrost map (Brown et al., 2002)
with the simulated permafrost extent. Depending on the
permafrost coverage, the IPA map classifies the permafrost
zones as continuous, discontinuous, sporadic permafrost and
isolated patches. However, within a global model, we do not
represent such classification inside a grid cell, but rather clas-
sify permafrost or non-permafrost conditions. Having this in
mind, it is seen in Fig. § that in general the simulated per-
mafrost extent is in good agreement with the IPA map. It cov-
ers all the continuous and discontinuous zones and extends
further to include some parts of the sporadic permafrost zone
and isolated patches. By definition, sporadic permafrost has
10-50 % of permafrost coverage and isolated patches have
less than 10 %. Simulating permafrost in some of these re-
gions is assumed to be realistic when the binary criterion
permafrost/no permafrost is used in the model.

Another criterion for assessing the validity of our simula-
tion results is to evaluate active-layer thickness. By defini-
tion, active-layer thickness is the maximum thawing depth
in permafrost areas during any given year. It can be con-
sidered a good measure of climate state since it is affected
by summer temperature, precipitation, timing of snowmelt
and history of soil temperature combined. For this reason,
we have compared the current state (1990-2010) of the sim-
ulated active-layer thickness with the CALM network data.
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Fig. 8. Northern Hemisphere permafrost extent according to the In-
ternational Permafrost Association’s permafrost map (Brown et al.,
2002). Different permafrost classes are plotted in different colors
and the red line shows the border of the permafrost extent calcu-
lated from the JISBACH simulation (1980-1990 average values).
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Fig. 9. Scatter plot of the observed ALT from the CALM network
(Brown et al., 2000) versus the JSBACH results. See text for further
info.

JSBACH matched the active-layer thickness of some of the
sites better than the others but in general there is an overesti-
mation in simulated active-layer thickness (Fig. 9).

Reasons for this mismatch are mostly explained by scale
issues and site-specific conditions together with the model’s
vertical resolution. First, the model output from a 0.5° x 0.5°
grid box cannot be taken as equally comparable to the site’s
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observations given that the grid-box average is not fully rep-
resentative for the heterogeneous surface conditions in this
area. Even though some of the CALM observations were av-
eraged over 1 km x 1 km areas, the landscape variability still
brings up a big uncertainty when compared to a model grid-
box average. It is important to note that for this compari-
son, the model was driven by global climate and soil prop-
erties data sets (Sect. 2.2) and not by specific characteristics
at CALM stations. Hence, part of the scatter in Fig. 9 can
be explained by the wrong representation of soil properties
or local climate conditions. Therefore, the overestimation of
site-level active-layer thickness should be interpreted in con-
cert with the comparisons of spatial details of active-layer
thickness (ALT) and permafrost temperature (see next sec-
tion). All things considered, site-level model estimates are
fairly comparable to observations (r2: 0.54, Fig. 9). Sim-
ilar results are observed in some other modeling studies.
Dankers et al. (2011) have shown a deeper simulated ALT
using the JULES (Joint UK Land Environment Simulator)
model. Lawrence et al. (2012) have shown that the coupled
and uncoupled CLM (Community Land Model) model runs
are resulting in deeper ALT in general; although the offline
run from the CLM4 model version showed a more distributed
result with positive and negative differences. Additionally,
it is explained by Gouttevin et al. (2012a) that the freezing
scheme brought a better match with the CALM observations
but still with a positive bias.

Complementary to CALM comparisons, borehole temper-
ature records from GTN-P were used to evaluate simulated
subsoil temperatures (last model layer, ca. 7m). In general,
the model can explain about 48 % of observed subsoil tem-
perature variation with a tendency to a cold bias at some sites
(Fig. 10). This cold bias can partly be related to the model
assumption of zero heat flux at the bottom of the soil. Pre-
viously shown by Lawrence and Slater (2005), the CLM3
model (with 3.43 m soil depth and vanishing heat flux at the
bottom) simulated strong permafrost degradation by 2100.
Delisle (2007) responds to that by showing the importance
of including bottom energy flux of the permafrost layer in
the model. Delisle (2007) also suggests the necessity of rep-
resenting soil heat transfer by moving groundwater while
Burn and Nelson (2006) explain the CLM3 overestimation
of permafrost loss by using wrong surface temperatures and
lack of near-surface ground ice in their model. In a newer
model version (CLM4), Lawrence et al. (2012) explain the
cold bias in deep soil temperatures with the dry active lay-
ers in their model, which again brings up the importance of
hydrology—heat transfer interactions. Also a deeper soil col-
umn representing up to 50 m is suggested to improve the per-
mafrost temperature results by around 10 m for future model
versions; although the effects of having this deep soil column
is not clear yet. Alexeev et al. (2007) suggests using at least
a 30 m soil depth to capture the seasonal temperature vari-
ability. So it seems there are a few possible reasons for the
cold bias in the JSBACH deep soil temperatures (Fig. 10).
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Fig. 10. Scatter plot of observed soil temperature from the GTN-P
borehole temperature data set (Romanovsky et al., 2010b) versus
simulated subsoil temperature (deepest soil layer, ca. 7m). See text
for further info.

Nonetheless, the borehole temperature comparison illustrates
the current status of our model in representing permafrost
temperatures and shows the need for future model develop-
ments for improvement.

Model results showing deeper active layers seem to dis-
agree with colder soil temperatures at first. However, the
active-layer thickness is more related to topsoil temperature,
whereas borehole comparisons were used to evaluate deeper
layers. The topsoil is strongly coupled to atmospheric con-
ditions and hydrological changes. However, deep soil tem-
perature is less influenced by variable surface conditions, but
show a decadal trend that is strongly affected by long-term
atmospheric changes, snow depth and vegetation cover dy-
namics and the boundary conditions at the bottom of the soil
column. As described in Dankers et al. (2011), active-layer
comparisons are mostly affected by phase change events in
the upper layers, but the colder soil temperature in the deeper
layers is not strongly related to these phase change effects.
Similar cold biases in deep soil temperature are also docu-
mented in other modeling studies (Gouttevin et al., 2012a;
Lawrence et al., 2012).

3.3 Continental-scale validation

Spatial details of modeled permafrost temperature were com-
pared to the Russian permafrost temperature map (Land
Resources of Russia CD-ROM, 2002). The simulated Iat-
itudinal temperature gradient acts in accordance with the
observation-based map albeit with regional underestimation
of the model output (Fig. 11). Figure 12 shows the spatial pat-
tern of this cold bias. In general, permafrost temperature dif-
fers from —2 to —5 °C, except in northern Yakutia where the
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Fig. 11. Comparison of Russian permafrost temperature. Observed
(map a; see text for more details) (Land Resources of Russia CD-
ROM, 2002) and simulated (map b) Russian permafrost tempera-
ture during the period 1960-1990. The average values in different
temperature classes are plotted with the same color in both maps.
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Fig. 12. Difference of simulated and observed permafrost tempera-
tures (map b—a from Fig. 11).

difference can be as great as —16 °C. A cold bias in subsoil
temperature was also seen in the borehole temperature com-
parison, supporting the fact that it is not a regional issue but
rather a global deficiency of the model or the global climate
forcing data set. As discussed above, one potential reason
for the colder soil temperature is the bottom boundary zero
heat flux assumption. This assumption is widely used in the
global modeling community (Dankers et al., 2011; Lawrence
et al., 2008), but evidently the soil column depth also plays
an important role (Alexeev et al., 2007).

It is also important to mention the higher spatial hetero-
geneity of JSBACH soil temperature when compared to the
observation-based map. Since the observations were gath-
ered very sparsely (due to harsh climate conditions and re-
mote locations in Siberia) and widely interpolated to create
such a large regional product, many features from landscape
heterogeneity were lost in making the Russian permafrost
temperature map. On the contrary, the model simulates each
grid box individually by using meteorological forcing and
surface conditions specific to each grid box. This explains

www.geosci-model-dev.net/7/631/2014/

641

Active Layer Thickness

80N ——- . . 1
 a)Observation

70N —

30 80 130 180 230 280 330 380 430 480 530

Fig. 13. Observed (map a; see text for more details) (Beer et al.,
2013) and simulated active-layer thickness (map b) in the Yakutsk
area.

the longitudinal changes in the model output (Fig. 11). Also,
representing a different snow depth as well as not matching
the distribution of moss cover affect the amount of heat insu-
lation for the soil and alter the whole soil temperature profile.

Another regional evaluation performed was the compari-
son of observed and simulated active-layer thickness maps.
Figure 13 shows the comparison of the active-layer thickness
map of Yakutia (Beer et al., 2013) and the spatial distribu-
tion of active-layer thickness estimated by JSBACH. As in
the permafrost temperature comparison (Fig. 11), a similar
latitudinal gradient is observed in both maps. Although the
observation-based map shows smaller values in the north-
ern coastal regions, the transition of values from 50 cm at
the coast to 250 cm further inland is comparable to the JS-
BACH map. The mismatches at the coast can be due to the
thick ice overburden in those areas, which are not repre-
sented by JSBACH. The differences between the observed
and simulated results (Fig. 14) show a more diverse spatial
pattern than the map of temperature differences (Fig. 12).
This is due to the complex nature of confounding factors of
active-layer thickness i.e., soil temperature, snow-moss cover
and soil moisture. In general there is an overestimation in
simulated active-layer thicknesses. As seen from the CALM
comparison (Fig. 9), JSBACH simulates deeper active-layer
depths. However, regional differences are apparent in this
comparison. Unlike the CALM comparison where all the
sites were overestimated, the blue regions in the difference
map (Fig. 14) show the underestimated active-layer depths
from model results. These mismatches can be attributed to
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Fig. 14. Difference of simulated and observed active-layer
thickness-ALT (map b—a from Fig. 13).

not representing vegetation and snow cover properly. Finally,
the southern borders of the comparison map (Fig. 14) illus-
trate a strong positive bias (ca. +250 cm). As explained in
Beer et al. (2013), isolated permafrost patches are dominant
in these areas. However, the comparison is not very useful
for these areas since the 0.5° values in the observation-based
map represent an average of values in permafrost islands
while the model is simulating a mean soil temperature pro-
file for the 0.5° grid cell from which active-layer thickness is
estimated. Therefore, model results of ALT are expected to
be higher in these areas.

3.4 River runoff validation

To evaluate the hydrological processes, Arctic river runoff
dynamics were compared to the model results. The Lena
River was chosen since it has one of the basin areas least
influenced by anthropogenic activities and represents a more
natural pattern that is easily comparable to the model results.
The current model version can simulate the annual changes
(Fig. 15) and the monthly dynamics (Fig. 16) of the Lena
River runoff close to the observations. Permafrost conditions
allow the soil to block water infiltration during the snowmelt
period leading to a dramatic runoff peak in spring. JSBACH
successfully captured these effects. Similar results have been
observed in other studies (Beer et al., 2007; Gouttevin et al.,
2012a).

In addition, the Yenisey River was chosen as a secondary
basin since it has one of the biggest basins among the
Arctic rivers. In general, this comparison is similar to the
Lena Basin comparison. JSBACH underestimated the an-
nual runoff values (Fig. 17) but matched the monthly dy-
namics (Fig. 18). The only issue here is the low values of
the annual runoff. Simulating the Yenisey Basin has a higher
uncertainty, since more landscape types are involved. Nev-
ertheless, JSBACH captured the temporal dynamics of the
Yenisey River runoff values, thus supporting the validity of
the permafrost—hydrology interactions within the model. In-
terestingly, the model fails to reproduce the runoff increase
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Fig. 15. Simulated and observed annual Lena River runoff. Red line
represents the JSBACH model version with the permafrost repre-
sentation. The black line shows the observed values from the R-
ArcticNet database (Lammers et al., 2001).
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Fig. 16. Simulated and observed monthly mean Lena River runoft.
Line colors are the same as annual runoff plot (red: model values;
black: observed values). Since the model does not use a river routing
scheme, the model results are shifted 2 months to match the actual
peak time in spring.

since 1983. This could be partly due to a global dimming
effect on stomatal conductance, which influences transpira-
tion (Gedney et al., 2006). However, other effects, such as
snowmelt dynamics have an impact as well.

4 Conclusions

In this paper, we have presented an advanced version of
the process-oriented ecosystem model JSBACH that simu-
lates cold regions through enhanced representation of snow
and soil physics. By including the phase-change process,
coupled thermal and hydrological processes and heat insu-
lation from snow and moss cover, the current model ver-
sion is a capable tool for simulating the physical state of
high-latitude terrestrial environments. A multiscale evalua-
tion was conducted and the results demonstrate the strength
and weaknesses of the model. Site-level comparisons at both
permafrost and non-permafrost sites indicate the importance
of freezing and thawing together with snow insulation for
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Fig. 17. Simulated and observed annual Yenisey River runoff. Red
line represents the JSBACH model version with the permafrost rep-
resentation. The black line shows the observed values from the R-
ArcticNet database (Lammers et al., 2001).
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Fig. 18. Simulated and observed monthly mean Yenisey River
runoff. Line colors are as in Fig. 17. As for the simulated Lena
River runoff in Fig. 16, the model results are shifted 2 months to
match the actual peak time in spring due to the lack of river routing
scheme in the model.

representing soil temperature dynamics. On the larger scale,
permafrost extent is successfully reproduced. Comparisons
with circumarctic observational data sets revealed that the
model simulates deeper active-layer thicknesses accompa-
nied with colder subsoil temperatures. These issues are ex-
plained by the differences in snow cover and moss-layer dis-
tributions that are not captured by the model, shallow depth
of the soil column and the vanishing heat flux assumption at
the bottom. Additionally, regional comparisons drew atten-
tion to the heterogeneous vegetation cover and the influence
of topographic effects. In conclusion, this modeling study
highlights the importance of the effects of latent heat and in-
sulation from snow/moss cover in simulating the permafrost
state in high-latitude regions.
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CHAPTER 3

MODEL INTERCOMPARISON
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3.1 Introduction and Summary

This chapter includes the article “Site-level model intercomparison of high
latitude and high altitude soil thermal dynamics in tundra and barren
landscapes”! that has been published in the journal The Cryosphere. This article
is prepared as a main part of this thesis and describes the comparison of model
performances in estimating permafrost soil thermal dynamics. The work leading
to this article has primarily been performed by the main author of this thesis,
within the EU projects “Greencycles II”, “PAGE21”, and “PERMOS”. The article
itself is appended in the next section, such that it contains its own sections with

abstract and references.

The main aim of this work is to compare the newly developed JSBACH
version with other land models in capturing the soil thermal dynamics of
different cold region landscape types. 5 other land models and 4 cold region sites
are combined within the international collaboration efforts of Greencycles II,
PAGE21, and PERMOS projects. The main model of this thesis JSBACH is
complemented with JULES and ORCHIDEE models from PAGE21, HYBRID8 and
LPJ-GUESS models from Greencycles II, and the COUP model from PERMOS. Sites
are chosen from the same projects: NUUK from Greencycles II collaboration,
Samoylov and Bayelva from PAGE21 main sites, and Schilthorn from the

PERMOS project.

Comparing these models at the selected sites have shown the importance
of snow insulation and soil internal physics for modeling soil thermal dynamics
in cold regions. The importance of related processes change depending on the

site conditions.

1 EKici, A., Chadburn, S., Chaudhary, N., Hajdu, L. H., Marmy, A., Peng, S., Boike, J., Burke, E., Friend, A. D., Hauck, C.,
Krinner, G., Langer, M., Miller, P. A,, and Beer, C.: Site-level model intercomparison of high latitude and high altitude soil

thermal dynamics in tundra and barren landscapes, The Cryosphere, 9, 1343-1361, doi:10.5194/tc-9-1343-2015, 2015.
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Abstract. Modeling soil thermal dynamics at high latitudes
and altitudes requires representations of physical processes
such as snow insulation, soil freezing and thawing and sub-
surface conditions like soil water/ice content and soil texture.
We have compared six different land models: JSBACH, OR-
CHIDEE, JULES, COUP, HYBRID8 and LPJ-GUESS, at
four different sites with distinct cold region landscape types,
to identify the importance of physical processes in captur-
ing observed temperature dynamics in soils. The sites include
alpine, high Arctic, wet polygonal tundra and non-permafrost
Arctic, thus showing how a range of models can represent
distinct soil temperature regimes. For all sites, snow insula-
tion is of major importance for estimating topsoil conditions.
However, soil physics is essential for the subsoil temperature
dynamics and thus the active layer thicknesses. This analysis
shows that land models need more realistic surface processes,
such as detailed snow dynamics and moss cover with chang-
ing thickness and wetness, along with better representations
of subsoil thermal dynamics.

1 Introduction

Recent atmospheric warming trends are affecting terrestrial
systems by increasing soil temperatures and causing changes
in the hydrological cycle. Especially in high latitudes and al-
titudes, clear signs of change have been observed (Serreze
et al., 2000; ACIA, 2005; IPCC ARS5, 2013). These rela-
tively colder regions are characterized by the frozen state
of terrestrial water, which brings additional risks associated
with shifting soils into an unfrozen state. Such changes will
have broad implications for the physical (Romanovsky et al.,
2010), biogeochemical (Schuur et al., 2008) and structural
(Larsen et al., 2008) conditions of the local, regional and
global climate system. Therefore, predicting the future state
of the soil thermal regime at high latitudes and altitudes holds
major importance for Earth system modeling.

There are increasing concerns as to how land models per-
form at capturing high latitude soil thermal dynamics, in par-
ticular in permafrost regions. Recent studies (Koven et al.,
2013; Slater and Lawrence, 2013) have provided detailed as-
sessments of commonly used earth system models (ESMs)
in simulating soil temperatures of present and future state

Published by Copernicus Publications on behalf of the European Geosciences Union.
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of the Arctic. By using the Coupled Model Intercomparison
Project phase 5 — CMIP5 (Taylor et al., 2009) results, Koven
et al. (2013) have shown a broad range of model outputs
in simulated soil temperature. They attributed most of the
inter-model discrepancies to air—land surface coupling and
snow representations in the models. Similar to those find-
ings, Slater and Lawrence (2013) confirmed the high uncer-
tainty of CMIP5 models in predicting the permafrost state
and its future trajectories. They concluded that these model
versions are not appropriate for such experiments, since they
lack critical processes for cold region soils. Snow insulation,
land model physics and vertical model resolutions were iden-
tified as the major sources of uncertainty.

For the cold regions, one of the most important factors
modifying soil temperature range is the surface snow cover.
As discussed in many previous studies (Zhang, 2005; Koven
et al., 2013; Scherler et al., 2013; Marmy et al., 2013; Langer
et al., 2013; Boike et al., 2003; Gubler et al., 2013; Fiddes
et al., 2015), snow dynamics are quite complex and the in-
sulation effects of snow can be extremely important for the
soil thermal regime. Model representations of snow cover
are lacking many fine-scale processes such as snow ablation,
depth hoar formation, snow metamorphism, wind effects on
snow distribution and explicit heat and water transfer within
snow layers. These issues bring additional uncertainties to
global projections.

Current land surface schemes, and most vegetation and
soil models, represent energy and mass exchange between
the land surface and atmosphere in one dimension. Using
a grid cell approach, such exchanges are estimated for the
entire land surface or specific regions. However, comparing
simulated and observed time series of states or fluxes at point
scale rather than grid averaging is an important component of
model evaluation, for understanding remaining limitations of
models (Ekici et al., 2014; Mahecha et al., 2010). In such
“site-level runs”, we assume that lateral processes can be ig-
nored and that the ground thermal dynamics are mainly con-
trolled by vertical processes. Then, models are driven by ob-
served climate and variables of interest can be compared to
observations at different temporal scales. Even though such
idealized field conditions never exist, a careful interpretation
of site-level runs can identify major gaps in process repre-
sentations in models.

In recent years, land models have improved their repre-
sentations of the soil physical environment in cold regions.
Model enhancements include the addition of soil freezing
and thawing, detailed snow representations, prescribed moss
cover, extended soil columns and coupling of soil heat trans-
fer with hydrology (Ekici et al., 2014; Gouttevin et al.,
2012a; Dankers et al., 2011; Lawrence et al., 2008; Wania
et al., 2009a). Also active layer thickness (ALT) estimates
have improved in the current model versions. Simple rela-
tionships between surface temperature and ALT were used
in the early modeling studies (Lunardini, 1981; Kudryavt-
sev et al., 1974; Romanovsky and Osterkamp, 1997; Shiklo-
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manov and Nelson, 1999; Stendel et al., 2007, Anisimov et
al., 1997). These approaches assume an equilibrium condi-
tion, whereas a transient numerical method is better suited
within a climate change context. A good review of widely
used analytical approximations and differences to numerical
approaches is given by Riseborough et al. (2008). With the
advanced soil physics in many models, these transient ap-
proaches are more widely used, especially in long-term simu-
lations. Such improvements highlight the need for an updated
assessment of model performances in representing high lati-
tude/altitude soil thermal dynamics.

We have compared the performances of six different
land models in simulating soil thermal dynamics at four
contrasting sites. In contrast to previous work (Koven et
al., 2013; Slater and Lawrence, 2013), we used advanced
model versions specifically improved for cold regions and
our model simulations are driven by (and evaluated with)
site observations. To represent a wider range of assess-
ment and model structures, we used both land components
of ESMs (JSBACH, ORCHIDEE, JULES) and stand-alone
models (COUP, HYBRIDS, LPJ-GUESS), and compared
them at Arctic permafrost, Alpine permafrost and Arctic non-
permafrost sites. By doing so, we aimed to quantify the
importance of different processes, to determine the general
shortcomings of current model versions and finally to high-
light the key processes for future model developments.

2 Methods
2.1 Model descriptions
2.1.1 JSBACH

Jena Scheme for Biosphere—Atmosphere Coupling in Ham-
burg (JSBACH) is the land surface component of the Max
Planck Institute earth system model (MPI-ESM), which
comprises ECHAMS6 for the atmosphere (Stevens et al.,
2012) and MPIOM for the ocean (Jungclaus et al., 2013).
JSBACH provides the land surface boundary for the atmo-
sphere in coupled simulations; however, it can also be used
offline driven by atmospheric forcing. The current version
of JSBACH (Ekici et al., 2014) employs soil heat transfer
coupled to hydrology with freezing and thawing processes
included. The soil model is discretized as five layers with in-
creasing thicknesses of up to 10 m depth. There are up to five
snow layers with constant density and heat transfer param-
eters. JSBACH also simulates a simple moss/organic matter
insulation layer again with constant parameters.

2.1.2 ORCHIDEE

ORCHIDEE is a global land surface model, which can be
used coupled to the Institut Pierre Simon Laplace (IPSL)
climate model or driven offline by prescribed atmospheric
forcing (Krinner et al., 2005). ORCHIDEE computes all the
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soil-atmosphere—vegetation-relevant energy and water ex-
change processes in 30 min time steps. It combines a soil—-
vegetation—atmosphere transfer model with a carbon cy-
cle module, computing vertically detailed soil carbon dy-
namics. The high latitude version of ORCHIDEE includes
a dynamic three-layer snow module (Wang et al., 2013), soil
freeze—thaw processes (Gouttevin et al., 2012a), and a verti-
cal permafrost soil thermal and carbon module (Koven et al.,
2011). The soil hydrology is vertically discretized as 11 nu-
merical nodes with 2 m depth (Gouttevin et al., 2012a), and
soil thermal and carbon modules are vertically discretized as
32 layers with ~47m depth (Koven et al., 2011). A one-
dimensional Fourier equation was applied to calculate soil
thermal dynamics, and both soil thermal conductivity and
heat capacity are functions of the frozen and unfrozen soil
water content and of dry and saturated soil thermal proper-
ties (Gouttevin et al., 2012b).

2.1.3 JULES

JULES (Joint UK Land Environment Simulator) is the land-
surface scheme used in the Hadley Centre climate model
(Best et al., 2011; Clark et al., 2011), which can also be run
offline, driven by atmospheric forcing data. It is based on
the Met Office Surface Exchange Scheme, MOSES (Cox et
al., 1999). JULES simulates surface exchange, vegetation dy-
namics and soil physical processes. It can be run at a single
point, or as a set of points representing a 2-D grid. In each
grid cell, the surface is tiled into different surface types, and
the soil is treated as a single column, discretized vertically
into layers (four in the standard setup). JULES simulates
fluxes of moisture and energy between the atmosphere, sur-
face and soil, and the soil freezing and thawing. It includes a
carbon cycle that can simulate carbon exchange between the
atmosphere, vegetation and soil. It also includes a multi-layer
snow model (Best et al., 2011), with layers that have variable
thickness, density and thermal properties. The snow scheme
significantly improves the soil thermal regime in comparison
with the old, single-layer scheme (Burke et al., 2013). The
model can be run with a time step of between 30 min and 3 h,
depending on user preference.

214 COUP

COUP is a stand-alone, one-dimensional heat and mass
transfer model for the soil-snow—atmosphere system (Jans-
son and Karlberg, 2011) and is capable of simulating tran-
sient hydrothermal processes in the subsurface including sea-
sonal or perennial frozen ground (see e.g., Hollesen et al.,
2011; Scherler et al., 2010, 2013). Two coupled partial dif-
ferential equations for water and heat flow are the core of
the COUP Model. They are calculated over up to 50 ver-
tical layers of arbitrary depth. Processes that are important
for permafrost simulations, such as the freezing and thaw-
ing of soil as well as the accumulation, metamorphosis and
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melt of snow cover are included in the model (Lundin, 1990;
Gustafsson et al., 2001). Freezing processes in the soil are
based on a function of freezing point depression and on an
analogy of freezing—thawing and wetting—drying (Harlan,
1973; Jansson and Karlberg, 2011). Snow cover is simulated
as one layer of variable height, density, and water content.

The upper boundary condition is given by a surface energy
balance at the soil-snow—atmosphere boundary layer, driven
by climatic variables. The lower boundary condition at the
bottom of the soil column is usually given by the geothermal
heat flux (or zero heat flux) and a seepage flow of perco-
lating water. Water transfer in the soil depends on texture,
porosity, water, and ice content. Bypass flow through macro-
pores, lateral runoff and rapid lateral drainage due to steep
terrain can also be considered (e.g., Scherler et al., 2013). A
detailed description of the model including all its equations
and parameters is given in Jansson and Karlberg (2011) and
Jansson (2012).

2.1.5 HYBRIDS

HYBRIDS is a stand-alone land surface model, which com-
putes the carbon and water cycling within the biosphere
and between the biosphere and atmosphere. It is driven by
the daily/sub-daily climate variables above the canopy, and
the atmospheric CO, concentration. Computations are per-
formed on a 30 min time step for the energy fluxes and ex-
changes of carbon and water with the atmosphere and the
soil. Litter production and soil decomposition are calculated
at a daily time step. HYBRIDS uses the surface physics
and the latest parameterization of turbulent surface fluxes
from the GISS ModelE (Schmidt et al., 2006; Friend and
Kiang, 2005), but has no representation of vegetation dy-
namics. The snow dynamics from ModelE are also not yet
fully incorporated. Heat dynamics are described in Rosen-
zweig et al. (1997) and moisture dynamics in Abramopoulos
et al. (1988).

In HYBRIDS the prognostic variable for the heat trans-
fer is the heat in the different soil layers, and from that, the
model evaluates the soil temperature. The processes govern-
ing this are diffusion from the surface to the sub-surface lay-
ers, and conduction and advection between the soil layers.
The bottom boundary layer in HYBRIDS is impermeable,
resulting in zero heat flux from the soil layers below. The
version used in this project has no representation of the snow
dynamics and has no insulating vegetation cover. However,
the canopy provides a simple heat buffer due its separate heat
capacity calculations.

2.1.6 LPJ-GUESS
Lund-Potsdam-Jena General Ecosystem Simulator (LPJ-
GUESS) is a process-based model of vegetation dynamics

and biogeochemistry optimized for regional and global ap-
plications (Smith et al., 2001). Mechanistic representations
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of biophysical and biogeochemical processes are shared with
those in the Lund-Potsdam-Jena dynamic global vegetation
model LPJ-DGVM (Sitch et al., 2003; Gerten et al., 2004).
However, LPJ-GUESS replaces the large area parameteriza-
tion scheme in LPJ-DGVM, whereby vegetation is averaged
out over a larger area, allowing several state variables to be
calculated in a simpler and faster manner, with more robust
and mechanistic schemes of individual- and patch-based re-
source competition and woody plant population dynamics.
Detailed descriptions are given by Smith et al. (2001), Sitch
et al. (2003), Wolf et al. (2008), Miller and Smith (2012) and
Zhang et al. (2013).

LPJ-GUESS has recently been updated to simulate Arc-
tic upland and peatland ecosystems (McGuire et al., 2012;
Zhang et al., 2013). It shares the numerical soil thawing—
freezing processes, peatland hydrology and the model of wet-
land methane emission with LPJ-DGVM WHyMe, as de-
scribed by Wania et al. (2009a, b, 2010). To simulate soil
temperatures and active layer depths, the soil column in LPJ-
GUESS is divided into a single snow layer of fixed density
and variable thickness, a litter layer of fixed thickness (10 cm
for these simulations, except for Schilthorn where it is set to
2.5 cm), a soil column of 2 m depth (with sublayers of thick-
ness 0.1 m, each with a prescribed fraction of mineral and or-
ganic material, but with fractions of soil water and air that are
updated daily), and finally a “padding” column of depth 48 m
(with thicker sublayers), to simulate soil thermal dynamics.
Insulation effects of snow, phase changes in soil water, daily
precipitation input and air temperature forcing are important
determinants of daily soil temperature dynamics at different
sublayers.

2.2 Study sites
2.2.1 Nuuk

The Nuuk observational site is located in southwestern
Greenland. The site is situated in a valley in Kobbefjord at
500 m altitude above sea level, and ambient conditions show
Arctic climate properties, with a mean annual temperature
of —1.5°C in 2008 and —1.3 °C in 2009 (Jensen and Rasch,
2009, 2010). Vegetation types consist of Empetrum nigrum
with Betula nana and Ledum groenlandicum, with a vegeta-
tion height of 3-5 cm. The study site soil lacks mineral soil
horizons due to cryoturbation and lack of podsol develop-
ment, as it is situated in a dry location. The soil is composed
of 43 % sand, 34 % loam, 13 % clay and 10 % organic ma-
terials. No soil ice or permafrost formations have been ob-
served within the drainage basin. Snow cover is measured at
the Climate Basic station, 1.65 km from the soil station but
at the same altitude. At the time of the annual Nuuk Basic
snow survey in mid-April, the snow depth at the soil station
was very similar to the snow depth at the Climate Basic sta-
tion: £ 0.1 m when the snow depth is high (near 1 m). Strong
winds (>20ms~!) have a strong influence on the redistribu-

The Cryosphere, 9, 1343-1361, 2015

tion of newly fallen snow, especially in the beginning of the
snow season, so the formation of a permanent snow cover at
the soil station can be delayed as much as 1 week, while the
end of the snow cover season is similar to that at the Climate
Basic station (B. U. Hansen, personal communication, 2013;
ZackenbergGIS, 2012).

2.2.2 Schilthorn

The Schilthorn massif (Bernese Alps, Switzerland) is situ-
ated at 2970 m altitude in the northcentral part of the Eu-
ropean Alps. Its non-vegetated lithology is dominated by
deeply weathered limestone schists, forming a surface layer
of mainly sandy and gravelly debris up to 5m thick, which
lies over presumably strongly jointed bedrock. Following the
first indications of permafrost (ice lenses) during the con-
struction of the summit station between 1965 and 1967,
the site was chosen for long-term permafrost observation
within the framework of the European PACE project and con-
sequently integrated into the Swiss permafrost monitoring
network PERMOS as one of its reference sites (PERMOS,
2013).

The measurements at the monitoring station at 2900 m al-
titude are located on a flat plateau on the north-facing slope
and comprise a meteorological station and three boreholes
(14 m vertical, 100 m vertical and 100 m inclined), with con-
tinuous ground temperature measurements since 1999 (Von-
der Miihll et al., 2000; Hoelzle and Gruber, 2008; Harris
et al., 2009). Borehole data indicate permafrost of at least
100 m thickness, which is characterized by ice-poor con-
ditions close to the melting point. Maximum active-layer
depths recorded since the start of measurements in 1999 are
generally around 4-6 m, but during the exceptionally warm
summer of the year 2003 the active-layer depth increased to
8.6 m, reflecting the potential for degradation of permafrost
at this site (Hilbich et al., 2008).

The monitoring station has been complemented by soil
moisture measurements since 2007 and geophysical (mainly
geoelectrical) monitoring since 1999 (Hauck, 2002; Hilbich
et al., 2011). The snow cover at Schilthorn can reach max-
imum depths of about 2-3 m and usually lasts from Octo-
ber through to June/July. One-dimensional soil model sensi-
tivity studies showed that impacts of long-term atmospheric
changes would be strongest in summer and autumn, due to
this late snowmelt and the long decoupling of the atmosphere
from the surface. So, increasing air temperatures could lead
to a severe increase in active-layer thickness (Engelhardt et
al., 2010; Marmy et al., 2013; Scherler et al., 2013).

223 Samoylov
Samoylov Island belongs to an alluvial river terrace of the
Lena River delta. The island is elevated about 20 m above the

normal river water level and covers an area of about 3.4 km?
(Boike et al., 2013). The western part of the island constitutes
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Table 1. Model details related to soil heat transfer.
JSBACH ORCHIDEE JULES COoup HYBDRIDS LPJ-GUESS
Soil freezing Yes Yes Yes Yes Yes Yes
Soil heat transfer method ~ Conduction Conduction Conduction advection ~ Conduction advection ~ Conduction advection Conduction
Dynamic soil heat Yes Yes Yes Yes Yes Yes
transfer parameters
Soil depth 10m 43 m 3m Variable (>5m) Variable (>5m) 2m
Bottom boundary Zero heat flux ~ Geothermal heat flux ~ Zero heat flux Geothermal heat flux ~ Zero heat flux Zero heat flux
condition 0.057Wm™2) 0011 Wm™2)
Snow layering Five layers Three layers Three layers One layer No snow representation  One layer
Dynamic snow heat No Yes Yes Yes - Yes (only
transfer parameters heat capacity)
Insulating vegetation 10 cm moss - - - - Site-specific
cover layer litter layer
Model time step 30 min 30 min 30 min 30 min 30 min 1 day
Table 2. Site details.
Nuuk Schilthorn ~ Samoylov ~ Bayelva
Latitude 64.13°N  46.56°N 724°N 7891°N
Longitude 5137°W 7.08°E 126.5°E 11.95°E
Mean annual air temperature —13°C —-27°C —13°C —44°C
Mean annual ground temperature  3.2°C —045°C —10°C —2/=-3°C
Annual precipitation 900 mm 1963 mm 200 mm 400 mm
Avg. length of snow cover 7 months 9.5 months 9 months 9 months
Vegetation cover Tundra Barren Tundra Tundra

a modern floodplain, which is lower compared with the rest
of the island and is often flooded during ice break-up of the
Lena River in spring. The eastern part of the island belongs
to the elevated river terrace, which is mainly characterized by
moss- and sedge-vegetated tundra (Kutzbach et al., 2007). In
addition, several lakes and ponds occur, which make up about
25 % of the surface area of Samoylov (Muster et al., 2012).

The land surface of the island is characterized by the
typical micro-relief of polygonal patterned ground, caused
by frost cracking and subsequent ice-wedge formation. The
polygonal structures usually consist of depressed centers sur-
rounded by elevated rims, which can be found in a partly or
completely collapsed state (Kutzbach et al., 2007). The soil
in the polygonal centers usually consists of water-saturated
sandy peat, with the water table standing a few centime-
ters above or below the surface. The elevated rims are usu-
ally covered with a dry moss layer, underlain by wet sandy
soils, with massive ice wedges underneath. The cryogenic
soil complex of the river terrace reaches depths of 10 to 15 m
and is underlain by sandy to silty river deposits. These river
deposits reach depths of at least 1km in the delta region
(Langer et al., 2013).

There are strong spatial differences in surface energy bal-
ance due to heterogeneous surface and subsurface proper-
ties. Due to thermo-erosion, there is an ongoing expansion of
thermokarst lakes and small ponds (Abnizova et al., 2012).
Soil water drainage is strongly related to active layer dy-
namics, with lateral water flow occurring from late sum-

www.the-cryosphere.net/9/1343/2015/

mer to autumn (Helbig et al., 2013). Site conditions include
strong snow—microtopography and snow—vegetation interac-
tions due to wind drift (Boike et al., 2013).

224 Bayelva

The Bayelva climate and soil-monitoring site is located in
the Kongsfjord region on the west coast of Svalbard Island.
The North Atlantic Current warms this area to an average air
temperature of about —13 °C in January and +5 °C in July,
and provides about 400 mm precipitation annually, falling
mostly as snow between September and May. The annual
mean temperature of 1994 to 2010 in the village of Ny-
Alesund has been increasing by +1.3K per decade (Ma-
turilli et al., 2013). The observation site is located in the
Bayelva River catchment on the Brggger peninsula, about
3km from Ny-Alesund. The Bayelva catchment is bordered
by two mountains, the Zeppelinfjellet and the Scheteligf-
jellet, between which the glacial Bayelva River originates
from the two branches of the Brgggerbreen glacier moraine
rubble. To the north of the study site, the terrain flattens,
and after about 1km, the Bayelva River reaches the shore-
line of the Kongsfjorden (Arctic Ocean). In the catchment
area, sparse vegetation alternates with exposed soil and sand
and rock fields. Typical permafrost features, such as mud
boils and non-sorted circles, are found in many parts of the
study area. The Bayelva permafrost site itself is located at
25ma.s.l., on top of the small Leirhaugen hill. The domi-
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Table 3. Details of driving data preparation for site simulations.

Nuuk Schilthorn Samoylov Bayelva
4 Air temperature in situ in situ in situ in situ
% Precipitation in situ in situ in situ (snow in situ
5 season from WATCH)
%, Air pressure in situ WATCH WATCH in situ
£ Atm. humidity in situ in situ in situ in situ
:§ Incoming longwave radiation  in situ in situ in situ WATCH
-2 Incoming shortwave radiation  in situ in situ WATCH in situ
4“:; Net radiation in situ - in situ -
g€ Wind speed in situ in situ in situ in situ
£ Wind direction in situ - in situ -
< Time period 26/06/2008-31/12/2011 01/10/1999-30/09/2008 14/07/2003-11/10/2005  01/01/1998-31/12/2009

£ Soil porosity 46 % 50 % 60 % 41 %
g Soil field capacity 36 % 44 % 31 % 22 %
g Mineral soil depth 36cm 710cm 800 cm 30cm
2 Dry soil heat capacity 2213x10° Im3K~!) 2203 x10° Im3K~!) 2.1x10°(Im3K~!)  2.165x 10 gm=3 K1)
‘2 Dry soil heat conductivity 6.84 (Wm~1K™1) 706 (Wm~!K~1) 577 (Wm~ 1K~ 1) 793 (Wm~ K1)
£ Sat. hydraulic conductivity 242 %1076 (ms™1) 419 x 1076 (ms™1) 2.84 x 1076 (ms™!) 7.11 x 1076 (ms™1)
& Saturated moisture potential 0.00519 (m) 0.2703 (m) 0.28 (m) 0.1318 (m)
Table 4. Details of model spin up procedures.
JSBACH ORCHIDEE JULES COUP HYBRIDS LPJ-GUESS

Observed climate
10000 years

Observed climate
50 years

Spin-up data
Spin-up duration

Observed climate
50 years

WATCH™ data
500 years

Observed climate
50 years

Observed climate
10 years

* 500 years forced with monthly WATCH reanalysis data from the 1901-1930 period, followed by daily WATCH forcing from 1901-until YYYY-MM-DD, then daily site data.

nant ground pattern at the study site consists of non-sorted
soil circles. The bare soil circle centers are about 1 m in di-
ameter and are surrounded by a vegetated rim, consisting
of a mixture of low vascular plants of different species of
grass and sedges (Carex spec., Deschampsia spec., Eriopho-
rum spec., Festuca spec., Luzula spec.), catchfly, saxifrage,
willow and some other local common species (Dryas oc-
topetala, Oxyria digyna, Polegonum viviparum) and unclas-
sified species of mosses and lichens. The vegetation cover
at the measurement site was estimated to be approximately
60 %, with the remainder being bare soil with a small propor-
tion of stones. The silty clay soil has a high mineral content,
while the organic content is low, with organic fractions below
10 % (Boike et al., 2007). In the study period, the permafrost
at Leirhaugen hill had a mean annual temperature of about
—2°C at the top of the permafrost at 1.5 m depth.

Over the past decade, the Bayelva catchment has been
the focus of intensive investigations into soil and permafrost
conditions (Roth and Boike, 2001; Boike et al., 2007; West-
ermann et al., 2010, 2011), the winter surface energy bal-
ance (Boike et al., 2003), and the annual balance of en-
ergy, H,O and CO;, and micrometeorological processes con-
trolling these fluxes (Westermann et al., 2009; Liiers et al.,
2014).
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2.3 Intercomparison setup and simulation protocol

In order solely to compare model representations of phys-
ical processes and to eliminate any other source of uncer-
tainty (e.g., climate forcing, spatial resolution, soil param-
eters), model simulations were driven by the same atmo-
spheric forcing and soil properties at site-scale. Driving data
for all site simulations were prepared and distributed uni-
formly. Site observations were converted into continuous
time series with minor gap-filling. Where the observed vari-
able set lacked the variable needed by the models, extended
WATCH reanalysis data (Weedon et al., 2010; Beer et al.,
2014) were used to complement the data sets. Soil thermal
properties are based on the sand, silt, and clay fractions of
the Harmonized World Soil database v1.1 (FAO et al., 2009).
All model simulations were forced with these data sets. Ta-
ble 3 summarizes the details of site-driving data preparation
together with soil static parameters.

To bring the state variables into equilibrium with climate,
models are spun up with climate forcing. Spin-up procedure
is part of the model structure, in some cases a full biogeo-
chemical and physical spin up is implemented, whereas in
some models a simpler physical spin up is possible. This
brings different requirements for the spin-up time length,
so each model was independently spun up depending on its
model formulations and discretization scheme, and the de-
tails are given in Table 4. However, the common practice in
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Figure 1. Location map of the sites used in this study. The background map is color-coded with the IPA permafrost classes from Brown et

al. (2002).
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Figure 2. Box plots showing the topsoil temperature for observation
and models for different seasons. Boxes are drawn with the 25th
percentile and mean and 75th percentiles, while the whiskers show
the min and max values. Seasonal averages of soil temperatures are
used for calculating seasonal values. Each plot includes four study
sites divided by the gray lines. Black boxes show observed values,
and colored boxes distinguish models. See Table A1l in Appendix A
for exact soil depths used in this plot.

all model spin-up procedures was to keep the mean annual
soil temperature change less than 0.01 °C in all soil layers.

Most of the analysis focuses on the upper part of the soil.
The term “topsoil” is used from now on to indicate the chosen
upper soil layer in each model, and the first depth of soil
temperature observations. The details of layer selection are
given in Table A1 of Appendix A.
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Figure 3. Scatter plots showing air—topsoil temperature relation
from observations and models at each site for different seasons. Sea-
sonal mean observed air temperature is plotted against the seasonal
mean modeled topsoil temperature separately for each site. Black
markers are observed values, colors distinguish models and markers
distinguish seasons. Gray lines represent the 1 : 1 line. See Table A1l
in Appendix A for exact soil depths used in this plot.

3 Results
3.1 Topsoil temperature and surface insulation effects

As all our study sites are located in cold climate zones
(Fig. 1), there is significant seasonality, which necessitates
a separate analysis for each season. Figure 2 shows aver-
age seasonal topsoil temperature distributions (see Table Al
in the Appendix for layer depths) extracted from the six
models, along with the observed values at the four differ-
ent sites. In this figure, observed and simulated temperatures
show a wide range of values depending on site-specific con-
ditions and model formulations. Observations show that dur-
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Figure 4. Time-series plots of observed and simulated snow depths for each site. Thick black lines are observed values and colored lines

distinguish simulated snow depths from models.

ing winter and spring, Samoylov is much colder than the
other sites (Fig. 2a, b). Observed summer and autumn tem-
peratures are similar at all sites (Fig. 2c, d), with Nuuk be-
ing the warmest site in general. For the modeled values,
the greatest inconsistency with observations is in matching
the observed winter temperatures, especially at Samoylov
and Schilthorn (Fig. 2a). The modeled temperature range in-
creases in spring (Fig. 2b), and even though the mean mod-
eled temperatures in summer are closer to observed means,
the maximum and minimum values show a wide range dur-
ing this season (Fig. 2¢). Autumn shows a more uniform dis-
tribution of modeled temperatures compared with the other
seasons (Fig. 2d).

A proper assessment of critical processes entails examin-
ing seasonal changes in surface cover and the consequent in-
sulation effects for the topsoil temperature. To investigate
these effects, Fig. 3 shows the seasonal relations between
air and topsoil temperature at each study site. Air tempera-
ture values are the same for all models, as they are driven
with the same atmospheric forcing. Observations show that
topsoil temperatures are warmer than the air during autumn,
winter, and spring at all sites, but the summer conditions are
dependent on the site (Fig. 3). In the models, winter topsoil
temperatures are warmer than the air in most cases, as ob-
served. However, the models show a wide range of values,
especially at Samoylov (Fig. 3¢c), where the topsoil tempera-
tures differ by up to 25 °C between models. In summer, the
models do not show consistent relationships between soil and
air temperatures, and the model range is highest at the Nuuk
and Schilthorn sites.

To analyze the difference in modeled and observed snow
isolation effect in more detail, Fig. 4 shows the changes in
snow depth from observed and modeled values. Schilthorn
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has the highest snow depth values (> 1.5 m), while all other
sites have a maximum snow height between 0.5 and 1 m
(Fig. 4). Compared with observations, the models usually
overestimate the snow depth at Schilthorn and Samoylov
(Fig. 4b, ¢) and underestimate it at Nuuk and Bayelva
(Fig. 4a, d).

For our study sites, the amount of modeled snow depth
bias is correlated with the amount of modeled topsoil tem-
perature bias (Fig. 5). With overestimated (underestimated)
snow depth, models generally simulate warmer (colder) top-
soil temperatures. As seen in Fig. 5a, almost all models un-
derestimate the snow depth at Nuuk and Bayelva, and this
creates colder topsoil temperatures. The opposite is seen for
Samoylov and Schilthorn, where higher snow depth bias is
accompanied by higher topsoil temperature bias (except for
ORCHIDEE and LPJ-GUESS models).

As snow can be persistent over spring and summer sea-
sons in cold regions (Fig. 4), it is worthwhile to separate
snow and snow-free seasons for these comparisons. Figure 6
shows the same atmosphere—topsoil temperature compari-
son as in Fig. 3 but using individual (for each model and
site) snow and snow-free seasons instead of conventional
seasons. In this figure, all site observations show a warmer
topsoil temperature than air, except for the snow-free sea-
son at Samoylov. Models, however, show different patterns
at each site. For the snow season, models underestimate the
observed values at Nuuk and Bayelva, whereas they overesti-
mate it at Schilthorn and Samoylov, except for the previously
mentioned ORCHIDEE and LPJ-GUESS models. Modeled
snow-free season values, however, do not show consistent
patterns.
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Figure 5. Scatter plots showing the relation between snow depth
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whole year (b). Snow season is defined separately for each model,
by taking snow depth values over 5Scm to represent the snow-
covered period. The average temperature bias of all snow-covered
days is used in (a), and the temperature bias in all days (snow cov-
ered and snow-free seasons) is used in (b). Markers distinguish sites
and colors distinguish models. See Table Al in Appendix A for ex-
act soil depths used in this plot.
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Figure 6. Scatter plots showing air—topsoil temperature relation
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Appendix A for exact soil depths used in this plot.
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Figure 7. Time—depth plot of soil temperature evolution at the Nuuk
site for each model. Simulated soil temperatures are interpolated
into 200 evenly spaced nodes to represent a continuous vertical tem-
perature profile. The deepest soil temperature calculation is taken as
the bottom limit for each model (no extrapolation applied).

3.2 Subsurface thermal regime

Assessing soil thermal dynamics necessitates scrutinizing
subsoil temperature dynamics as well as surface conditions.
Soil temperature evolutions of simulated soil layers are plot-
ted for each model at each site in Figs. 7-10. Strong sea-
sonal temperature changes are observed close to the surface,
whereas temperature amplitudes are reduced in deeper layers
and eventually a constant temperature is simulated at depths
with zero annual amplitude (DZAA).

Although Nuuk is a non-permafrost site, most of the mod-
els simulate subzero temperatures below 2-3 m at this site
(Fig. 7). Here, only ORCHIDEE and COUP simulate a true
DZAA at around 2.5-3 m, while all other models show a mi-
nor temperature change even at their deepest layers. At the
high altitude Schilthorn site (Fig. 8), JSBACH and JULES
simulate above 0°C temperatures (non-permafrost condi-
tions) in deeper layers. Compared with other models with
snow representation, ORCHIDEE and LPJ-GUESS show
colder subsurface temperatures at this site (Fig. 8). The sim-
ulated soil thermal regime at Samoylov reflects the colder
climate at this site. All models show subzero temperatures
below 1m (Fig. 9). However, compared with other mod-
els, JULES and COUP show values much closer to 0 °C. At
the high-Arctic Bayelva site, all models simulate permafrost
conditions (Fig. 10). The JULES and COUP models again
show warmer temperature profiles than the other models.

The soil thermal regime can also be investigated by
studying the vertical temperature profiles regarding the an-
nual means (Fig. 11), and minimum and maximum values
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Figure 8. Time—depth plot of soil temperature evolution at
Schilthorn site for each model. Simulated soil temperatures are in-
terpolated into 200 evenly spaced nodes to represent a continuous
vertical temperature profile. The deepest soil temperature calcula-
tion is taken as the bottom limit for each model (no extrapolation
applied).

(Fig. 12). In Figure 11, the distribution of mean values is
similar to the analysis of topsoil conditions. The mean sub-
soil temperature is coldest at Samoylov followed by Bayelva,
while Schilthorn is almost at the 0 °C boundary (no deep soil
temperature data were available from Nuuk for this compar-
ison). JSBACH, JULES, and COUP overestimate the tem-
peratures at Schilthorn and Samoylov, but almost all models
underestimate it at Bayelva. Figure 12 shows the temperature
envelopes of observed and simulated values at each site. The
minimum (maximum) temperature curve represents the cold-
est (warmest) possible conditions for the soil thermal regime
at a certain depth. The models agree more on the maximum
curve than the minimum curve (Fig. 12), indicating the dif-
ferences in soil temperature simulation for colder periods.
The HYBRIDS8 model almost always shows the coldest con-
ditions, whereas the pattern of the other models changes de-
pending on the site.

Figure 13 shows the yearly change of ALT for the three
permafrost sites. Observations indicate a shallow ALT at
Samoylov (Fig. 13b) and very deep ALT for Schilthorn
(Fig. 13a). All models overestimate the ALT at Samoylov
(Fig. 13b), but there is disagreement among models in over-
or underestimating the ALT at Schilthorn (Fig. 13a) and
Bayelva (Fig. 13c).
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Figure 9. Time—depth plot of soil temperature evolution at
Samoylov site for each model. Simulated soil temperatures are in-
terpolated into 200 evenly spaced nodes to represent a continuous
vertical temperature profile. The deepest soil temperature calcula-
tion is taken as the bottom limit for each model (no extrapolation
applied).

4 Discussion
4.1 Topsoil temperature and surface insulation effects

Figure 2 has shown a large range among modeled temper-
ature values, especially during winter and spring. As men-
tioned in the introduction, modeled mean soil temperatures
are strongly related to the atmosphere—surface thermal con-
nection, which is strongly influenced by snow cover and its
properties.

Observations show warmer topsoil temperatures than air
during autumn, winter, and spring (Fig. 3). This situation
indicates that soil is insulated when compared to colder air
temperatures. This can be attributed to the snow cover during
these seasons (Fig. 4). The insulating property of snow keeps
the soil warmer than air, while not having snow can result
in colder topsoil temperatures than air (as for the HYBRIDS8
model, cf. Fig. 3). Even though the high albedo of snow pro-
vides a cooling effect for soil, the warming due to insulation
dominates during most of the year. Depending on their snow
depth bias, models show different relations between air and
topsoil temperature. The amount of winter warm bias from
snow depth overestimation in models depends on whether the
site has a “sub- or supra-critical” snow height. With supra-
critical conditions (e.g., at Schilthorn), the snow depth is so
high that a small over- or underestimation in the model makes
very little difference to the insulation. Only the timing of the
snow arrival and melt-out is important. In sub-critical con-
ditions (e.g., at Samoylov), the snow depth is so low that
any overestimation leads to a strong warm bias in the simula-
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terpolated into 200 evenly spaced nodes to represent a continuous
vertical temperature profile. The deepest soil temperature calcula-
tion is taken as the bottom limit for each model (no extrapolation
applied).

tion e.g., for JULES/COUP. This effect is also mentioned in
Zhang (2005), where it is stated that snow depths of less than
50 cm have the greatest impact on soil temperatures. How-
ever, overestimated snow depth at Samoylov and Schilthorn
does not always result in warmer soil temperatures in models
as expected (Fig. 3b, ¢). At these sites, even though JSBACH,
JULES and COUP show warmer soil temperatures in parallel
to their snow depth overestimations, ORCHIDEE and LPJ-
GUESS show the opposite. This behavior indicates different
processes working in opposite ways. Nevertheless, most of
the winter, autumn and spring topsoil temperature biases can
be explained by snow conditions (Fig. 5a). Figure 5b shows
that snow depth bias can explain the topsoil temperature bias
even when the snow-free season is considered, which is due
to the long snow period at these sites (Table 2). This confirms
the importance of snow representation in models for captur-
ing topsoil temperatures at high latitudes and high altitudes.

On the other hand, considering dynamic heat transfer pa-
rameters (volumetric heat capacity and heat conductivity) in
snow representation seems to be of lesser importance (JS-
BACH vs. other models, see Table 1). This is likely be-
cause a greater uncertainty comes from processes that are
still missing in the models, such as wind drift, depth hoar for-
mation and snow metamorphism. As an example, the land-
scape heterogeneity at Samoylov forms different soil thermal
profiles for polygon center and rim. While the soil tempera-
ture comparisons were performed for the polygon rim, snow
depth observations were taken from polygon center. Due to
strong wind drift, almost all snow is removed from the rim
and also limited to ca. 50cm (average polygon height) at
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Figure 11. Vertical profiles of annual soil temperature means of
observed and modeled values at each site. Black thick lines are
the observed values, while colored dashed lines distinguish mod-
els. (Samoylov and Bayelva observations are from borehole data).

the center (Boike et al., 2008). This way, models inevitably
overestimate snow depth and insulation, in particular on the
rim where soil temperature measurements have been taken.
Hence, a resulting winter warm bias is expected (Fig. 2a,
models ISBACH, JULES, COUP).

During the snow-free season, Samoylov has colder soil
temperatures than air (Fig. 6¢). Thicker moss cover and
higher soil moisture content at Samoylov (Boike et al., 2008)
are the reasons for cooler summer topsoil temperatures at
this site. Increasing moss thickness changes the heat storage
of the moss cover and it acts as a stronger insulator (Gor-
nall et al., 2007), especially when dry (Soudzilovskaia et al.,
2013). Additionally, high water content in the soil requires
additional input of latent heat for thawing and there is less
heat available to warm the soil.

Insulation strength during the snow-free season is related
to model vegetation/litter layer representations. 10 cm fixed
moss cover in JSBACH and a 10cm litter layer in LPJ-
GUESS bring similar amounts of insulation. At Samoylov,
where strong vegetation cover is observed in the field, these
models perform better for the snow-free season (Fig. 6c).
However, at Bayelva, where vegetation effects are not that
strong, 10 cm insulating layer proves to be too much and cre-
ates colder topsoil temperatures than observations (Fig. 6d).
And for the bare Schilthorn site, even a thin layer of surface
cover (2.5 cm litter layer) creates colder topsoil temperatures
in LPJ-GUESS (Fig. 6b).
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At Bayelva, all models underestimate the observed topsoil
temperatures all year long (Fig. 6d). With underestimated
snow depth (Fig. 4d) and winter cold bias in topsoil tem-
perature (Fig. 3d), models create a colder soil thermal profile
that results in cooling of the surface from below even during
the snow-free season. Furthermore, using global reanalysis
products instead of site observations (Table 3) might cause
biases in incoming longwave radiation, which can also affect
the soil temperature calculations. In order to assess model
performance in capturing observed soil temperature dynam-
ics, it is important to drive the models with a complete set of
site observations.

These analyses support the need for better vegetation in-
sulation in models during the snow-free season. The spa-
tial heterogeneity of surface vegetation thickness remains an
important source of uncertainty. More detailed moss repre-
sentations were used in Porada et al. (2013) and Rinke et
al. (2008), and such approaches can improve the snow-free
season insulation in models.

4.2 Soil thermal regime

Model differences in representing subsurface temperature
dynamics are related to the surface conditions (especially
snow) and soil heat transfer formulations. The ideal way
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Figure 13. Active layer thickness (ALT) values for each model and
observation at the three permafrost sites. ALT calculation is per-
formed separately for models and observations by interpolating the
soil temperature profile into finer resolution and estimating the max-
imum depth of 0 °C for each year. (a), (b) and (c) show the temporal
change of ALT at Schilthorn (2001 is omitted because observations
have major gaps, also JSBACH and JULES are excluded as they
simulate no permafrost at this site), Samoylov and Bayelva, respec-
tively. Colors distinguish models and observations.

to assess the soil internal processes would be to use the
same snow forcing or under snow temperature for all models.
However most of the land models used in this study are not
that modular. Hence, intertwined effects of surface and soil
internal processes must be discussed together here.

Figures 7-10 show the mismatch in modeled DZAA rep-
resentations. Together with the soil water and ice contents,
simulating DZAA is partly related to the model soil depth
and some models are limited by their shallow depth repre-
sentations (Fig. Al in the Appendix, Table 1). Apart from
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the different temperature values, models also simulate per-
mafrost conditions very differently. As seen in Fig. §, JS-
BACH and JULES do not simulate permafrost conditions at
Schilthorn. In reality, there are almost isothermal conditions
of about —0.7 °C between 7 m and at least 100 m depth at this
site (PERMOS, 2013), which are partly caused by the three-
dimensional thermal effects due to steep topography (Noet-
zli et al., 2008). Temperatures near the surface will not be
strongly affected by three-dimensional effects, as the moni-
toring station is situated on a small but flat plateau (Scherler
et al., 2013), but larger depths get additional heat input from
the opposite southern slope, causing slightly warmer temper-
atures at depth than for completely flat topography (Noetzli
etal.,2008). The warm and isothermal conditions close to the
freezing point at Schilthorn mean that a small temperature
mismatch (on the order of 1 °C) can result in non-permafrost
conditions. This kind of temperature bias would not affect
the permafrost condition at colder sites (e.g., Samoylov). In
addition, having low water and ice content, and a compara-
tively low albedo, make the Schilthorn site very sensitive to
interannual variations and make it more difficult for models
to capture the soil thermal dynamics (Scherler et al., 2013).
Compared to the other models with snow representation, OR-
CHIDEE and LPJ-GUESS show colder subsurface tempera-
tures at this site (Fig. 8). A thin surface litter layer (2.5 cm)
in LPJ-GUESS contributes to the cooler Schilthorn soil tem-
peratures in summer.

Differences at Samoylov are more related to the snow
depth biases. As previously mentioned, subcritical snow con-
ditions at this site amplify the soil temperature overestima-
tion coming from snow depth bias (Fig. 5). Considering their
better match during snow-free season (Fig. 6¢), the warmer
temperatures in deeper layers of JULES and COUP can be
attributed to overestimated snow depths for this site by these
two models (Fig. 9). Additionally, JULES and COUP mod-
els simulate generally warmer soils conditions than the other
models, because these models include heat transfer via ad-
vection in addition to heat conduction. Heat transfer by ad-
vection of water is an additional heat source for the subsur-
face in JULES and COUP, which can also be seen in the re-
sults for Bayelva (Fig. 10). In combination with that, COUP
has a greater snow depth at Samoylov (Fig. 5), resulting in
even warmer subsurface conditions than JULES. Such con-
ditions demonstrate the importance of the combined effects
of surface processes together with internal soil physics.

Due to different heat transfer rates among models, inter-
nal soil processes can impede the heat transfer and result
in delayed warming or cooling of the deeper layers. JS-
BACH, ORCHIDEE, JULES and COUP show a more pro-
nounced time lag of the heat/cold penetration into the soil,
while HYBRIDS and LPJ-GUESS show either a very small
lag or no lag at all (Figs. 7-10). This time lag is affected
by the method of heat transfer (e.g., advection and conduc-
tion, see above), soil heat transfer parameters (soil heat ca-
pacity/conductivity), the amount of simulated phase change,
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vertical soil model resolution and internal model time step.
Given that all models use some sort of heat transfer method
including phase change (Table 1) and similar soil parameters
(Table 3), the reason for the rapid warming/cooling at deeper
layers of some models can be missing latent heat of phase
change, vertical resolution or model time step. Even though
the mineral (dry) heat transfer parameters are shared among
models, they are modified afterwards due to the coupling of
hydrology and thermal schemes. This leads to changes in the
model heat conductivities depending on how much water and
ice they simulate in that particular layer. Unfortunately, not
all models output soil water and ice contents in a layered
structure similar to soil temperature. This makes it difficult
to assess the differences in modeled phase change, and the
consequent changes to soil heat transfer parameters. A better
quantification of heat transfer rates would require a compar-
ison of simulated water contents and soil heat conductivities
among models, which is beyond the scope of this paper.

The model biases in matching the vertical temperature
curves (minimum, maximum, mean) are related to the top-
soil temperature bias in each model for each site, but also the
above-mentioned soil heat transfer mechanisms and bottom
boundary conditions. Obviously, models without snow repre-
sentation (e.g., HYBRIDS8) cannot match the minimum curve
in Fig. 12. However, snow depth bias (Fig. 5) cannot explain
the minimum curve mismatch for ORCHIDEE, COUP, and
LPJ-GUESS at Schilthorn (Fig. 12b). This highlights the ef-
fects of soil heat transfer schemes once again.

In general, permafrost specific model experiments require
deeper soil representation than 5-10m. As discussed in
Alexeev et al. (2007), more than 30 m soil depth is needed for
capturing decadal temperature variations in permafrost soils.
The improvements from having such extended soil depth are
shown in Lawrence et al. (2012), when compared to their
older model version with shallow soil depth (Lawrence and
Slater, 2005). Additionally, soil layer discretization plays an
important role for the accuracy of heat and water transfer
within the soil, and hence can effect the ALT estimations.
Most of the model setups in our intercomparison have less
than 10m depths, so they lack some effects of processes
within deeper soil layers. However, most of the models used
in global climate simulations have similar soil depth repre-
sentations and the scope here is to compare models that are
not only aimed to simulate site-specific permafrost condi-
tions at high resolution but to show general guidelines for
future model developments.

Adding to all these outcomes, some models match the site
observations better than others at specific sites. For exam-
ple, the mean annual soil thermal profiles are better captured
by JSBACH at Nuuk, by JULES and COUP at Schilthorn,
by ORCHIDEE at Samoylov, and by COUP at Bayelva
(Fig. 11). Comparing just the topsoil conditions at the non-
permafrost Nuuk site, JSBACH better matches the observa-
tions due to its moss layer. On the other hand, by having bet-
ter snow depth dynamics (Fig. 4), JULES and COUP mod-
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els are better suited for sites with deeper snow depths like
Schilthorn and Bayelva. Contrarily, the wet Samoylov site is
better represented by ORCHIDEE in snow season (Fig. 2a)
due to lower snow depths in this model (Fig. 4) and thus
colder soil temperatures. However, the snow-free season is
better captured by the JSBACH model (Fig. 2¢) due to its
effective moss insulation and LPJ-GUESS model due to its
insulating litter layer.

4.3 Active layer thickness

As seen above, surface conditions (e.g., insulation) alone are
not enough to explain the soil thermal regime, as subsoil tem-
peratures and soil water and ice contents affect the ALT as
well. For Schilthorn, LPJ-GUESS generally shows shallower
ALT values than other models (Fig. 13a); it also shows the
largest snow depth bias (Fig. 5), excluding snow as a possi-
ble cause for this shallow ALT result. However, if snow depth
bias alone could explain the ALT difference, ORCHIDEE
would show different values than HYBRIDS, which com-
pletely lacks any snow representation. At Schilthorn, COUP
has a high snow depth bias (Fig. 5) but still shows a very
good match with the observed ALT (Fig. 13a), mainly be-
cause snow cover values at Schilthorn are very high so ALT
estimations are insensitive to snow depth biases as long as
modeled snow cover is still sufficiently thick to have the full
insulation effect (Scherler et al., 2013).

All models overestimate the snow depth at Samoylov
(Fig. 5) and most of them lack a proper moss insulation
(Fig. 6¢), which seems to bring deeper ALT estimates in
Samoylov (Fig. 13b). However, HYBRIDS8 does not have
snow representation, yet it shows the deepest ALT values,
which means lack of snow insulation is not the reason for
deeper ALT values in this model. As well as lacking any
vegetation insulation, soil heat transfer is also much faster in
HYBRIDS (see Sect. 3.2), which allows deeper penetration
of summer warming into the soil column.

Surface conditions alone cannot describe the ALT bias in
Bayelva either. LPJ-GUESS shows the lowest snow depth
(Fig. 5) together with deepest ALT (Fig. 13c), while JULES
shows similar snow depth bias as LPJ-GUESS but the shal-
lowest ALT values. As seen from Fig. 10, LPJ-GUESS al-
lows deeper heat penetration at this site. So, not only the
snow conditions, but also the model’s heat transfer rate is
critical for correctly simulating the ALT.

5 Conclusions

We have evaluated different land models’ soil thermal dy-
namics against observations using a site-level approach. The
analysis of the simulated soil thermal regime clearly reveals
the importance of reliable surface insulation for topsoil tem-
perature dynamics and of reliable soil heat transfer formula-
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tions for subsoil temperature and permafrost conditions. Our
findings include the following conclusions.

1. At high latitudes and altitudes, model snow depth bias
explains most of the topsoil temperature biases.

2. The sensitivity of soil temperature to snow insulation
depends on site snow conditions (sub-/supra-critical).

3. Surface vegetation cover and litter/organic layer insula-
tion is important for topsoil temperatures in the snow-
free season, therefore models need more detailed repre-
sentation of moss and top organic layers.

4. Model heat transfer rates differ due to coupled heat
transfer and hydrological processes. This leads to dis-
crepancies in subsoil thermal dynamics.

5. Surface processes alone cannot explain the whole soil
thermal regime; subsoil conditions and model formula-
tions affect the soil thermal dynamics.

For permafrost and cold-region-related soil experiments, it is
important for models to simulate the soil temperatures accu-
rately, because permafrost extent, active layer thickness and
permafrost soil carbon processes are strongly related to soil
temperatures. There is major concern about how the soil ther-
mal state of these areas affects the ecosystem functions, and
about the mechanisms (physical/biogeochemical) relating at-
mosphere, oceans and soils in cold regions. With the cur-
rently changing climate, the strength of these couplings will
be altered, bringing additional uncertainty into future projec-
tions.

In this paper, we have shown the current state of a se-
lection of land models with regard to capturing surface and
subsurface temperatures in different cold-region landscapes.
It is evident that there is much uncertainty, both in model
formulations of soil internal physics and especially in sur-
face processes. To achieve better confidence in future sim-
ulations, model developments should include better insula-
tion processes (for snow: compaction, metamorphism, depth
hoar, wind drift; for moss: dynamic thickness and wetness).
Models should also perform more detailed evaluation of their
soil heat transfer rates with observed data, for example com-
paring simulated soil moisture and soil heat conductivities.
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Appendix A: Model layering schemes and depths of soil
temperature observations

Exact depths of each soil layer used in model formulations:
JSBACH: 0.065,0.254,0.913,2.902,5.7m

ORCHIDEE: 0.04, 0.05, 0.06, 0.07, 0.08, 0.1, 0.11,
0.14,0.16,0.19,0.22,0.27,0.31,0.37,0.43,0.52,0.61,
0.72,0.84,1.00,1.17,1.39,1.64,1.93,2.28,2.69,3.17,
3.75,4.42,522,6.16,7.27m

JULES: 0.1,0.25,0.65,2.0m
COUP: different for each site

Nuuk: 0.01 m intervals until 0.36 m, then 0.1 m intervals
until 2 m and then 0.5 m intervals until 6 m

Schilthorn: 0.05 m then 0.1 m intervals until 7 m, and
then 0.5 m intervals until 13 m

Samoylov: 0.05 m then 0.1 m intervals until 5m, and
then 0.5 m intervals until 8 m

Bayelva: 0.01 m intervals until 0.3 m, then 0.1 m inter-
vals until 1 m and then 0.5 m intervals until 6 m

HYBRIDS: different for each site
Nuuk: 0.07,0.29, 1.50,5.00 m
Schilthorn: 0.07,0.30, 1.50,5.23 m
Samoylov: 0.07,0.30, 1.50,6.13 m
Bayelva: 0.07,0.23,1.50,5.00 m

LPJ-GUESS: 0.1m intervals until 2m (additional
padding layer of 48 m depth).

Table Al. Selected depths of observed and modeled soil tempera-
tures referred as “topsoil temperature” in Figs. 1,2,4,5 and 6.

Nuuk Schilthorn ~ Samoylov ~ Bayelva

OBSERVATION 5cm 20 cm 6cm 6cm
JSBACH 325cm  185cm 3.25cm 3.25cm
ORCHIDEE 6.5cm 18.5cm 6.5cm 6.5cm
JULES Scm 22.5cm Scm Scm
COuP 55cm 20cm 25cm 5.5cm
HYBRIDS 3.5cm 22cm 3.5cm 3.5cm
LPJ-GUESS Scm 25cm 5cm Scm
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Figure Al. Soil layering schemes of each model. COUP and HY-
BRID8 models use different layering schemes for each study site,
which are represented with different bars (from left to right: Nuuk,
Schilthorn, Samoylov and Bayelva).

Depths of soil temperature observations for each site:

Nuuk: 0.01,0.05,0.10,0.30 m

Schilthorn: 0.20, 0.40,0.80, 1.20, 1.60,2.00, 2.50, 3.00,
3.50,4.00, 5.00,7.00,9.00, 10.00 m

Samoylov: 0.02,0.06,0.11,0.16,0.21,0.27,0.33,0.38,
0.51,0.61,0.71 m

Bayelva: 0.06,0.24,0.40,0.62,0.76,0.99,1.12m
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CHAPTER 4

SITE LEVEL PROCESS ANALYSIS
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4.1 Introduction

The previous chapters have described the model development relevant to permafrost soils
and compared it to observations and other modeling approaches. This chapter will deal with
site level analysis of different process representations in order to find the optimum level of
detail needed in global models to estimate permafrost physical state.

Earth System Models operate on spatial grid systems that are most efficient with the
current computational technology. They simulate the desired variables for a given area (grid-
area) with spatially average values to represent a semi-continuous field for the target domain.
Even though this discretization over a spatial grid system is extremely helpful for having a
broad impression of a larger region with using just a limited number of points, the choice of
grid-size can define what processes can be represented in such simulations. Model grid sizes
show a large range of values and most models use grid-sizes ranging from 1 km? to 103 km?
(Dufresne et al.,, 2013; Stevens et al., 2012; Dunne et al,, 2012; Gent et al,, 2011; Goose et al,,
2010). Regardless of how fine the grid size is, discretizing natural phenomena cannot
replicate the exact complexity of nature and a number of sub-grid processes will always be
omitted (Annan et al, 2005). Thus, a never-ending improvement for a finer grid size is
inevitable for future model developments. However, site-level analyses can overcome many
limitations of current modeling approaches in this respect. Avoiding the grid averaging by
directly running the models with point scale forcing and analyzing the direct outputs of the
point simulation, the abovementioned scale-dependent uncertainties are minimized and
uncertainties purely related to model formulations and forcing data can be investigated. After
a so increased validity of process representations, the model could be further advanced in
terms of sub-grid variability, which is not a topic in this thesis.

Using such site level approach, JSBACH model has been improved with many cold
region specific processes (Chapter 2). By testing the model performance at selected sites, the
freeze/thaw events, coupled hydrology and thermal diffusion, multi-layer snow
representation, and thermal moss insulation are successfully implemented in the new version
of JSBACH. Evaluations with both site-level and broad-scale datasets revealed model biases in
active layer thickness (ALT) and subsoil temperatures. JSBACH overestimates the ALT in most
parts of the Arctic, and shows colder subsoil temperatures in general. These mismatches are
likely to originate from biases in snow depth representation, climate forcing data, and
unknown depth of the organic layer/unconsolidated material above the bedrock. As discussed
in Ekici et al. (2014), similar problems are observed in other models. Gouttevin et al. (2012)

have shown the positive ALT bias in ORCHIDEE model, while Dankers et al. (2011) and
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Lawrence et al. (2012) have pointed out general model overestimation of ALT values (in
JULES and CLM4 models respectively) due to mismatched surface conditions, soil thermal-
hydrological couplings and model depths. In addition, a site-level model intercomparison of
soil thermal dynamics (Chapter 3) revealed a general model bias in soil temperatures during
snow season, mainly related to the accuracy of model snow depth representations. Similarly, a
model disagreement is observed in summer soil temperature comparisons, which is explained
by the mismatched thermal insulation of the model vegetation cover representation (Ekici et
al., 2015). Surface conditions (snow, vegetation, organic layer) have a strong impact on soil
thermal regime (Yershov, 1998; Zhang, 2005; Gornall et al., 2007). Ground temperatures and
thus the ALT are affected by too high/too low thermal insulation at the surface.

On the account of these issues, land models need to be improved in terms of surface
insulation and soil formulations to overcome these soil temperature biases. However, due to
global models’ technical complexities, it is not always straightforward to test them at sites
with unique properties. This is one of the important issues in current modeling discipline.
Therefore, JSBACH is tested at three different sites in order to evaluate different approaches
in process representation for better capturing soil thermal dynamics. For this reason, JSBACH
is further improved by including dynamic heat transfer properties in snow and moss layers
together with extending the model soil column from 10 m to 53 m. To test the performances
of new model formulations in simulating the soil thermal regime, several factorial site-level

model experiments are performed and the results are analyzed in this chapter.

4.2 Methods

4.2.1 Dynamic Show

The JSBACH version introduced in Chapter 2 keeps a simple snow formulation to provide
thermal insulation of the snow layer. The snow density and snow heat transfer parameters
(snow heat capacity and heat conductivity) are kept constant in time, only allowing snow
depth changes due to snowfall and snow melting. This approach provides the snow thermal
insulation and keeps the winter soil temperatures comparable to the observations (Chapter 2,
Figs. 2-6). However, this simple snow formulation results in overestimated snow depths and
cannot capture the dynamics of snow cover (Fig. 4.1). These results suggest the need for an
improved snow representation, which is presented in this section.

For the snow density, the new approach follows a similar representation as in Verseghy
(1991). The snow density is initialized with a minimum value of pmin = 50 kg m3. Then the

compaction effect is included as a function of time and a maximum density value (Eq. 4.1).
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With new snowfall, snow density value is updated by taking a weighted average of fresh snow

density (pmin = 50 kg m-3) and the previous timestep’s calculated snow density value.

* Prnax (4.1)

t+1

1
pSl’IOW = (pS}’IOW - lomax) x e
with:

(=0.01xA, /3600)

Psnow = snow density value for timestep t [kg m-3]
Pmax = maximum snow density value [450 kg m-3]
4; =timestep length of model simulation [s]

By incorporating these changes due to compaction and mixing, snow density (hence
the snow depth) dynamically changes during the simulation. These changes are also reflected
in the snow heat transfer parameters: volumetric snow heat capacity (Eq. 4.2) and snow heat
conductivity (Eq. 4.3), which follows the approach in Goodrich (1982). With no previous snow
layers, volumetric snow heat capacity is initialized with an average value of 0.52 MJ m-3 K-!

and heat conductivity with 0.1 W m-1 K-1.

csnow = cice X psnow (42)
A, =29x10°x(p,,. ) (4.3)
with:

Csnow = Volumetric snow heat capacity for each timestep [] m3 K-1]
cice = specific heat capacity of ice [2106 ] kgt K]

Asnow = snow thermal conductivity for each timestep [W m'1 K-1]

4.2.2 Dynamic Moss

JSBACH also includes a simple moss layer for thermal insulation (Chapter 2). In order to
provide the thermal insulation effects of the organic layer/moss cover, an additional layer
with constant thickness and heat transfer parameters is prescribed atop the soil. For this
approach, the moss layer is set to 10 cm thickness using 2.5 M] m-3 K-1 for the heat capacity
and 0.25 W m K1 for the heat conductivity. However, the constant parameters used for the
moss layer prevent capturing the changing insulation effect of dry and wet conditions
(Chapter 2, Figs. 2-6).

As documented in O’'Donnel et al. (2009), moss and lichen heat conductivity values can
range from 0.03 to 0.6 W m! K-1 with increasing saturation levels. To incorporate such effects,
a dynamically changing heat transfer parameter representation has been implemented for the
moss layer. Instead of using constant values, the moss layer now copies the soil
representation by mixing water, ice and solid particles of the layer matrix and uses a

representative heat capacity and heat conductivity value of all these components (Egs. 4.4-
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4.8). Since the JSBACH moss layer is decoupled from the hydrology implementation, first soil

layer water and ice contents are taken as the moss layer conditions.

Cus = (=0, ), +0,0,0,' + pc6] (44)
with:

Osac = soil porosity [m3 m-3]

Cs = heat capacity of solid part [2.5 M] m3 K-1]

0"y, 61;=volumetric water and ice content of the first soil layer [m3 m-3]

pw, pi = density of water and ice respectively [kg m-3]

cw, ¢ci = specific heat capacities of water and ice respectively [] kg1 K-1]

A‘moss = Ke A‘sat + (1 - Ke )A‘drjy (45)

K, = log(Satl )+ 1 (4.6)

Sat' = (0", +6')/0, (4.7)
1_6wt Hw Hsat _Hw

A’sat = A’s Aw A’i (48)

with:

K. = Kersten number [-]

Asat = thermal conductivity of the saturated moss layer [W m-1 K-1]

Aary  =thermal conductivity of the dry moss layer [0.05 W m-1 K-1]
As = thermal conductivity of wet moss [0.6 W m1 K-1]
Sat! = saturation of the first soil layer [-]

Aw, A; = thermal conductivities of water and ice respectively [W m1 K-1]

4.2.3 Deep Soil

The soil hydrology and heat flow has to be represented for a finite number of model layers.
For this, JSBACH includes 5 increasingly thick layers for the soil representation. The default
JSBACH soil layer thicknesses are defined as: 0.065, 0.254, 0.913, 2.902, 5.7 meters
respectively (Chapter 2). While the surface temperature forces the soil heat transfer at the
top, there is no forcing at the base of the soil column. JSBACH uses the zero heat flux
assumption as bottom boundary condition (Chapter 2). With this approach, the model
assumes no heat transfer at the soil bottom. This assumption holds true when the soil column
reaches to the depth of zero annual amplitude (DZAA), where the soil temperature stays
almost constant all year and shows only minimal changes due to fluctuations in the
geothermal heat flux. From the model intercomparison (Chapter 3), it was evident that DZAA

can reach down to depths much below 10m (Chapter 3). To simulate the subsoil temperatures
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correctly, JSBACH needs an extension to the default soil profile, which currently reaches to a
total depth of only 9.83m (Chapter 2).

To improve this condition, two new soil layers (13.21 and 30.14 m in thickness
respectively) are added to the soil profile to have the total soil column reaching to 53 m. With
this extended soil profile, the lower boundary condition of vanishing heat flux is pushed
deeper and the potential errors originating from the zero heat flux assumption have lower

impacts on the upper soil layer temperatures.

4.2.4 Experimental setup

The abovementioned changes to the model formulation require testing of model performance
for each new approach in isolation and together. To evaluate the effects of dynamic snow,
dynamic moss and deep soil layers on the soil thermal regime, five additional site-level
experiments are performed and compared to the Control simulation, which uses the version
described in Chapter 2.

1. DynSnw (only changing the snow density and snow heat transfer parameters)

2. DynMoss (only changing the moss layer heat transfer parameters)

3. DynSnwMoss (including both snow and moss layer changes)

4. DeepSoil (only including the 2 new soil layers)

5. DynDeep (including snow and moss changes with the 2 new soil layers)

In order to asses the different impacts of each new formulation on different types of
soil profiles, these model settings are tested at three contrasting sites: Nuuk, Samoylov and
Schilthorn. As explained in Chapters 2 and Chapter 3, Nuuk site shows a cold soil profile in a
non-permafrost low-Arctic region (Jensen and Rasch, 2009, 2010), while Samoylov site is
located at a wet polygonal tundra zone in the Siberian high Arctic. At this site, polygon centers
are forming mainly wet sections, while the polygon rims are staying dry. Also, wind drift
causes a highly spatial heterogeneity on the depth of snow cover from polygon centers to rims
(Boike et al,, 2013). Schilthorn site, however, is located at a mountain peak in Swiss Alps
(PERMOS, 2013). Since there is no vegetation at Schilthorn, DynMoss and DynSnwMoss
experiments are omitted and the DynDeep experiment includes only dynamic snow changes
and extra soil layers for this site’s experiments. Soil parameters and time period used in these
site-level simulations use the same values as in previous chapter (Table 3.3). For DynSnw,
DynMoss and DynSnwMoss experiments, a mean year of each site’s observed climate data is
used to force the model during a 50-year spin-up period to bring the soil temperature and
water content into equilibrium. However, DeepSoil and DynDeep experiments required a 100-

year spin-up due to the increased soil thickness.
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4.3 Results and Discussions

4.3.1 Dynamic snow parameterization

The new snow model (DynSnw) with dynamically changing snow density and snow heat
transfer parameters is tested at the study sites and compared to the previous model version
(Control). Figure 4.1 shows the changes in snow depth from observed and simulated values.
Simulated snow depth in Control is higher than the observed values at all sites. With changing
snow density, DynSnw shows decreases in snow depth not only due to snowmelt, but also due
to compaction and mixing. By including a time dependent densification function and mixing
with the fresh snow, DynSnw shows better results in matching the snow depth observations
at all sites. The slope and shape of individual snow depth increase/decrease events are better
captured in Nuuk and Schilthorn. Remaining differences, e.g. at Samoylov, are mainly due to

wind effects on lateral snow transport processes which are not represented by the model.
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Figure 4.1: Timeseries of snow depth at Nuuk, Schilthorn and Samoylov. Observed values (black lines)
are compared to simulated snow depths from Control (red lines) and DynSnw (blue lines)
experiments.

The effects of the dynamic snow formulation on snow density and snow heat transfer
parameters are shown in Fig. 4.2. Control keeps the snow density fixed at 250 kg m-3, while
DynSnw changes it between 50 to 450 kg m-3 (Fig. 4.2, upper plots). Snow density values are
decreased in time due to compaction and mixing with the new snowfall. This change also

adjusts the snow heat capacity (Fig. 4.2, middle plots) and snow thermal conductivity values

(Fig. 4.2, lower plots).
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Figure 4.2: Timeseries of simulated snow parameters in Control and DynSnw experiments at Nuuk,
Schilthorn and Samoylov sites. The different subplots show (top) snow density, (middle) snow heat
capacity and (bottom) snow heat conductivity at each site.

4.3.2 Dynamic moss layer parameterization

The so-called moss layer is considered as a loose soil layer composed of organic matter,
surface vegetation and water. The JSBACH moss layer (Chapter 2) assumes only organic
matter and no water. However, heat parameter values for organic matter, water, and ice are
quite different (Table 4.1). Using the combined values of these components, DynMoss changes

the heat transfer parameters of the moss layer dynamically in time (Fig. 4.3).
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Table 4.1: Heat transfer parameters of the individual components of moss layer: organic matter, water
and ice. Organic layer values are taken from Beringer (2001).

Vol. Heat Capacity Heat Conductivity

[M] m-3 K-1] [Wm1K1]
Organic matter 2.5 0.25
Water 4.2 0.57
Ice 1.9 2.16
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Figure 4.3: Timeseries of heat parameters of the moss layer in Control and DynMoss experiments at
Nuuk and Samoylov. Heat capacity is shown in the upper plots and heat conductivity in the lower

plots.

Compared to Control, where constant heat capacity and conductivity values are used,

DynMoss shows higher heat capacity values in summer due to inclusion of water, and lower

heat capacity values in winter due to inclusion of ice (Fig. 4.3, upper plots). On the other hand,

60



the thermal conductivity values of the moss layer are increased all year long (Fig. 4.3, lower
plots). The reason is that both ice and water have higher thermal conductivity values than

organic matter (Table 4.1).

4.3.3 Extended model soil depth

As previously mentioned in Chapter 2, the depth of model soil column is important when the
zero heat flux assumption is considered as the bottom boundary condition. With this
assumption, the simulated bottom layer soil temperature should stay in a narrow range of
temperature fluctuations (~0.1 °C). The deepest JSBACH soil layer temperature (ca. 7 m) in
the Control experiment shows an annual oscillation of 1 to 3 °C (Fig. 4.4, red lines), which is a
violation of the zero heat flux assumption at the bottom. The addition of two new soil layers
has moved the bottom boundary condition to larger depths in the soil. When compared to
Control, the bottom layer soil temperature in DeepSoil has captured the depth of zero annual
amplitude (Fig. 4.4, blue lines). The 6% layer (ca. 16 m) still shows a slight change in
temperature (Fig. 4.4, purple lines), while the 7t layer (ca. 38m) shows almost constant
values (<0.1 °C change) during the simulation period, except for a slight trend at Schilthorn.

The observed temperatures for Samoylov show similar dynamics at depths below 11 m

(Langer et al.,, 2013).
3.30 3.5 - -5.0
) Nuuk ] Schilthorn Samoylov
= s
— il 3.0 4—DeepSoi
3.00 4 DeepSoil 5 1~ Deepsoi 5 6.0 7
%) ——Control_5~ %) {1—=Control_5 15)
- e . 25 4 S .
o 270 - ® ] o 70 /
=) =) ] >
2 REEE 2
o 240 5 5 804
o Q 5 ] o
IS e €
£ 210 2 £ 90
3 S 101 173
%) %} ] [l
1.80 - : V -10.0 4 —DeepSoil 7
05 N ——DeepSoil_6
] gee S?HSS
] —Contro
1.50 T o o — 0.0 T T T T T T T T -11.0 |Q’|;| T |b(|<°|(°|%|
® Y o >
N} Q Q Q Q Q (o) Q N Q S 3 %) o A Q Q N Q" O \} Q Q <
S > x X N P O O P L HFSL LS R S S S S S o
LI S QR (N . S S S S S F ¥ o & W W
time time time

Figure 4.4: Timeseries of the deeper soil layer temperatures in the Control and DeepSoil experiments
at Nuuk, Samoylov and Schilthorn. 5t soil layer (deepest layer, ca. 7m) temperatures of Control (red
lines) are compared to 5t (ca. 7m), 6% (ca. 16m) and 7t (ca. 38m) layer temperatures (orange, purple,
and blue lines respectively) of the DeepSoil experiment.

4.3.4 Topsoil temperature and surface insulation

Current global permafrost models can simulate soil temperatures down to 30-50 m depths
(Dankers et al., 2011; Gouttevin et al, 2012; Lawrence et al, 2012), but the topsoil
temperature estimation holds a major importance and higher uncertainty compared to
simulating subsoil temperatures. This is because most of the soil biogeochemical activity as

well as freeze/thaw events take place in the upper part of the soil. In addition, topsoil
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temperatures are strongly coupled to the atmospheric conditions. This brings up the need to
correctly parameterize the thermal connection between air and soil, as well as the insulation
effects of snow and vegetation cover in between. For these reasons, the effects of different
model formulations on insulation strengths and topsoil temperatures are presented here.
Figure 4.5 shows how the prescribed changes in insulation strength and the deep soil layers
affect the simulated first layer soil temperatures in matching the observations. During winter
and spring, experiments at all sites show a similar pattern in two groups: first as Control-
DynMoss-DeepSoil and the second group as DynSnw-DynSnwMoss-DynDeep. This similarity
shows the dictating effect of new snow formulation over new moss layer approach and
additional soil layers during winter and spring. The strong snow insulation effects are
observed in other Arctic sites (Zhang, 2005) as well as in different models (Schaeffer et al.,
2009). Incorporating dynamic snow heat transfer parameters and having lower snow depths
(Fig. 4.1) decrease the insulation strength of snow cover in DynSnw. This creates colder
topsoil temperatures than Control, also resulting in better match with the observations in
winter and spring. Since DynMoss and DeepSoil have similar temperature values to Control,
the DynSnwMoss and DynDeep are clearly reflecting the snow parameterization effects. The
only exception is seen at Samoylov, where DynMoss shows colder topsoil temperatures than
Control. Samoylov site is reported to have thicker moss layers and is situated in the Lena
river delta with saturated soil profiles (Boike et al., 2008), which results in higher importance
of insulation effects of the moss layer. Due to inclusion of ice properties, the moss layer in
DynMoss has higher heat conductivities than in Control (Fig. 4.3). This creates a less
insulating moss layer at this site during winter and spring, and results in temperatures closer
to the observed values.

Summer and autumn plots show better agreement among model experiments (Fig.
4.5). In summer, even though DynSnw is still creating colder topsoil temperatures than
DynMoss at Nuuk, moss insulation changes at Samoylov are more effective, hence DynMoss
creates the coldest topsoil temperature at this site. Compared to the observations, differences
between experiments are small. Autumn depicts a very similar pattern of topsoil
temperatures in all experiments at all sites. Such agreement was also observed at the model
intercomparison among different models (Chapter 3). This points to lower model uncertainty
in autumn, probably due to no significant snow effects and dried/frozen soils during this

period.
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Figure 4.5: Box plots showing the 1st layer (ca. 3.25 c¢cm) soil temperature for observation and model
experiments for different seasons. Boxes are drawn with 25t percentile, mean, and 75t percentiles
while the whiskers show the minimum and maximum values. An average year of available soil data is
used for calculating seasonal values. Each seasonal plot includes 3 study sites divided by the gray lines.
Black boxes show observed values and other colors distinguish different experiments.

To further analyze the surface insulation changes, atmosphere-surface connection is
investigated in Figs. 4.6-4.8, showing this relation for each season at each site separately.
Depending on the insulation strength of snow and/or the moss layer, each experiment shows
a specific topsoil temperature value in relation to the air temperature. At Nuuk, observations
show warmer topsoil temperatures than air in all seasons (Fig. 4.6). This points to a better
insulation during winter season (warmer soil than air due to snow) than summer (no
significant insulation from warm summer air temperatures). In winter and spring seasons,
Control has warmer topsoil temperatures than the observations, suggesting too much

insulation owing to higher snow depth values (Fig. 4.1). Adding the effects of dynamic snow
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and moss layer parameterizations together (DynSnwMoss and DynDeep) creates better-
matched values with observations in winter and spring. Even though the resulting
temperature values of DynSnwMoss and DynDeep experiments are colder than other
experiments, they are still warmer than observations in autumn. However the range of
autumn values among all the experiments is quite narrow compared to other seasons. On the
other hand, having the dynamic representation of snow and moss layer create too much
insulation in summer resulting in much colder topsoil temperatures than the observations.
These results point out that snow insulation is better represented with the new snow

formulation, but the prescribed moss insulation is overestimated for this site.
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Figure 4.6: Scatter plot showing the insulation strength of different experiments at Nuuk for different
seasons. Seasonal mean observed air temperature is plotted against the seasonal mean modeled 1st
layer temperature (ca. 3 cm) at each site. Colors distinguish experiments and markers distinguish
seasons. Gray lines represent the 1:1 line.

At Schilthorn, observations show warmer topsoil temperatures than air during winter,
spring and autumn but the opposite is observed in summer (Fig. 4.7). These observations
point to winter and summer insulation being both effective for the soil temperatures at this
site. Similar to the Nuuk site, having dynamic snow properties (DynSnw and DynDeep
experiments) decreases the snow insulation and creates colder winter and spring
temperatures, which are closer to the observed values. As previously mentioned, the

performed model experiments show similar patterns during autumn. Interestingly, none of
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the experiments can match the observed summer values at Schilthorn. While Control and
DeepSoil experiments have a warm topsoil temperature bias, having the new snow
formulation (DynSnw and DynDeep) results in even warmer temperatures and further away
from the observed values. The reason for that is persistent snow cover even during summer
months (Fig. 4.1). Even though there is no vegetation insulation at Schilthorn to cool the
summer soil temperatures down, snowpack provides insulation even in summer, which is not
captured by JSBACH (Chapter 3). Modelled snow depth melts-out earlier than the observed
snow and leaves the bare soil vulnerable to summer atmospheric heating. Additionally, having
smaller snow depths accelerates the snowmelt (Fig. 4.1) and amplifies the warming effect in
summer. This confirms that with the new formulation, snow insulation is captured correctly

but summer biases are seen due to mismatched snow timing.
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Figure 4.7: Same as Figure 4.6 but for Schilthorn site.

Seasonal mean topsoil temp. [°C]

At Samoylov, observed values indicate warmer topsoil temperatures than air during
winter and autumn, while the opposite is seen during summer (Fig. 4.8). Clearly, winter soil
temperatures are protected from cold air temperatures due to snow insulation, while summer
soil temperatures are kept colder than the air due to moss insulation. However, spring soil
temperature observations show similar values with the air temperatures. All model
experiments show a warm bias during winter and spring. This can be explained by the

overestimated snow depth values (Fig. 4.1). This leads to overestimated snow insulation and
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warmer soil temperatures in the model. However, the DynSnw experiment reduces the
insulation strength and provides colder topsoil temperatures that are closer to observed
values in winter and spring. Similar to other sites, model experiments fall in a very narrow
temperature range in autumn, indicating lesser impact of the new formulations during this
season at Samoylov. On the other hand, summer values show the importance of dynamic moss
formulation compared to other experiments. DynMoss and DynSnwMoss create the coldest
(most insulated) summer topsoil temperatures at this site, yet moving the model values
further away from the observations. This is likely due to mismatched moss layer thickness or

using the first soil layer values for the water and ice contents in moss layer.
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Figure 4.8: Same as Figure 4.6 but for Samoylov site.

A general outcome of the DynSnw experiment is a decreased insulation effect in
winter, owing to higher snow density, lower snow depth, and higher heat transfer parameter
values. Observed soil temperatures are better represented with the new snow formulation.
On the other hand, a model bias still exists at all sites, which signifies the need to represent
additional snow processes (i.e. snow depth hoar, wind drift...). The DynMoss experiment
shows a cooling all year long. The high heat conductivity of ice reduces the insulation strength
of the moss layer, and this effect is seen mostly in winter due to higher ice contents.
Conversely, even though the heat conductivity of the moss layer is still higher than in Control
in summer (Fig. 4.2), inclusion of water heat capacity dictates the moss layer heat capacity by

increasing it more than in Control and as a result increases the insulation strength during
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summer. This shows that incorporating water and ice components into the heat parameters of
the moss layer improved the representation of changing insulation strengths for dry and wet
conditions. Yet, having a constant 10 cm thickness and using the 1st soil layer water/ice
contents bring up some uncertainty in the current moss layer representation. Further
improvements for the moss layer are needed by explicitly simulating its hydrology and
dynamically changing its thickness as it was done for the organic layers in Braakhekke et al.

(2011) and moss/lichen cover in Porada et al. (2013).

4.3.5 Soil thermal profile

In addition to the topsoil temperature, it is also important to discuss the effects of the new
model formulations on deeper soil temperature. Simulated temperatures in the lower soil
layers must be captured in order to calculate ALT and permafrost extent accurately, and to
estimate a valid long-term soil temperature trend. For this reason, the effects of each
experiment on deeper soil layer temperatures are shown in this section.

The evolution of the soil temperature profile at Nuuk is shown in Figure 4.9. Since this
is a non-permafrost site, no ALT is observed. The topsoil is frozen only during winter and the
frost penetration depth (FPD) is almost the same in Control, DynMoss and DeepSoil
experiments, suggesting that there is no considerable effect of moss layer changes and deep
soil layers on the whole soil thermal profile. However, DynSnw increases the FPD in the end of
spring. Together, snow and moss changes (DynSnwMoss) increase the FPD even further.
When compared to DeepSoil, DynDeep experiment has a colder profile at all depths, showing
the cooling effects of dynamic snow. The additional layers helped to capture DZAA in DeepSoil
and DynDeep experiments. Compared to Control, where the bottom layer still shows a
temperature fluctuation, the deepest layers in DeepSoil and DynDeep have constant
temperatures. These results show the importance of dynamic snow parameterization effects
on subsoil temperatures. With reduced snow insulation, the soil thermal profile is cooled

down and with the deeper soil column, this effect has become even more visible.
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Figure 4.9: Time-depth plots showing soil temperature evolution from different model experiments at
Nuuk site.

At Schilthorn, JSBACH experiments show a warmer soil profile than the observations
(Fig. 4.10). In fact, the permafrost conditions are not captured and JSBACH creates an
unfrozen soil column in all experiments. Due to reduced snow depths (Fig. 4.1) and decreased
insulation strength, DynSnw experiment shows a colder soil profile than Control. Even though
DeepSoil experiment is better in capturing DZAA, the soil thermal regime is similar to that in
Control. However, new snow formulation with the additional layers (DynDeep) increases the
frost penetration depth remarkably, thus creating almost a permafrost soil profile that is

more similar to the observed soil thermal regime.
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Figure 4.10: Time-depth plots showing soil temperature evolution from observations and different
model experiments at Schilthorn site.

Figure 4.11 shows similar patterns for Samoylov. DynSnw results in colder winter
temperatures, while DynMoss creates colder summer soil temperatures. When these effects
are simulated together, DynSnwMoss shows a visible change in the soil thermal regime during
the whole year. Similar to the other sites, the DeepSoil experiment at Samoylov also shows a
comparable soil thermal profile to Control, but DynDeep is clearly much colder.

As clearly seen in Figures 4.10 and 4.11, having dynamically changing snow and moss
parameters not only affect the topsoil but also the deeper layers. The importance of surface
processes becomes evident from these results. Reduced insulation in winter (due to reduced
snow depth) and increased insulation in summer (due to higher moss layer heat capacity)
create a yearlong cooling effect. Furthermore, having a deeper soil column in addition to more

realistic surface insulation, amplifies this cooling.
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Figure 4.11: Time-depth plots showing soil temperature evolution from different model experiments
at Samoylov site.

The trumpet plots in Figure 4.12 show the importance of having a deeper soil column
to capture the DZAA. At Schilthorn, observations show that the soil temperature amplitude is
still not zero at 10 m depth (Fig. 4.12d) and at Samoylov it gets closer to zero near 30 m (Fig.
4.12f). Obviously, a 10 m deep JSBACH model (Control) is not suitable to capture the DZAA at
these sites, but the addition of deeper layers (DeepSoil, DynDeep) clearly improves this
situation.

As seen in plots 4.12a, 4.12c and 4.12e, the dynamic properties of snow and moss
layers cool the entire soil column and results in having a colder soil temperature at the deeper
layers (DeepSoil vs DynDeep). However, plot 4.12d and 4.12f shows that the temperature
amplitude is also increased in DynDeep. While this change captures the amplitude dynamics
in observed Samoylov temperatures, it overestimates them at Schilthorn. This is again related
to snow timing mismatches discussed in the previous section. Not having snow insulation in
summer (as opposed to the observed conditions) creates warmer soil temperatures than

observations and therefore increasing the temperature amplitude.
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At Samoylov, the amplitude is in good agreement with the observed values (4.12f),
despite having a shift to colder temperatures both in maximum and minimum temperature
profiles of the DynDeep experiment (4.12¢). This suggests that the model captures the scale of
seasonal temperature changes and but has a general cold bias. Again this is the similar issue
discussed in the previous section. The current version of JSBACH cannot capture the site-

specific conditions of strong wind drift on snow as well as soil polygonal structure.
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Figure 4.12: Vertical temperature profiles from observations and experiments at each site. Trumpet
curves (a,c,e) show the change in vertical profiles of maximum and minimum soil temperature.
Amplitude plots (b,d,f) show the change in temperature amplitude (max-min) in depth. Black lines are
the observed values and colored lines distinguish model experiments.
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4.3.6 Frost penetration depth and active layer thickness

In the following, each experiment is analyzed with respect to its simulated frost penetration
depth (FPD) or active layer thickness (ALT) at each site. Since there is no permafrost
simulated at Nuuk and Schilthorn, Table 4.2 and Table 4.3 show the simulated FPD values for
these sites. However, Table 4.3 shows the ALT values from observed and simulated
temperatures at Samoylov.

Nuuk FPD is higher in DynSnw compared to Control (Table 4.2). Even though there is
not much difference between DynMoss, DeepSoil, and Control; the other experiments
DynSnwMoss and DynDeep shows the highest values. These results are similar to those
discussed in Fig. 4.5: effect of dynamic snow parameterization is more notable than moss
layer parameterization, and adding extra layers at this site. This is due to reduced snow

insulation effect.

Table 4.2: Nuuk site frost penetration depth (FPD) values calculated from simulated soil temperatures
of each experiment during 2008.

FC l;?] Control DynSnw  DynMoss DynSnwMoss DeepSoil DynDeep
2008 77.93 129.7 78.19 245.39 77.96 238.01

Similar to the situation at Nuuk, the FPD values for Schilthorn also show an increase
from Control to DynSnw (Table 4.3). As it was discussed earlier, the dynamic snow
parameterization reduces the simulated snow depth (Fig. 4.1) and hence reduces the snow
insulation strength. However, with more years to analyze at this site, the cooling effect of
DeepSoil is visible from Table 4.3. With higher FPD values compared to Control, DeepSoil
clearly shows a cooling effect on soil temperature profile. Following that, this effect is
amplified in DynDeep, where snow parameterization and extra soil layers are simulated

together.

Table 4.3: Schilthorn site frost penetration depth (FPD) values calculated from simulated soil
temperatures of each experiment during years 1999 to 2006.

FC l;rll)] Control DynSnw DeepSoil DynDeep
1999 209.25 424.32 230.60 1054.76
2000 160.14 328.26 189.46 881.52
2001 315.18 422.54 317.96 124.04
2002 47.57 315.33 50.83 823.03
2003 39.85 287.14 56.74 754.57
2004 294.95 380.45 307.22 1039.37
2005 335.26 584.31 344.01 1424.83
2006 330.14 698.27 326.62 1411.54
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The ALT values for Samoylov are shown in Table 4.4. By calculating the maximum
thaw depth from interpolating observed soil temperatures, the ALT values show depths of 62-
67 cm at Samoylov (Table 4.4). The measured thaw depth values are reported to be around 50
cm with maximum values as high as 79 cm at the dry sites and 61 cm at the wet sites (Boike et
al, 2013). However, it is important to note that JSBACH simulations are performed
considering the polygon rims for Samoylov, because the saturated soil conditions at the
polygon centers cannot be represented with this version of the model. So, the soil
temperature observations from the rim (dry site) are used for all the comparisons here.
Considering that, ALT values shown in Table 4.4 seems to be reasonable when compared to

site measurements.

Table 4.4: Samoylov site active layer thickness (ALT) values calculated from observed and simulated
soil temperatures of each experiment during years 2003 to 2005.

[Aclr‘r'lli Observation Control DynSnw DynMoss DynSnwMoss DeepSoil DynDeep
2003 67.37 95.05 88.32 86.99 91.07 96.10 98.94
2004 62.87 77.71 77.68 77.69 77.66 77.72 77.66
2005 65.57 95.29 94.72 77.59 97.75 93.99 113.14

Similar to the results from the intercomparison (Chapter 3), JSBACH model
overestimate the ALT even with the new experiments (Table 4.4). Compared to Control, ALT
values in 2003 show lower estimates in DynSnw, DynMoss, and DynSnwMoss. As mentioned
in the previous sections, the new parameterizations for snow and moss layer provide a
yearlong cooling effect for soil; hence the ALT values are reduced accordingly. The same
situation is estimated for 2005; DynSnw and DynMoss simulate lower ALT values than
Control. Between DynSnw and DynMoss, ALT values are closer to observations in DynMoss.
However, in 2004, there is no large difference in any of the model experiments, showing
negligible effects of the new experiments on ALT.

Extending the model soil depth (DeepSoil) seems to have no significant effects on the
ALT values at Samoylov (Table 4.4). However, when combined with the dynamic snow and
moss layer parameterizations, the deeper soil column (DynDeep) has created warmer soil
profiles and hence deeper ALT values in 2003 and 2005. This is in contrast with the effects of
DynDeep on FPD (Tables 4.2, 4.3). These results show the sensitivity of soil thermal regime to
the chosen soil depth, especially when surface insulation is dynamically changing during the
simulation. However, a more comprehensive analysis using more sites with multi-year data is

needed to fully understand the effects of model soil depth on ALT.
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4.4

Conclusions

Effects of several model formulations on soil thermal profiles are compared at three different

sites. Dynamically changing snow heat density and snow heat transfer parameters are used to

see the snow insulation effects on soil temperatures. Additionally, the effects of moss

insulation are investigated by including ice and water contents into the heat transfer

parameters of the moss layer. Finally a deeper soil profile is used to inspect the importance of

soil depth on soil temperatures. Results include:

Snow insulation is reduced due to dynamic snow formulation, which resulted in colder
and more realistic winter soil temperatures.

Soil temperature biases still exist; more detailed snow processes and better capturing
the snow timing are needed for further improvements.

Moss layer insulation is represented more realistically with the new parameterization,
which provided increased insulation during summer and decreased insulation in
winter.

Further improvements are needed for the moss layer representation: proper
hydrology and varying thickness of moss layer.

Together, the new snow and moss layer formulations provide a yearlong cooling effect
for the soil.

Surface insulation affects the whole soil thermal profile.

Extending the model soil depth has a small cooling effect on the soil thermal profile,
but together with the dynamic surface insulation, this effect is amplified.

Dynamic surface insulation together with deeper soil column captures the DZAA and
better represents the soil temperature amplitude.

Dynamic snow formulation increases the frost penetration depth.

Dynamic moss formulation decreases the active layer thickness.

The combined effect of deeper soil column with dynamic surface insulation on ALT
needs to be analyzed further.

It is clear from these results that global models can benefit from having ~50 m soil

column together with more realistic surface insulation. The level of detail in global model

formulations is challenged with computational restrictions, so it is important to design model

parameterizations depending on the research questions. For a more realistic representation

of permafrost soil thermal state, surface insulation needs to be improved.

75



CHAPTER 5

FUTURE STATE OF PERMAFROST
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5.1 INTRODUCTION

Observations point to an intensified atmospheric warming in northern high
latitudes (AMAP, 2012; ACIA, 2005; Serreze and Barry, 2011). Extreme air
temperatures are causing more frequent heat waves and wildfires over Siberia
and Canada (Goetz et al, 2007). Greenland ice sheet is retreating faster than
before in the last decade (Rignot and Kanagaratnam, 2006), while the Arctic sea
ice is shrinking at an unprecedented rate (Stroeve et al., 2007). Soil temperatures
are rising in parallel to these changes and causing warming of the permafrost
(Romanovsky et al.,, 2010), changing number of thaw-lakes (Smith et al., 2005)
and increasing active layer thickness (ALT) in permafrost regions (Zhang et al,,
2005; Romanovsky et al,, 2013).

While the high latitudes are not alone in experiencing major climate
shifts, they posses critical importance for the Earth system (Overland et al,
2013). Permafrost soils, covering ~24% of the northern hemisphere lands
(Zhang et al., 2008), are rich in frozen organic matter (Tarnocai et al., 2009; Ping
et al., 2008). If released into the atmosphere, this frozen organic carbon can
drastically amplify the current atmospheric warming (Zimov et al,, 2006) and
cause severe impacts on natural systems (Schuur et al., 2008) and infrastructure
(Larsen et al,, 2008). A change in permafrost organic matter is believed to have
already played a major role in the planet’s past climate (Ciais et al., 2011). During
the last deglaciation, atmospheric CO2 values have increased sharply (Monnin et
al, 2001). In conjunction with the methane bursts from the ocean floor to the
atmosphere (Sigman et al., 2010), it is very likely that the permafrost carbon
have contributed to this increase and provided a warming feedback mechanism,
which further accelerated carbon release into the atmosphere (Ciais et al, 2011;
Zimov et al,, 2006). With more, previously unavailable, carbon joining the active
carbon cycle of the planet, atmospheric CO2 concentration will continue to rise
and its climate forcing will induce warmer temperatures (Chapin et al.,, 2005;
Schaefer et al,, 2014) making the conditions on Earth more hostile to human
population.

Permafrost and its carbon dynamics are among the most critical
components of the climate system (IPCC AR5, 2013). However, frozen soils and

their interaction with the warming climate, and permafrost carbon feedback to
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climate are not considered in most of the Coupled Model Intercomparison
Project (CMIP) models (Taylor et al.,, 2009). In order to come up with realistic
mitigation strategies for managing future greenhouse gas emissions, permafrost
and its carbon dynamics should be accounted for. This requires better
understanding of the future state of the permafrost in the coming centuries.

There have been recent modeling attempts to quantify the effects of
climate change on the future state of high latitude soils, and to investigate the
permafrost carbon feedback to climate (Schuur et al., 2013). Even though the
studies differ in their scenarios and choice of domain, they all agree on further
warming of the land and a decrease in permafrost extent by the end of the
century. Schaefer et al. (2011) have predicted 20-39% decrease in permafrost
area by 2100. Similarly, Koven et al. (2011) estimated a 30% decrease in
permafrost areas. Meanwhile, Saito et al. (2007) shows 40-57% reduction in
northern hemisphere permafrost area, while Lawrence et al. (2012) simulates
72% decrease by 2100. Most of these studies focus on the permafrost carbon
dynamics and provide broad estimates for the permafrost degradation and
active layer thickening without spatial investigations.

Due to broad range of model estimates, effects of different climate
projections on the physical permafrost state stays uncertain (Koven et al., 2013).
Similarly, how different regions of the Arctic will respond to climate change is
not clear. In order to estimate the permafrost carbon feedback to climate, the
future state of permafrost physical conditions should be investigated. Together
with the soil temperature trends, changes in ALT and permafrost extent should
be the foremost issue before investigating the biogeochemical feedbacks (e.g.
permafrost carbon feedback to climate). To shed some light onto these issues,
the JSBACH land model (Chapter 2) is used to simulate the thermal state of
northern high latitude soils until 2100 under different CO; emission pathways.
Different than previous studies, analysis on spatial properties of physical
changes in soil and the effects of changing snow depth, and snow season timing

over northern high latitudes is presented in this chapter.
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5.2 METHODS

For the future experiments in this chapter we have used JSBACH, land surface
component of the Max Planck Institute Earth System Model (MPI-ESM), to assess
the future response of high latitude soils to climate change. As described in
Chapter 2, JSBACH has been improved for permafrost related processes and
tested with multi-scale evaluations, showing successful representation of cold
region soils’ physical states. The model comprises 10m deep soil representation
with coupled one-dimensional heat and hydrology scheme that includes soil
freezing and thawing. There is also multi-layer snow cover, as well as a
prescribed moss layer to represent the surface vegetation insulation for soil
thermal profile. JSBACH’s performance in different cold region landscape types is
compared to other commonly used land models (Chapter 3), which
demonstrated that the model reliably estimates physical conditions of cold soils
in parallel to other models with varying level of complexities.

Follow-up to the previous IPCC emission scenarios, representative
concentration pathways (RCPs) have been set up to estimate future climate
trajectories under varying strengths of greenhouse gas radiative forcing (van
Vuuren et al,, 2011; Moss et al., 2010). These new climate pathways are based on
radiative forcing of greenhouse gases from potential emissions of different socio-
economic activities in the coming centuries. We have selected three RCPs
(namely: RCP2.6, RCP4.5, and RCP8.5) to evaluate the potential responses of
northern soils to environmental change. Driven with these scenarios, model
results are analyzed for likely soil conditions in northern high latitudes during
the 21st century. To see the direct (one-sided) effect of climate change on soil
physical state, we have performed offline future simulations with JSBACH driven
by MPI-ESM atmospheric outputs of the selected RCPs from year 2010 to 2100.
Experiments are performed for all land points north of 50° N at a 0.5° spatial
resolution and with daily timestep.

Following the experiments in Chapter 2, the simulations performed in this
chapter continue from the previous transient simulation from 1901 to 2010
(Ekici et al., 2014). This previous simulation used observation based climate data
until 1978 and bias corrected ECMWF/ERA-Interim reanalysis data, which is

further explained in Beer et al. (2014). For the future simulations performed in
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this study, atmospheric outputs of coupled MPI-ESM simulations of chosen RCPs
are extracted and harmonized with the observed WATCH/ERA-Interim data
(Weedon et al,, 2010; Dee et al,, 2011) according to Beer et al. (2014). For the soil
parameters, global soil map of Harmonized World Soil Database v.1.1 (FAO et al,,
2009) is used to prescribe the soil texture type for each 0.5° gridcell in the target
domain.

Soil temperature and moisture has been initialized by repeating 1901-
1930 average WATCH forcing data for 30 years in order to bring these state
variables into equilibrium. The following transient runs are performed with
these initial values of soil temperature and water content from 1901 to 2010.
Afterwards, the future experiments are continued with the bias-corrected

climate forcing from the three selected RCPs until 2100.

5.3  RESULTS AND DISCUSSIONS

The coupled MPI-ESM simulations following each RCP scenario have their own
specific climate response to the prescribed radiative forcing. Figure 5.1 shows
the change in annual air temperature that is used for driving JSBACH. Within this
chapter, Siberia will be mentioned in three parts: west (60E-90E), central (90E-
120E), and east (120E-150E). Areas east of 150E will be referred as far east
Russia and areas between 30E and 60E will be referred as European Russia.
Spatially averaged timeseries show that air temperature is clearly increasing in
RCP4.5 and RCP8.5 projections but there is a slight change in RCP2.6 (Fig. 5.1a).
In the spatial plots, it is clear that cooling in Scandinavia and far east Russia are
balancing the warming in northern Siberia and N. America in the RCP2.6
projection (Fig. 5.1b). On the other hand, RCP4.5 and RCP8.5 show an air

temperature increase in all regions (Fig. 5.1c-d).
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Figure 5.1 Panel showing spatio-temporal change in air temperature from 2010 to 2100.
Plot a shows the timeseries of spatially averaged air temperature change from three
different projections. Plots b,c, and d shows the maps of air temperature change (2090-
2100 average minus 2010-2020 average) from three projections.

Similar to air temperature, precipitation changes are shown in Fig. 5.2. In
the RCP2.6 projection, a notable precipitation increase is observed in European
Russia, western Siberia, and southern Alaska (Fig. 5.2b). However, reduced
precipitation is observed in several other regions. This again, results in a
balanced state in precipitation in the RCP2.6 projection (Fig. 5.2a). RCP4.5 and
RCP8.5 show a general precipitation increase, while the southern borders of

Siberia are experiencing reductions in precipitation (Fig. 5.2c-d).
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Figure 5.2 Panel showing spatio-temporal change in precipitation from 2010 to 2100.
Plot a shows the timeseries of spatially averaged precipitation change from three
different projections. Plots b,c, and d shows the maps of precipitation change (2090-
2100 average minus 2010-2020 average) from three projections

Forced with these climate data, JSBACH simulations show different
responses of the soil for each scenario. Figure 5.3 shows the simulated soil
temperatures of present and future estimates. Note that all simulated soil layers
show similar patterns, so only the temperature of the first model layer (0 - 6.5
cm) is shown in Fig. 5.3 and Fig. 5.4 (see Appendix A for the other soil layers). At
the beginning of each simulation (Fig. 5.3a), coldest soil temperatures (for the
glacier-free landpoints) are found in north of eastern and central Siberia, and
northeastern Canada. By the end of the century (Fig. 5.3b-d), it is seen that
increasing air temperatures (Fig. 5.1) are matched by increasing soil
temperatures. RCP2.6 (Fig. 5.3b) produces temperatures similar to those at

2010, while Figure 5.3d shows the extreme condition with RCP8.5 scenario, in
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which soil temperatures have risen above 0°C in most of the simulated glacial-

free region.

a) 2010 b) RCP2.6
[2) 2010]

Soil temperature [°C]

-36 -33 -30 -27 -24 -21-18-15-12 9 6 -3 0 3 6 9 12

Figure 5.3 Soil temperature panel showing maps of simulated soil temperature (first
layer: 0 - 6.5 cm) at the beginning (2010 - plot a) and end of three future projections
(2090-2100 average - plots b, ¢, and d).

All future simulations create warmer soil conditions but the increase in
soil temperature is not spatially homogeneous. Figure 5.4 shows the temporal
and spatial patterns of this change. As seen in Fig. 5.4a, on average there is more
than 6°C increase in soil temperature from RCP8.5 projection, while RCP4.5
shows a 3°C increase; but RCP2.6 shows almost no change at all. However, these
are average values for the whole target domain. Following the air temperature
patterns (Fig. 5.1), regional soil temperature changes are not uniform (Fig. 5.4b-

d). Even though RCP2.6 simulation shows minimal change on average (Fig. 5.4a),
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there are warming regions: central and northern Canada, north of central Siberia
etc. (Fig. 5.4b). The other RCP simulations show a pronounced warming in all
regions, but most of the temperature increase happens in north of central Siberia
and northern Canada, where 8-10 °C of increase is simulated (Fig. 5.4d). General
patterns of this spatial heterogeneity are related to changes in air temperature

and snow, which will be discussed below.
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Figure 5.4 Panel showing spatio-temporal change in soil temperature (first layer: 0 - 6.5
cm) from 2010 to 2100. Plot a shows the timeseries of spatially averaged soil
temperature change from three different projections. Plots b,c, and d shows the maps of
soil temperature change (2090-2100 average minus 2010-2020 average) from three
projections.

On the hydrology perspective, the distribution of soil liquid water is
shown in Fig. 5.5, and soil ice content in Fig. 5.6. Since multi-layer hydrology
allows for simulation of soil water at different levels, an accumulated soil water
value of all layers is used in Fig. 5.5, Fig. 5.6, and Fig. 5.7. At the beginning of
simulations (Fig. 5.5a), more liquid water is stored in European forest zones,

southeastern Canada, and western Alaska. This pattern is mainly dictated by the
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prescribed parameter maximum soil depth, until which JSBACH can simulate soil
water (see Fig. B1 in Appendix B for static soil depth parameter). However,
analyzing the changes of simulated soil water is still useful to identify the
physical state changes of the soil. The distribution of soil water pattern seems to
be conserved by the end of the century for RCP2.6 scenario (Fig. 5.5b). Similar
patterns with more available water in western Canada and western Siberia are
estimated by RCP4.5 and RCP8.5 (Fig. 5.5c-d). One reason for that is the
degrading of permafrost in RCP4.5 and RCP8.5 allow more water to be held in

these scenarios, which will be discussed below.

a) 2010 b) RCP2.6

Total Soil water content [m]
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Figure 5.5 Soil water panel showing maps of total soil liquid water content at the
beginning (2010 - plot a) and end of three future projections (2090-2100 average - plots
b, ¢, and d). Total soil water is calculated by summing up simulated soil water in each
model layer.
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Similarly, Fig. 5.6 shows the total soil ice content in the beginning and end
of the experiments. At 2010, most of the soil ice is found in the very northern
edges of the continents, in central Alaska, and in central and northeastern
Canada (Fig. 5.6a). Some isolated soil ice content is simulated in central and
southern Siberia in 2010 (Fig. 5.6a), which is also related to the prescribed soil
depth map (see Fig. A1). However, by the end of the century, less ice is simulated
in RCP2.6 (Fig. 5.6b) and RCP4.5 (Fig. 5.6¢), while most of the ice is lost in the
RCP 8.5 scenario (Fig. 5.6d).

a) 2010

d) RCP8.5

Total Soil ice content [m]

02 04 06 08 1 12 14 16 18 2 22 24

Figure 5.6 Soil ice content panel showing maps of total soil ice content at the beginning
(2010 - plot a) and end of three future projections (2090-2100 average - plots b, ¢, and
d). Total soil ice content is calculated by summing up simulated ice content in each
model layer.
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The spatial patterns of change in soil hydrology are shown in Fig. 5.7. By
the end of the century, all three climate projections simulate an increase in soil
water and decrease in soil ice content on average; whereas the spatial pattern of
this change is not completely uniform. There is a visible similarity in regions
where soil water increases and soil ice content decreases. This is the effect of
increasing soil temperatures (Fig. 5.4) melting the soil ice and making the soil
wetter. Even though the effects of prescribed soil depth is responsible for most of
the soil hydrology distribution, a clear result of these projections is that soils are
shifting from a frozen to unfrozen state in general. In concert with the soil
warming, these hydrological changes show a consistent pattern of the alterations

in soil physical state at northern high latitudes by the end of the 21st century.
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Figure 5.7 Panel showing projected changes (2090-2100 average minus 2010-
average) in simulated soil liquid water (w) and ice (i) contents from three projections.
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As a direct result of soil temperature change, the changing permafrost
extent is investigated in the following. Figure 5.8 shows the International
Permafrost Association’s (IPA) estimated permafrost zones (Brown et al., 2002)
and permafrost extents from model estimates. Since the model vertical domain is
limited to 10 m (Chapter 2), the simulated permafrost definition relates to
permafrost occurrence in the upper 10 m of the soil, which will also be referred
as near surface permafrost in this chapter. Permafrost deeper than 10 m is
excluded from our analysis. As previously shown in Chapter 2, JSBACH
permafrost zones in 1990 overlaps with the continuous and discontinuous
permafrost zones. However, by the end of the century, RCP simulations predict
clear permafrost degradation. Especially in the RCP8.5 projection, the entire
present-day discontinuous permafrost zone is lost and only small patches of
permafrost are preserved in Siberia, and northeastern Canada. There is a direct
effect of increasing soil temperatures on shrinking permafrost areas. However,
the distinctive pattern of simulated permafrost in Siberia from RCP8.5 (red
polygons in Fig. 5.8) resembles the elevation patterns in this area (see Fig. B2 in
Appendix B). This demonstrates the effect of topography on soil temperature,

thus permafrost resilience.
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Fig 5.8 IPA permafrost zones (Brown et al., 2002) and simulated permafrost extent from
1990 and 2100 from three different climate projections. IPA permafrost zones are
shown with brown colors, and the outer borders of simulated permafrost extents are
shown with the thick lines.

The temporal change in total surface area of the gridboxes underlain by
near surface permafrost is plotted in Fig. 5.9. At the beginning of experiments in
2010, around 14x10° km? of permafrost is simulated, which compares well to
recent estimates (Gruber, 2012). RCP2.6 shows a small decrease in the total
permafrost area by the end of the century, while it decreases more visibly in
RCP4.5 and more dramatically in RCP8.5 scenarios (Fig. 5.9). In the 215t century,
the initial permafrost area of 14 million km? is shrunk to around 13, 10 and 3
million km? under RCP2.6, RCP4.5, and RCP8.5 scenarios respectively. Since the

permafrost is defined solely on soil temperature, it is expected to see that
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permafrost area is following a similar (but opposite) pattern as the change in soil

temperature (Fig. 5.4a).
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Fig 5.9 Timeseries of total northern hemisphere (>50 N) near surface permafrost area
from 2010 to 2100 from three different climate projections.

Figure 5.10 shows the active layer thickness (ALT) estimates at the start
and end of the simulations. Since ALT is a permafrost feature, it can only be
calculated for regions where there is still permafrost, so the areas shown in Fig.
5.10 follow the pattern of permafrost areas shown in Fig. 5.8. Figure 5.10a shows
that 2010 ALT estimate is smallest in northern Siberia and northern
Canada/Alaska. Then it gradually increases going southward (Fig. 5.10a). At
2100, RCP2.6 (Fig. 5.10b) estimates show similar patterns to 2010, however
RCP4.5 and RCP8.5 scenarios show much deeper ALT estimates (Fig. 5.10c-d). By
the end of the century, RCP4.5 and RCP8.5 scenarios predict over 3 m ALT in
most of the permafrost regions. Similar to permafrost occurrence, topographical
features affect the ALT patterns. High elevations in eastern Siberia (see elevation
map Fig. B2 in Appendix B) lead to shallow ALT values even in the highest

warming scenario (Fig. 5.10d).
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Fig 5.10 Maps of northern hemisphere active layer thickness under present (map a,
2010) and future (maps b-d, 2090-2100 average) estimates of different climate
scenarios. Only gridcells with simulated permafrost are shown.

The temporal and spatial changes of ALT are shown in Fig. 5.11. From
2010 to 2100 on average, there is around 30 cm of ALT increase in RCP2.6, while
RCP4.5 shows around 80 cm increase and RCP8.5 shows around 170 cm increase
(Fig. 5.11a). However, these estimates compare averages of different number of
gridcells due to different maps of simulated permafrost in each projection, so a
spatial analysis is required to compare regional changes. The changes of ALT in
regions where permafrost is still preserved are shown in Fig. 5.11b-d. In RCP2.6,
ALT increase in western Siberia and Canada is balanced by the ALT decrease in
eastern Siberia and far east Russia (Fig. 5.11b). This area is also simulated to

have colder soil temperatures by 2100 (Fig. 5.4b). Most vulnerable places to ALT
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increase are in central Siberia. Conversely, most resilient areas are found in
eastern Siberia and northeastern Canada. However, ALT increase in areas with

degraded permafrost are not seen from this map.
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Figure 5.11 Panel showing temporal change in active layer thickness (ALT) from 2010 to
2100. Plot a shows the timeseries of spatially averaged ALT change from three different
projections. Maps b,c, and d shows the ALT change (2090-2100 average minus 2010-
2020 average) from three projections. Only gridcells with permafrost are shown.

Soil response to future scenarios is not homogenous over high latitudes
(Fig. 5.4, Fig. 5.7, Fig. 5.11). As discussed thoroughly in the previous chapters
(Chapters 2-3-4), and in the literature (Zhang, 2005; Koven et al., 2013) cold
region soil physics are strongly affected by snow cover and its properties. For
this reason, it is worthwhile to analyze the changes in snow. Figure 5.12 shows
the distribution of snow depth in the beginning and end of the simulations. In
present and future conditions, snow depth is simulated higher in far east Russia,
western and central Siberia, as well as eastern and northern Canada (Fig. 5.12).

Chapter 3 has shown the effect of snow depth on soil temperatures on site scale.
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Similarly here, on the continental scale, ALT change is bigger in the regions (Fig.
5.11c), where higher snow depth is simulated (Fig. 5.12c). On the contrary, there
is lower snow depth simulated in eastern Siberia (Fig. 5.12c-d), where the ALT

change is smallest (Fig. 5.11c-d). In addition to previous discussion about

elevation and ALT, these features demonstrate a positive relation between snow

depth and ALT change.

Snow depth [m]

| O [ T

0 01 02 03 04 05 06 07 08 09
Figure 5.12 Panel showing maps of simulated snow depth at the beginning (2010 - plot

a) and end of three future projections (2090-2100 average - plots b, ¢, and d).

Figure 5.13 shows the temporal and spatial change in simulated snow
depth at the beginning and end of the simulations. Even though the temporal
pattern of spatially averaged snow depth is hard to analyze (Fig. 5.13a), its

spatial distribution shows clear patterns of increased (or decreased) snow depth
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in each scenario (Fig. 5.13b-d). RCP2.6 shows a general decrease in snow depth
over the target domain (Fig. 5.13b); however, RCP4.5 and RCP8.5 show
increased snow depth in far east Russia, eastern and central Siberia, as well as
northern Canada (Fig. 5.13c-d). Since higher snow depth strengthens the snow
insulation and protects the soil from extreme cold weather (Zhang, 2005; Ekici et
al., 2014), average soil temperature under higher snow pack is expected to be
higher. We have seen that highest increases of soil temperature are simulated in
northern Siberia and northern Canada (Fig. 5.4b-d). The same regions are also
predicted to have an increase in snow depth (Fig. 5.13c-d). On the other hand, a
lower increase in soil temperature is simulated in western Russia in RCP8.5 (Fig.
5.4d), where we can also see a pronounced decrease in snow depth in Fig. 5.13d.

These similarities explain most of the regional differences in soil temperature

-0.020

Change in mean snow depth [m]

-0.040

-0.060 — :
2010 2040 2070 2100

Figure 5.13 Panel showing temporal change in snow depth from 2010 to 2100. Plot a
shows the timeseries of spatially averaged snow depth change from three different
projections. Maps b,c, and d shows the snow depth change (2090-2100 average minus
2010-2020 average) from three projections.
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As detailed in previous chapters, changes in snow depth cannot explain all
soil thermal dynamics, but the timing and length of the snow season play a role
as well. That could be a reason for the increase in soil temperature in regions
where an increase in snow depth is not visible. Figure 5.14 shows the timeseries
of changes in snow season properties, with plots showing snow season start
date, end date and the total snow season length. On average, snow season is
shifted by almost a month in the 21st century for all RCPs (Fig. 5.14). The start
and end date of the snow season progressed towards later in the year. Later
arrival of snow covers can lead to colder soil temperatures due to lack of
insulation in early winter. On the other hand, the longer the snow cover is
conserved in spring, the later the soil starts warming, which also affects the
growing season. Late spring snow cover keeps the soil colder while air
temperatures are warming up, and delays thawing of the active layer (Marmy et
al., 2013). However, the start of the snow season is delayed more than the end
date of the snow season, which resulted in a shortened snow season length,

especially for RCP8.5 simulation (Fig. 5.14 lower plot).
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Fig 5.14 Timeseries of spatially averaged snow season start date (upper plot), end date
(middle plot), and length from 2010 to 2100 (lower plot) from three different climate
projections. Snow season is estimated by taking the days when snow depth is over 10

cm for at least 10 days from October to end of September of next year.
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A shorter snow season relates to a general soil warming in our
experiments since the number of days with snow insulation is decreased and the
warming air temperatures (Fig. 5.1) affect the soils longer in the year. However,
duration of the snow season is shortened remarkably in western Siberia and
European Russia under RCP8.5 simulation (Fig. 5.15d). Snow depth (Fig. 5.13)
and snow season length is increasing in eastern Siberia, where there is still
permafrost simulated (Fig. 5.8). All future scenarios predict an increase in snow

season length over eastern Siberia (Fig. 5.15b-d). These results show that in
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addition to snow depth, snow season length has also an important role on soil

temperature regime, hence the permafrost state.

Change in mean snow duration [days]

Figure 5.15 Panel showing temporal change in snow season length from 2010 to 2100.
Plot a shows the timeseries of spatially averaged snow season length change from three
different projections. Maps b,c, and d shows the snow season length change (2090-2100
average minus 2010-2020 average) from three projections.

As mentioned in the introduction, there are several studies showing
future changes in permafrost state. As each experiment differs in many ways, it is
worthwhile to see different precitions for future permafrost state changes. Our
estimates seem to fit within the average values given in other studies and
compared in Table 5.1. Among the selected studies, simulated permafrost area
for 2100 falls between 8.4 and 17.6 million km? for RCP2.6 (JSBACH: 12.88). For
RCP4.5, the range is between 6.3 and 14.1 (JSBACH: 9.84) million km?, while
RCP8.5 range is 2.1 and 8.5 (JSBACH: 2.88). The range of estimates for the
expected change in ALT and permafrost area seems to be rather unconstrained.

Depending on the study, we can expect almost full disappearance of the
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permafrost in modeled soil domain, while some other studies suggest much
lower decreases. The high range of estimates from different studies is related to
many factors. First of all, each study utilizes a different complexity of a land
model that has specific set of processes and internal interactions. Besides, the
experiments differ in their chosen atmospheric forcing data, land cover maps,
and their spin up procedures. Having an offline versus a fully coupled simulation
also produces distinctive results. Therefore, when comparing different estimates,
it is imperative to consider these aspects of the experiment as well.

Table 5.1 Comparison of permafrost area (2100), permafrost area loss (by 2100), and
ALT increase (by 2100) in literature.

STUDY SCENARIO PF AREA PF-LOSS ALT INCREASE
[106 km?] [%] [cm]

This study RCP2.6 12.88 7 28
RCP4.5 9.84 29 80
RCP8.5 2.88 79 170

Lawrence et al. RCP2.6 8.4 33

(2012) RCP4.5 6.3 49
RCP6.0 4.8 62 )
RCP8.5 3.5 72

Burke et al. RCP2.6 17.6 26 24

(2012) RCP4.5 14.1 40 45
RCP6.0 13.6 42 59
RCP8.5 8.5 64 93

Slater and RCP2.6 10.0 31

Lawrence RCP4.5 7.5 48

(2013)* RCP6.0 5.9 59 )
RCP8.5 2.1 85

Koven et al. RCP2.6 2-66

(2013)* RCP4.5 - 15-87 -
RCP8.5 30-99

Schneider von RCP4.5 18-37

Deimling et al. RCP6.0 - 23-47 -

(2012) RCP8.5 41-81

Saito et al.

(2007) A1B 7.3 40-57 -

?;giif)er etal A1B 7.6(+-1.3) 20-39 56-92

Koven et al.

(2011) A2B ~9.8 30 -

*multi-model mean from CMIP5 results

It is also important to mention that experiments presented in this Chapter
show a perspective into the future. Even though soil temperature is crucial to

analyze permafrost dynamics, there are more aspects of the natural system that
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are not considered here and thus limiting the accuracy of these simulations.
These include dynamically changing vegetation, additional snow processes (i.e.
snow depth hoar, snow metamorphosis, compaction, wind drift etc.), lack of a
dynamically simulated moss layer, effects of excess ground ice in specific regions,
having detailed soil parameters (i.e. soil depth, soil porosity etc.), organic matter
insulation within the soil, and lateral processes. Additionally, a better
assessment should be done having the full system (soil, atmosphere, oceans)
interacting with each other. Only in such a coupled simulation we can assess the
natural order of feedback mechanisms between different parts of the system.
Having these limitations in mind, this chapter has provided some potential
pathways for the soil physical state of northern high latitudes into the 21st

century.

5.5 CONCLUSIONS

Using a process-oriented land surface scheme, simulation results have presented
the future physical state of northern high-latitude near surface permafrost soils
under three different climate scenarios from 2010 to 2100. In parallel to the
projected soil warming, permafrost area is seen to decrease even under the most
conventional representative concentration pathway (RCP 2.6). The results show
increased active layer thicknesses (between 30 and 170 cm) and degrading
permafrost extent (between 7 and 79%) by the year 2100. However, spatial
analysis showed that the changes are not uniform over the Arctic region and
some areas are showing opposite signs of change. Permafrost proves to be most
resistant in eastern Siberia and northeastern Canada. Model soil depth is shown
to be responsible for the soil hydrological pattern. On the other hand, the
topography is important for the spatially diverse soil thermal regime hence the
permafrost conditions. Snow depth and snow season length have been identified
as major controlling factors of climate change effects on soil physical state.

These results are comparable to other studies in literature, however the model
results show a very big range of soil response to the climate change. Future
studies should include a fully coupled simulation to better quantify the changes

in permafrost and effects of permafrost carbon on climate.
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APPENDIX A: SOIL TEMPERATURE MAPS OF DIFFERENT MODEL LAYERS
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Figure Al. Soil temperature panel showing maps of simulated soil temperature (2nd
layer: 6.5 - 31 cm) at the beginning (2010 - plot a) and end of three future projections
(2090-2100 average - plots b, ¢, and d).
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Figure A2. Panel showing spatio-temporal change in soil temperature (2nd layer: 6.5 -
31 cm) from 2010 to 2100. Plot a shows the timeseries of spatially averaged soil
temperature change from three different projections. Plots b,c, and d shows the maps of
soil temperature change (2090-2100 average minus 2010-2020 average) from three
projections.
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Soil temperature [°C]

Figure A3. Soil temperature ﬁahél -s}-10>w-in-g-n-1a-ps- of simulated soil temperature (3rd
layer: 31 - 123 cm) at the beginning (2010 - plot a) and end of three future projections
(2090-2100 average - plots b, ¢, and d).
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Figure A4. Panel showing spatio-temporal change in soil temperature (3rd layer: 31 -
123 cm) from 2010 to 2100. Plot a shows the timeseries of spatially averaged soil
temperature change from three different projections. Plots b,c, and d shows the maps of
soil temperature change (2090-2100 average minus 2010-2020 average) from three
projections.
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Soil temperature [°C]

Figure A5. Soil temperature ﬁahél -s}-ldw-in-g- maps of simulated soil temperature (4t
layer: 123 - 413 cm) at the beginning (2010 - plot a) and end of three future projections
(2090-2100 average - plots b, ¢, and d).
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Figure A6. Panel showing spatio-temporal change in soil temperature (4t layer: 123 -
413 cm) from 2010 to 2100. Plot a shows the timeseries of spatially averaged soil
temperature change from three different projections. Plots b,c, and d shows the maps of
soil temperature change (2090-2100 average minus 2010-2020 average) from three
projections.
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Figure A7. Soil temperature panel showing maps of simulated soil temperature (5%
layer: 413 - 983 cm) at the beginning (2010 - plot a) and end of three future projections
(2090-2100 average - plots b, ¢, and d).

8 0 180
150W -

,,,,,,, ACPeS b) RCP26 < .

60 7 _roros AT

40 - e -

2.0

0.0 —W_

20 ; ;
2010 2040 2070 2100

Change in mean soil temperature [°C]

120w [/ o N\ 120E

30w 30E

Figure A8. Panel showing spatio-temporal change in soil temperature (5t layer: 413 -
983 cm) from 2010 to 2100. Plot a shows the timeseries of spatially averaged soil
temperature change from three different projections. Plots b,c, and d shows the maps of
soil temperature change (2090-2100 average minus 2010-2020 average) from three
projections.
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APPENDIX B: STATIC SOIL MAPS
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Figure B1. Map of soil depth used in model simulations. Soil hydrology is limited to this
soil depth value in each gridcell.
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Figure B2. Topographical map used in model simulations.
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CHAPTER 6

SUMMARY AND CONCLUSIONS
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This thesis introduces a numerical approach to represent the physics of the
processes, which are governing the state and evolution of the thermal state of
permafrost soils in a global model. As stated in the introduction, the current
modeling efforts lack a qualitative analysis of model processes, hence a multitude
of model estimates exist, mainly on soil thermal processes and soil atmosphere
couplings. To challenge this uncertainty, a permafrost specific thermo-hydraulic
approach is implemented into JSBACH model and evaluated with a range of
observations and other models. With a new set of parameterizations, model
processes that are important for the permafrost thermal regime are analyzed.
Each chapter in this thesis has aimed to answer the questions posed in the
introduction. A summary and brief outcome of the individual chapters are
provided here together with conclusive remarks and future outlooks in the field

of permafrost modeling.

6.1 Summary

The work presented here follows a stepwise approach, in four main chapters
from model development and intercomparison via process analysis to future
projections. The key points of each chapter are described in the following.

Chapter 2 has documented the permafrost specific improvements for the
JSBACH model. As part of the Max Planck Institute’s Earth System Model, the
newly developed JSBACH version is evaluated with multi-source observed data
and proven to be a capable tool for permafrost related experiments in a global
modeling framework. With the new processes, soil temperature dynamics are
captured successfully with the new processes implemented in [SBACH. However,
the model evaluations indicated biases in subsoil temperatures and active layer
thickness (ALT) estimates.

Chapter 3 has tested the model performance at different site conditions
within a broad multi-model intercomparison of different complexity of models. A
variety of modeling approaches are evaluated with site-observed data and a
basis for general permafrost modeling framework is established. Main results
demonstrate that models with explicit snow representations and some sort of

vegetation insulation perform better in representing observed soil temperature
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dynamics. Additionally models differ in their soil heat transfer formulations,
which brings up more discrepancy among model results.

Chapter 4 has demonstrated a detailed analysis of different process
representations in the JSBACH model. Experiments with improved formulations
of surface insulation and model soil discretization are performed to find the
appropriate level of detail to represent permafrost soil thermal dynamics
efficiently in a global model. Analyses of model experiments showed the
importance of dynamic surface insulation in simulating soil thermal regime.

Chapter 5 has displayed the future projections of the permafrost thermal
state by the JSBACH model forced with different climate change scenarios.
Spatial analysis of 21st century change in the northern permafrost region is
provided and environmental factors important to this change are discussed.
Similar to the findings in previous chapters, snow depth and snow timing proved
to be important regulators of soil temperature changes and hence the permafrost
state. However, the importance of topographical effects is also pointed out and
the heterogeneous response of permafrost thermal state to climate change is
analyzed.

The research questions raised in the introduction are answered
accordingly. Detailed analysis of these topics can be found in the individual
chapters.

Can permafrost processes be included within an Earth System model that
compare well to site- and global-scale datasets?

Yes. The developed JSBACH model includes permafrost specific physical
processes, which can replicate observed conditions at site- and large-scale
applications with a reasonable level of accuracy.

What is the required level of complexity in global models to estimate
permafrost thermal dynamics?

Models have to include decent soil physics coupling thermal and hydrological
states for freezing conditions. Surface insulation including a detailed snow
model together with reliable vegetation insulation is needed for any model
trying to estimate permafrost thermal dynamics.

What should be the level of detail needed in computationally efficient and

physically precise process representation for permafrost soil physics?
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Internal soil physics and surface insulation regulate the soil thermal balance.
Explicit soil freezing scheme as well as representing seasonally changing
surface insulation is required to model permafrost soil physics correctly.
Model soil column has to be at least 30-50 m in order to capture long-term
changes in the soil thermal dynamics, however the computational cost has to
be considered for such simulations.
What will be the thermal state of Arctic permafrost during the 21st
century?
According to JSBACH simulations driven by RCP scenarios, permafrost soils
will experience warming, which will result in increased active layer thickness
and permafrost degradation. Soil ice content in the permafrost regions will be
reduced due to soil thawing. Increased precipitation from climate change
scenarios will provide larger snow depths in some parts of the region,
however the increasing temperatures will decrease the snow season length in
most of the permafrost regions.
How will climate change affect permafrost states in different regions of
the Arctic?
Impact of climate change on permafrost regions will not be uniform. Changes
in the Arctic will be different in highlands and lowlands. Eastern Siberia and
northeastern Canada will be more resistant to permafrost degradation,
whereas southern borders of current permafrost extent and lowlands with
high water content will experience more severe changes in the soil thermal
regime.
6.2 Limitations
This thesis has presented a comprehensive analysis of numerical modeling of
permafrost soil physics in current and future conditions. Important factors
affecting the soil thermal regime are identified and different formulations are
analyzed to improve the accuracy of model estimates. However, as it is a
modeling study, several assumptions are made for the idealized model
experiments. Therefore, a number of issues important to the permafrost domain
are neglected here. These include the assumptions originating from the model
spatial resolution, that the model cannot capture fine-scale processes naturally

occurring below the model grid-size. Additionally, one dimensional soil
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representation prevents the representation of any lateral process. Each model
grid-cell is simulated independently, hence the possible interactions between
neighboring grid-cells are neglected. Also, the focus of this study is to represent
the soil thermal states, therefore mostly the physical processes relating to soil
thermal dynamics are discussed here. The biogeochemical interactions between
the soil thermal dynamics and the soil carbon processes are beyond the scope of
this study. Related to that, wetlands and their specific peat formation are not
included in this thesis. Finally, modeling only the soil response to atmospheric
changes is another technical assumption of this study. This thesis is aimed to
take the first step towards investigating the permafrost soil response to climatic
changes. Since the model experiments are performed offline, the potential effects
from the soil to the atmosphere are not included here.

6.3  Outlook

Findings in this thesis have helped to clarify a desirable modeling approach for
representing permafrost soils in global simulations. Due to several assumptions
described in the previous section, the results presented here can be improved by
extending the modeling approach in several possible directions. Therefore,
further model development pathways can be based on the results achieved here.

Increasing model resolution in spatial, vertical, and temporal domains will
always be an issue in next generation models. However, increasing the detail of
process representation in current models is equally important in capturing
natural dynamics of the system. As it is described in the previous chapters, the
surface insulation is a major controlling factor for the soil thermal profiles and
global models need more detailed representations of the snowpack and surface
vegetation.

Adding to that, the full suit of complex natural interactions can be
represented by coupling thermal, hydrological, and biogeochemical processes in
order to achieve increased accuracy from model estimates.

On the global perspective, the lateral and vertical couplings of different Earth
System components such as atmosphere, land, oceans, and ice sheets need to be
included in the future projections of permafrost response to climate change as
well as various feedback analysis between different components of the Earth

system.
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One of the major questions on permafrost modeling is undoubtedly the
potential feedback of permafrost carbon release to climate change. The
presented model can be extended to include a vertical soil carbon representation

and coupled simulations can be used to quantify this feedback.
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