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S U M M A RY

The land is a pivotal component of the Earth and its climate system since many
processes of natural variations in the climate system, which affect the environment
and human society, are governed by the land surface. Hence, a good representation
of the thermal and hydrological states of the land surface in climate models is
important to have a realistic simulation of the coupling between the atmosphere and
the lito-biosphere. An influencing factor for improving the realism of the ground
energy and water balance in climate models is the depth of the land zero-flux
Bottom Boundary Condition Placement (BBCP). Despite recent improvements in
modeling land surface processes in climate models, only limited attention has been
directed toward the effect of the BBCP in Land Surface Models (LSMs) and its
impact on the representation of terrestrial thermodynamics. Previous analytical
and modeling studies suggest that the simulation of subsurface thermodynamics in
current-generation climate models is not accurate due to the zero-heat-flux BBCP
being imposed too close to the surface. An insufficiently deep land component in
current-generation climate models compromises the simulation of the terrestrial
thermal state and can influence land-atmosphere interactions. Further improve-
ments in LSMs relate to the representation and sensitivity of coupling processes
between the ground thermodynamic and hydrological regimes. As moisture is one
of the main drivers of near-surface climate interactions, the hydro-thermodynamic
coupling is crucial for studying the impacts of perturbations caused by human
activity. Under climate change conditions, some areas and ecosystems are more
vulnerable to a rapidly warming world than others. Arctic regions, for example,
experience a three times larger temperature increase than the rest of the globe,
which makes them more susceptible to climate change. Therefore, a more realistic
thermodynamic and hydrodynamic simulation of land surface processes is desired
to more accurately assess anthropogenically forced changes in warming-sensitive
regions. The overarching objective of this thesis is to provide a deeper understanding
of the hydro-thermodynamics of land surface processes that can be used to improve
current-generation climate models. This general purpose is split into several specific
objectives.

The first objective is to provide an accurate analytical framework to derive case-
dependent BBCP-depth requirements for current-generation climate models. Hence,
this thesis intends to bridge the gap between analytical and simulation-based
estimates of the ground thermodynamic state by adapting the classic analytical
framework to mimic the surface warming of the 21st century projected by a land
surface model with a progressively increasing depth. An agreement between the
simulation-based and analytical frameworks can be established for the first time
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when adapting the classic analytical approach to mimic the simulated surface
temperature signal. The results are relevant for the climate modeling community by
promoting a more realistic representation of the ground heat storage and exchange
and allowing for a refined estimate of the required BBCP-depth in Earth System
Model climate-change simulations.

As a second objective, the thesis also aims to assess the sensitivity of JSBACH
to changes in BBCP-depth and investigate its influence on the simulated terrestrial
energy and subsurface thermal state in climate change simulations. The impacts of
deepening the bottom boundary on near-surface temperatures range from 0.5 to
1.5 K over most land areas, with the largest changes occurring in the high north-
ern latitudes, consistent with polar amplification. The results illustrate significant
changes in the soil thermal regime, with major effects of the BBCP-depth increase
on land energy storage.

Further, the thesis aims to test the sensitivity of stand-alone LSM simulations
to modifying soil hydro-thermodynamic coupling processes and variations in the
characteristics of hydrologically relevant soil properties. The changes involve 1) an
improved soil physical representation of hydro-thermodynamic interaction via latent
heat exchange, snow-layering, and moisture-dependent soil thermal properties,
and 2) the model sensitivity to variations in soil structural properties, such as
the bedrock limit and plant root depth, and their contribution to the simulation
of soil temperature and soil moisture. Implementing water phase changes and
supercooled water in the ground creates a coupling between the soil thermal and
hydrological regimes through latent heat exchange. Momentous effects on near-
surface temperature can be found at regional scales. The model’s sensitivity to
different soil parameter datasets is low but shows important implications for the
root-zone soil-moisture content. The evolution of permafrost under pre-industrial
forcing conditions emerges in simulated trajectories of stable states that differ by
4–6·106 km2 and shows large differences in the spatial extent of 105–106 km2 by 2100,
depending on the model configuration.

The final objective of this thesis is to extend the analysis of the soil thermodynamic
sensitivity from the BBCP-depth increase in fully coupled Earth System Model (ESM)
simulations. This enables isolation of simulated land surface changes generated by
the implemented modifications and analysis of land-atmosphere coupling mech-
anisms and eventual land-climate feedbacks. The results indicate that changes in
the ground in the coupled ESM are of a similar magnitude as in the stand-alone
LSM. A distinction between passive and active climate land-climate feedbacks can
be identified. The former acts as a buffer that balances temperature variations at the
land surface by reducing the variability and magnitude of the response to external
forcing for near-surface atmospheric temperature due to increased thermal inertia
of the deeper ESM. The active feedback indicates a redistribution of energy in the
climate subsystems induced by the deep model’s increase of land energy storage
that bypasses the near-surface atmospheric conditions due to the atmosphere’s low
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heat storage capacity, which leaves the land-surface mean climate state virtually
unchanged in the deep model. The subsurface itself, however, shows significant
changes under transient climate conditions, which may be important in climate
models with a more realistic hydro-thermodynamic representation of physical pro-
cesses in the portion of the ground column that hosts water, as well as for climate
impact studies (e.g., agricultural).



R E S U M E N

El suelo es un componente fundamental de la Tierra y su sistema climático, ya que
muchos procesos de variabilidad natural en el sistema climático, que afectan al
medio ambiente y la sociedad humana, se ruigen por lo que ocurre en la superficie
terrestre. Por lo tanto, una buena representación de los estados térmicos e hidrológi-
cos de la superficie terrestre en los modelos climáticos es importante para tener una
simulación realista del acoplamiento entre la atmósfera y la lito-biosfera. Un factor
que influye en la mejora del realismo de la energía del suelo y el equilibrio hídrico en
los modelos climáticos es la profundidad de la posición de la condición de contorno
del fondo (BBCP) de la tierra. Los estudios anteriores sugieren que la simulación de
la termodinámica del subsuelo en los modelos climáticos de la generación actual
no es precisa debido a que el BBCP de flujo de calor cero se impone demasiado
cerca de la superficie. Una componente terrestre insuficientemente profunda en los
modelos climáticos compromete la simulación del estado térmico terrestre y puede
influir en las interacciones tierra-atmósfera. Otras mejoras en los LSM se relacionan
con la representación y la sensibilidad de los procesos de acoplamiento entre los
regímenes hidrológico y termodinámico del suelo. Dado que la humedad es uno de
los principales impulsores de las interacciones climáticas cercanas a la superficie, el
acoplamiento hidro-termodinámico es crucial para estudiar los impactos de las per-
turbaciones causadas por la actividad humana. En condiciones de cambio climático,
algunos hábitats y ecosistemas son más vulnerables que otros en un mundo que
se calienta rápidamente en un contexto de vertiginoso cambio global. Las regiones
árticas, por ejemplo, experimentan un aumento de temperatura tres veces mayor
que el resto del planeta, lo que las hace más susceptibles al cambio climático. Por lo
tanto, se precisa una simulación termodinámica e hidrodinámica más realista de
los procesos de la superficie terrestre para evaluar con mayor precisión los cambios
forzados antropogénicamente en regiones sensibles al calentamiento. El objetivo
general de esta tesis es proporcionar una comprensión más profunda de la hidro-
termodinámica de los procesos de la superficie terrestre que se puede utilizar para
mejorar los modelos climáticos de la generación actual. Este se divide en varios
objetivos específicos.

El primer objetivo es proporcionar un marco analítico preciso con que obtener
la profundidad de BBCP requerida en diferentes casos para los modelos climáticos
de la generación actual. Por ello, esta tesis pretende cerrar la brecha entre las
estimaciones analíticas y basadas en simulación del estado termodinámico del suelo,
adaptando el marco analítico clásico con el fin de imitar el calentamiento de la
superficie del siglo XXI proyectado por un modelo de superficie terrestre con un
aumento progresivo de la profundidad. Se puede establecer un acuerdo entre los
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marcos analítico y basado en simulación por primera vez cuando se adapta el
enfoque analítico clásico para imitar la señal de temperatura de superficie simulada.
Los resultados son relevantes para la comunidad de modelos climáticos, al promover
una representación más realista del almacenamiento e intercambio de calor del suelo,
y permiten una estimación refinada de la profundidad de BBCP requerida para
simulaciones de cambio climático con modelos del sistema terrestre.

Como segundo objetivo, la tesis pretende evaluar la sensibilidad de JSBACH a
los cambios en la profundidad del BBCP e investigar su influencia en la energía
terrestre simulada y el estado térmico del subsuelo en simulaciones de cambio
climático. El impacto de desplazar en profundidad la condición de contorno inferior
en las temperaturas cerca de la superficie está en el rango de 0.5 a 1.5 K en la
mayoría de las áreas terrestres, y los cambios más grandes ocurren en latitudes
altas del hemisferio norte. Los resultados muestran impactos significativos en el
régimen térmico del suelo, con efecto del aumento de la profundidad de BBCP en el
almacenamiento de energía terrestre.

Además, la tesis tiene como objetivo poner a prueba la sensibilidad de las si-
mulaciones con el LSM aislado al modificar los procesos de acoplamiento hidro-
termodinámico del suelo y las características de las propiedades del suelo hidro-
lógicamente relevantes. La implementación de cambios de fase del agua y agua
sobreenfriada en el suelo crea un acoplamiento entre los regímenes térmico e hidro-
lógico del suelo a través del intercambio de calor latente. Se pueden encontrar efectos
transitorios en escalas regionales sobre las temperaturas cercanas a la superficie.
La sensibilidad del modelo al espacio de humedad del suelo es baja, pero muestra
importantes implicaciones para el contenido de humedad del suelo en la zona de las
raíces. La evolución del permafrost bajo condiciones preindustriales de forzamiento
evoluciona en estados estables que difieren en 4–6·106 km2 y muestra grandes dife-
rencias en la extensión espacial de 105–106 km2 hasta el año 2100, dependiendo de
la configuración del modelo.

El objetivo final de esta tesis es ampliar el conocimiento sobre la sensibilidad
termodinámica del suelo al aumento de profundidad de BBCP en simulaciones de
Earth System Model (ESM) totalmente acopladas. Esto permite separar los cambios
simulados en la superficie terrestre generados por las modificaciones implementadas
derivadas del análisis de los mecanismos de acoplamiento tierra-atmósfera y even-
tuales retroalimentaciones tierra-clima. Una fuente de retroalimentación climática
pasiva actúa como un amortiguador que equilibra las variaciones de temperatura en
la superficie de la tierra al reducir la variabilidad y la magnitud de la respuesta al
forzamiento externo cercana a la superficie. La retroalimentación activa indica una
redistribución de energía en los subsistemas climáticos, inducida por el aumento de
la capacidad del almacenamiento de energía terrestre del modelo profundo, pasando
por alto las condiciones atmosféricas cercanas a la superficie. Esto se traduce en
un estado en superficie sin cambios en el modelo profundo. El subsuelo en sí, sin
embargo, muestra cambios significativos en condiciones climáticas transitorias, que
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pueden volverse importantes en modelos climáticos con una representación hidro-
termodinámica más realista de los procesos físicos en la parte de la columna del
suelo que alberga agua, así como para el impacto climático (por ejemplo, estudios
agrícolas).
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1T H E L A N D S U R FA C E I N T H E C L I M AT E S Y S T E M

This chapter introduces the background, motivation and scientific research questions
that build the core of this thesis. The first part (Sect. 1.1) of this chapter gives an
overview of the relevance of the land areas in the Earth’s climate system and the
interactions with the atmosphere. Further, it frames how the land surface is involved
in the Earth’s energy balance under stable and transient climate conditions and
pictures how the associated surface temperature changes propagate into the soil.
Since heat conduction is the main method of heat distribution in the ground, its
main features and to what extent it governs the soil hydro-thermodynamic state are
described in Section 1.2. Some land areas, such as the high northern-latitude cold
regions, are more sensitive to climate change than others due to several feedback
mechanisms contributing to polar amplification. Therefore, Section 1.3 also focuses
on the main hydro- and thermodynamic processes in those regions that become of
particular importance under drastically changing surface climate conditions. This
is followed by Section 1.4, concentrating on how the mechanisms of the previous
sections are considered in current-generation climate models, with a particular focus
on the relevance of the bottom boundary placement in the land component of climate
models addressed in Section 1.5. The last part (Sect. 1.6) of this chapter is devoted to
the structure and the major research questions that motivate the work presented
in this thesis. Overall, this chapter constructs a framework, which addresses the
relevance of the soil thermodynamics for the climate system and how it affects the
response of land surface processes to anthropogenic climate change conditions.

1.1 land-atmosphere interaction and terrestrial thermal state

The land, including its ecosystems, is a pivotal component of the Earth’s climate
system (e.g., Geiger, 1965; Pitman, 2003). It provides the basis for human, terrestrial
animal, and plant livelihood and well-being, involving food and freshwater supply,
and the environmental conditions for evolution to thrive and help develop intelligent

1



2 the land surface in the climate system

life (Russell, 1981). Although the relevance of the Earth’s surface in the climate
system was established over half a century ago (e.g., Budyko et al., 1974), the
important role of the land in the climate system was recognized only relatively
recently (e.g., Dickinson, 1995a,b; Garratt, 1993). Many processes of the natural
variations in the climate system (Fig. 1.1), affecting the environment and human
society, are governed by the land surface (Bonan, 2015). These processes occur at
various temporal and spatial scales and interact with the adjacent atmosphere, ocean
and cryosphere (Fig. 1.1).

The land areas provide a lower boundary for the atmosphere. Major land-
atmosphere interactions are determined by energy, momentum and water exchange,
as well as biogeochemical cycles, which are all modulated by surface and subsurface
(lithosphere) properties and processes. Hydrological and biogeochemical processes
only take place in the lithosphere, while energy is also exchanged between the litho-
sphere and the solid pedosphere below. In the same way the atmosphere is driving
the land surface, it gets feedback from the land surface. These land-atmosphere
interactions act as an important regulator for feedback cycles in the climate system.Land–

atmosphere
interac-

tions

They impact near-surface weather variables such as temperature, humidity, wind
speed, cloud formation and precipitation (Brubaker and Entekhabi, 1996; Dickinson,
1995b). Thus, atmospheric conditions are strongly dependent on associated fluxes
coming from land areas.

An essential aspect of land-atmosphere interactions is the non-linear behavior of
the Earth System components to energy and water balance variations and surface
condition changes. At the land surface, the energy balance is determined by the
net incoming solar radiation, the advective Sensible Heat Flux (SHF) away from the
surface, the Latent Heat Flux (LHF) incorporating water phase changes, and the
Ground Heat Flux with respect to energy storage into or release from the ground
(Geiger, 1965; Kollet et al., 2009; Yang et al., 1999). The turbulent fluxes regulate
evapotranspiration that influences clouds, and in turn, atmospheric emissivity alters
the ratio of incoming and outgoing radiation. Similarly, increased surface albedo
from Land Use Land Cover (LULC) changes, or decreased albedo from snow cover
changes, can influence the radiative forcing at the surface and cause warming or
cooling responses that, in turn, affect the near-surface weather and climate (e.g.,
Lorenz et al., 2016). Those changes may also impact the atmosphere and mainLand

surface
energy
fluxes

ocean modes of circulation and influence climate subsystem interaction on various
spatial and temporal scales (Zorita et al., 2005), e.g., the spatial distribution of air
temperature and precipitation (Bonan, 1995; Brubaker and Entekhabi, 1996; Lorenz
et al., 2016), surface snow and vegetation cover (Duffy and Bennartz, 2018; Dutra
et al., 2011; Forzieri et al., 2020; Guillevic et al., 2002), soil temperature and moisture
(Delworth and Manabe, 1988; Jin and Mullens, 2014; Koster and Mahanama, 2012;
Stieglitz and Smerdon, 2007), and the capability of the lithosphere and pedosphere to
store energy (Bodri and Cermak, 2007; MacDougall et al., 2008; Weidong et al., 2002).
For example, Wang (1991) reported that a surface temperature change of 1 K over
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one month can cause significant temperature, humidity and precipitation increases,
as well as surface-level pressure decrease. In turn, these changed conditions may
influence plant growth and diversity, determining the length of the growing seasons,
germination, soil nutrient availability, and thus directly impacting food productivity
(De Vrese et al., 2018; IPCC, 2019).

Figure 1.1: The land in the climate system. The climate system, its subsystems and
relevant processes and interactions. From WOR1 (2010).

The fluxes of heat, moisture and carbon are affected by energy storage and
transport at the land-atmosphere interface subject to the Earth’s energy balance.
The Earth absorbs much of the incoming short-wave solar radiation. To maintain
radiative equilibrium, the Earth must radiate the energy away at the same rate
it is received. Atmospheric trace gases such as carbon dioxide (CO2), methane Earth’s

energy
balance

(CH4), and water vapor allow the incoming short-wave radiation of the sun to pass
through initially. Part of the downward radiation is reflected back to space during
its path through the atmosphere and at the surface. The part that reaches the ground
gets either absorbed at the Earth’s surface and radiated back as outgoing long-
wave radiation or directly reflected by the surface as short-wave radiation (Fig. 1.1).
Much of the upwelling terrestrial long-wave radiation from the land surface is
absorbed by the atmosphere owing to the presence of the atmospheric trace gases
that prevent the outgoing long-wave radiation from radiating back into space. The
Earth’s surface receives an additional indirect contribution of atmospheric long-wave
radiation from greenhouse gas (GHG) absorption. This effect is commonly known
as the (natural) greenhouse effect, which significantly increases the global mean
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atmospheric temperatures (Arrhenius, 1896). Together with solar radiative activity
and orbital positioning, natural greenhouse gases act as an external forcing to the
state of the climate system.

Currently, the Earth system is in radiative imbalance due to anthropogenic emis-
sions of GHGs into the atmosphere. Industrial development, taking place since
the middle of the 19th century, brought subsequent and significant changes to
the concentration of greenhouse gases in the Earth’s atmosphere leading to a rise
in the global mean temperature. It is virtually certain that the Earth has gainedRadiative

imbalance energy in the last four decades with a permanent energy imbalance at the top of
the atmosphere (Hansen et al., 2005, 2011; Trenberth et al., 2009). Due to the release
of anthropogenic GHGs, the atmosphere is becoming more enriched in CO2 and
other climate-relevant trace gases. Incoming short-wave and outgoing long-wave
radiation at the top of the atmosphere, which are equal in an equilibrated system,
have differed substantially for recent decades (e.g., Trenberth et al., 2014, 2009). The
progressive accumulation of energy in the Earth system gradually increases the
amount of heat distributed into the respective system components while increasing
the system’s temperature and thereby the outgoing energy until the system reaches
equilibrium again.

The excess energy budget from the radiative imbalance is stored in the Earth
system components, mostly the ocean, the land and the atmosphere (Church et al.,
2011; Levitus et al., 2012, 2005). The Earth System components store about 35 % of the
incoming energy (Levitus et al., 2005). The distribution of the excess energy in theClimate

system
energy
storage

climate system and the exchange between the Earth’s surface and the atmosphere
is modulated by the energy balance at the surface interface. Observations from
Levitus et al. (2005, and references therein) show that between 1955 and 1998, the
ocean took up about 145 ZJ (1 ZJ = 1·1021 J) of additional energy. The evaluation of
energy inventories by (IPCC, 2013) partitioned the relative energy storage in the
Earth system into ocean warming (93 %), cryosphere melting (3 %), and lithosphere
(3 %) and atmosphere (1 %) warming; the numbers being recently revised with a
higher contribution of the land subsurface to 89 %, 4 %, 6 %, and 1 % respectively
(Cuesta-Valero et al., 2021; Von Schuckmann et al., 2020).

Even with the ocean being the dominant contribution to the Earth’s energy
storage (Levitus et al., 2012; Ortega et al., 2013), there is an important role of the
land component in the global energy balance, as the rate of energy storage with
the changing climate is not evenly distributed over the climate subsystems. The
global temperature increase is more prominent in land areas, particularly in the
high northern latitudes (Biskaborn et al., 2019; Groisman and Soja, 2007; Serreze
et al., 2000), which are more sensitive to climate warming (Koven et al., 2013; Miller
et al., 2010) as a result of several factors including ice-albedo feedback, sensible
(rather than latent) heating at high latitudes, and ocean-to-atmosphere heat transfer
from the sea-ice cover changes (Dai et al., 2019; Rind, 2008; Singarayer and Valdes,
2010). The continental land areas represent both a source and a sink of GHGs from
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vegetation cover changes and carbon that is stored underground. The terrestrial
carbon budget is sensitive to climate change, such as through high-latitude carbon
release from wildfires and permafrost thaw (Holloway et al., 2020; Koven et al., 2013;
Walker et al., 2019), or through anthropogenic LULC changes, such as deforestation
in the tropics where more than 20 % of the atmospheric CO2 is stored (IPCC, 2014).
Thus, land areas play a key role in the exchange of energy, water, carbon and aerosols
between the land surface and atmosphere, which have major climate, environmental,
and societal impacts (e.g., Betts, 2007; De Vrese et al., 2018; Suni et al., 2015).

Under non-stable climate conditions, the ability of the land surface to absorb,
reflect or dissipate incoming solar energy is highly dependent on the land surface
parameters. Sensible and latent heat exchanges depend on the soil thermal and
hydrological states that are the result of soil properties (e.g., soil types, rough-
ness length) and their changes in biophysical and biogeochemical processes (e.g.,
Brubaker and Entekhabi, 1996; Dennis and Berbery, 2020; Koster et al., 2004), as Land

under
climate
change
condi-
tions

well as on vegetation changes, snow cover dynamics, and biogeophysical/biogeo-
chemical processes that influence land-atmosphere interactions (Bonan, 1995, 2015;
Melo-Aguilar et al., 2018; Seneviratne et al., 2010). Vegetation and snow cover sig-
nificantly alter the surface albedo, which can lead to positive feedback loops, such
as the snow-albedo feedback. The latter describes initial warming that reduces the
amount of terrestrial snow cover. Less snow cover reduces the surface albedo and
leads to increased soil warming, which in turn causes enhanced snow melting. As
the snow has a strongly insulating effect, it builds a natural barrier between the
ground and the air above, leading to a measurable offset in the coupling between
ground and air temperatures (Beltrami and Kellman, 2003; Melo-Aguilar et al., 2018;
Pollack and Huang, 2000; Smerdon et al., 2004; Stieglitz et al., 2003) and reducing the
release of heat from the land into the atmosphere. Vegetation cover and land surface
heterogeneity also impact the radiation budget before it even reaches the ground
(De Vrese et al., 2016). In the ground, at and below the surface, the partitioning of
incoming energy is determined by soil type and properties, as well as the presence
of soil moisture (Wu et al., 2020). The land energy and water balance are coupled
through latent heat exchange due to water phase changes and surface evapotran-
spiration (Lehmann et al., 2018). Dry soils lack the ability to release water, so that
most of the incoming net energy is transferred via the SHF (Seneviratne et al., 2010).
Further, the release/uptake of latent heat influences the soil and surface energy
balance and affects the atmospheric circulation (Hagemann et al., 2016; Jaeger and
Seneviratne, 2011). In moist soils (or water bodies), evaporation/evapotranspiration
takes place and results in relative cooling. Particularly in cold-region climates, the
release of latent heat from melting or freezing soil water delays the change of soil
temperatures commonly referred to as the zero-curtain effect (Outcalt et al., 1990).
Evapotranspiration in high latitudes is limited due to lower net radiation and a
short growing season but can still affect the net energy balance at the land surface.
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With a surface climate likely to experience further warming in the 21st century
(IPCC, 2018) due to the expected increase of the anthropogenic external forcing,
natural variability will play a lower role in the affected temperature response
pattern. In contrast to the fluid atmosphere and oceans, the land surface is relatively
solid. It thus is predominantly influenced by weather and climate variations at its
interfaces, rather than developing its own dynamic climate variability, including,Climate

variability for example, dynamic vegetation response. However, regions sensitive to climate
change have a strong contribution to the associated regional climate variations. Thus,
there is a role of the land surface via non-linear dynamics that produce variability
on longer timescales, including decadal and centennial, that is yet to be further
analyzed. Pre-anthropogenic temperature variability, as a response to the natural
external forcing, can be found from climate reconstructions (e.g., Bodri and Cermak,
2007; Cermak, 1971), whereas information about the post-industrial patterns is
evident from observations (Baker and Baker, 2002). Investigating the magnitude
and distribution of the global temperature pattern in a comparison of the pre- and
post-industrial states gives insight into the sensitivity of temperature variability to
changes in the anthropogenic forcing agents. Additionally, it addresses whether
the post-industrial temperature variations can be explained by the range of natural
variability or are a distinctive response to enhanced GHG emissions.

1.2 subsurface hydro-thermal regime

Understanding the land subsurface thermal state is important as it determines key
soil physical processes that control the rates and directions of heat and water fluxes
into the ground and the energy exchange with the atmosphere (Bodri and Cermak,
2007). In the absence of heat advection and convection, the thermal regime is con-Heat con-

duction ductive and temperature changes at the surface propagate downwards depending
on the effective diffusivity (Carslaw and Jaeger, 1959; Turcotte and Schubert, 2014).
The thermodynamic state is determined by the vertical temperature distribution
(Carslaw and Jaeger, 1959; Lesperance et al., 2010), which is primarily affected by
soil properties such as the thermal conductivity and heat capacity (Pollack et al.,
2005). The soil conductive properties are variable in space, related to soil type
and texture (Jackson and Taylor, 1986; Sorour et al., 1990; Turcotte and Schubert,
2014), and in time, from interactions with hydrology through water phase changes
affecting temporal variations of the soil moisture content (Abu-Hamdeh and Reeder,
2000; Loranty et al., 2018; Sorour et al., 1990). Since temperature is an expression of
kinetic energy, a temperature difference within the soil generally causes a transfer
of energy from warm to cold areas. This process is done via conduction (analogous
to diffusion in fluid mediums) of heat that tends to equilibrate the thermal state of
the soil over time under stable external forcing conditions. The conductive process
is exponential with ground depth and is dependent on the length of surface signal
persistence, which leads to frequency-dependent variations of the terrestrial thermal
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state in different ground layers. The resulting variations heat propagation into the
ground can affect the terrestrial energy budget, which might have a considerable
influence on the interaction of the land with other climate subsystems (Bonan, 1995;
Brubaker and Entekhabi, 1996; Von Schuckmann et al., 2020).

Figure 1.2: Signal propagation into the ground. Idealized soil temperature variation of a
harmonic daily cycle for various depths. The peak temperature is damped and phase shifted
progressively with depth. The idealized daily signal attenuates completely in about 50 cm
soil depth. From Hillel (1998).

With its multiple cycle variations from daily to millennial timescales, the surface
air temperature is the result of the superposition of harmonic signals. The ground
behaves as a low-pass filter (Fig. 1.2), so that waves get phase-shifted and expo-
nentially attenuated as they propagate deeper into the subsurface, to a depth at
which the influence of the surface signal on the subsurface thermal state disappears.
The shorter the temporal scale of the surface temperature signal, the stronger the

Frequency–
dependent
signal
propaga-
tion

attenuation, whereas for longer period oscillations (e.g., centennial or millennial),
the damping of the temperature signal is weaker. Depending on the soil thermal
properties, annual variations of the atmospheric surface temperature can be detected
down to a depth of 10–20 m (Mareschal and Beltrami, 1992; Smerdon et al., 2004,
2003; Yershov, 1998). Low-frequency signals, of, for example, centennial timescales,
can reach down to 150 m (Pollack and Huang, 2000). When considering climate
scenario simulations of about one century, a soil depth of 200 m is considered to
be sufficient to simulate the soil energy properly from an analytical point of view
(Fig. 1.3). However, longer period oscillations of millennial extent will be notice-
able in a depth of about 500 m. Following that, there is a high likelihood that the
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Figure 1.3: Frequency-dependent amplitude attenuation of a sinusoid thermal wave
in the ground. a) Analytical amplitude attenuation [%] with depth of a sinusoid thermal
wave propagating into the ground with a thermal diffusivity of k = 0.79·10�6 m2s�1 for
signals with different period lengths [years]. Adapted from Pollack and Huang (2000). b)
Frequency-dependent [years] analytical estimates of the soil propagation depth [m] reached
by a surface sinusoid thermal wave with an amplitude attenuation of 99.5 % of the surface
signal amplitude into ground with a thermal diffusivity of k = 0.79·10�6 m2s�1.

simulations using a shallow soil model are compromised in calculating a proper
subsurface heat storage and thermal state.

In general, the presence of water in the land system constitutes important effects
on the land energy and water balance in regions where vegetation processes control
evapotranspiration (Forzieri et al., 2020; Guillevic et al., 2002; Hong et al., 2009;
Lawrence et al., 2007). Moisture has a distinctive influence on the damping depth
of the temperature wave as it influences the ground thermal diffusivity (Sun and
Zhang, 2004). Since water has a larger ability to conduct heat than air, higher (lower)Soil

moisture
influence

soil water content leads to higher (lower) thermal diffusivity. Soil porosity plays a
significant role here, as it determines the pore space in which water may be present
to cause variations in soil conductive properties on various timescales (Hillel, 1998;
Richards, 1931). Since the soil textural properties can usually be assumed to be
constant over time, the amplitude and frequency of soil moisture cycles can play a
large role in determining the effective soil thermal properties and their temporal
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variability. The vertical movement and distribution of water in the ground are
limited by the ground bedrock level. Water storage is affected by the depth of roots
and bedrock that regulate the range within which plants interact with soil moisture.
Water content is usually confined within the first few meters below the surface and
is also influenced by heat conducted to and from the deeper subsurface. Below
the soil, the bedrock only hosts thermal exchange through heat conduction (e.g.,
Carslaw and Jaeger, 1959). At the same time, soil temperature gradients influence
moisture distribution and movement. Further, the conductive process in the soil
can be modified if latent heat from water phase changes affects the soil thermal
properties (Sorour et al., 1990). If the soil contains enough moisture, the energy
from the phase change of soil water is present as LHF (Woo, 2012). That is why
water storage on land in the form of soil moisture, groundwater, snow, and ice acts
as an important memory component in the climate system (e.g., Dirmeyer et al.,
2009; Hagemann et al., 2016; Hagemann and Stacke, 2015; Koster and Suarez, 2001;
Seneviratne et al., 2006), similar to the storage of energy.

1.3 cold-climate environments

The buffering memory effect of soil water that dampens and delays sudden surface
variations is important in climate-change sensitive regions. It comprises latent
heat fluxes that keep soil temperature changes modest by balancing the heat flux
partitioning and relies on soil moisture reservoirs below the root zone that are not
easily accessible by plants for evapotranspiration exchanges at the land surface.
Under climate change conditions, some ecosystems are more vulnerable to a rapidly
warming world than others, identified as tipping elements of the Earth’s climate Cold–

region
climate
change

system (Froese et al., 2008; Lenton, 2012; Lenton et al., 2008). A prominent example
is the cold-climate environments in polar regions, mountain environments, and mid-
to-high latitude plateaus (McGuire et al., 2018; Oliva and Fritz, 2018a). Arctic areas,
for example, have been experiencing three times mean land-surface temperature
warming changes as large as the global mean over the last 50 years (AMAP, 2021;
Biskaborn et al., 2019). This warming is larger than in recent estimates (AMAP, 2017;
IPCC, 2013) and highlights the sensitivity of these regions to global warming. This
rapid warming is caused by several regional positive climate feedbacks (e.g., Chapin
et al., 2005; Chapin et al., 2008), such as the snow-albedo, sea-ice and cloud-cover
climate feedbacks contributing to polar amplification (Manabe and Stouffer, 1980;
Miller et al., 2010).

Key indicators of environmental and ecological changes in cold-climate regions
are temperature, precipitation, snow cover, sea ice extent, and permafrost thaw (Box
et al., 2019; Oliva and Fritz, 2018b; Williams and Smith, 1989). Arctic ecosystems are
experiencing rapid and transformational changes affecting productivity, seasonality,
distribution and interactions of species in terrestrial environmental and ecological
conditions (Rowland et al., 2010), as well as the cycling of CO2 and other GHGs
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(De Vrese and Brovkin, 2021; Loranty et al., 2018; Natali et al., 2021; Oliva and Fritz,
2018a). Increasing temperatures and associated changes pose widespread risks to
safety, health, well-being, and infrastructure and cause major socioeconomic impacts
(e.g., Hjort et al., 2018; Schneider von Deimling et al., 2020). At the same time,
warming in the Arctic grants new or easier access to oil, gas and mineral resources,
and fishing grounds (Crépin et al., 2017).

Although there is currently no agreement on the impact of intensified Arctic
climate change on mid-latitude weather, there are hints on potential and important
relationships to extreme weather such as severe temperature and precipitation
events (Beer et al., 2018; Woo et al., 2008). Ecosystem changes in the Arctic regions
can impact the global climate system (Schaefer et al., 2014; Schuur et al., 2015),
although the future direction and magnitude of these feedbacks are still uncertain
(e.g., AMAP, 2021). For example, the degradation of permanently frozen soil thatPerma-

frost releases GHGs into the atmosphere from organic matter decomposition in warming
soils. Perennially frozen ground that remains below 0�C for at least two consecutive
years is defined as permafrost (e.g., French, 2013; Woo, 2012). Nowadays, permafrost
is estimated to occupy 20–25 % of the Northern Hemisphere (NH) land (Brown
et al., 2002; Gruber, 2012; Zhang et al., 2008). The top of the permafrost soil is
modulated by the base of the active layer that undergoes seasonal freezing and
thawing (e.g., Dobiński, 2020). The active layer separates the permafrost from
the atmosphere by building a boundary layer in the upper meters of the soil
with seasonal variations of vegetation and snow cover at the land surface. Below
the active layer, there is perennially frozen ground. The spatial distribution and
thickness of permafrost generally change with regional temperature variations
(Delisle, 2007; Froese et al., 2008; Woo, 2012), but snow and vegetation cover (Mölders
and Romanovsky, 2006; Porada et al., 2016) and hydrological conditions can cause
significant regional variations (Groisman and Soja, 2007; Koven et al., 2013). On a
regional scale, permafrost extent may also be influenced by topographical features
(Gruber, 2012). Vegetation and snow cover protects the ground from warmer air
temperatures during summer (Bartlett, 2004; Cook et al., 2008), either by direct
insulation or the casting of shadows aiding the cooling of the ground temperature
due to evapotranspiration. North of the tree line, snow is a better insulator because
it can be deeper and less dense than high-latitude vegetation (Sturm et al., 2001).
Generally, an organic layer also aids the persistence of permafrost, reducing the
heat flow into the ground and the evapotranspiration of water out of the ground in
summer (Jafarov and Schaefer, 2016; Lawrence and Slater, 2008). Only in autumn,
the increase of moisture from precipitation increases the thermal conductivity of the
organic layer, particularly when frozen, facilitating land-atmosphere heat transport
(Göckede et al., 2017). The importance of the organic layer, particularly in Arctic
regions, has been pointed out by several studies (e.g., Beringer et al., 2001; Rinke
et al., 2008).
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Observations suggest that permafrost is reducing in spatial (horizontal and ver-
tical) extent with anthropogenic warming (Biskaborn et al., 2019; Jorgenson et al.,
2001; Obu et al., 2019; Zhang et al., 2005). In turn, organic carbon of about 1672 Pg
(Tarnocai et al., 2009) and soil nutrients that have accumulated in the ground prior to
or during the first ice age about 2.4 million years ago (Froese et al., 2008; Osterkamp
and Burn, 2003; Shi et al., 2020) are getting released into the atmosphere through Perma-

frost
degrada-
tion

microbial organic matter decomposition as temperatures increase (Heimann and
Reichstein, 2008; Jansson and Taş, 2014; Koven et al., 2011; Schuur et al., 2008).
Additionally, the occurrence of wildfire events increases (Gibson et al., 2018; Hol-
loway et al., 2020; Walker et al., 2019), as well as polar amplification intensifies
due to ice-snow-albedo feedback (Manabe and Stouffer, 1980; Miller et al., 2010).
The degradation of permafrost causes positive permafrost-carbon feedback that
enhances global climate change (e.g., Abbott and Jones, 2015; Koven et al., 2011;
Voigt et al., 2017), and is likely sensitive to terrestrial temperature and water variabil-
ity on a global scale (Humphrey et al., 2021, 2018; Jung et al., 2017). The expected
potential carbon release from present permafrost soils amounts to 37–347 Gt by 2100 Land

carbon
source

under a ’business-as-usual’ climate trajectory (Koven et al., 2015; Schaefer et al.,
2011; Schuur et al., 2015). For comparison, the remaining global carbon emissions
budget for a 1.5–2.0�C warming target discussed in IPCC (2018) is estimated to
be 150–330 Gt (Gasser et al., 2018). Further, a decrease in the extent of permafrost
areas is particularly important because the frozen soil underneath the active layer
blocks the vertical movement of water (Bockheim, 2015; Woo et al., 2008). With an
extended active layer thickness, near-surface soil moisture is likely decreasing (Torre
Jorgenson et al., 2013), thus reducing the volume of soil water that is available for
refreezing (Seneviratne et al., 2010).

Climate warming leading to significant increases in land carbon sources may also
lead to ecosystem changes (Schuur and MacK, 2018) and extended vegetative growth
toward the poles (Bonfils et al., 2012; Epstein et al., 2013; Myers-Smith et al., 2011),
known as Arctic greening (e.g., Berner et al., 2020; Keenan and Riley, 2018; Mohan,
2019). The increase in biomass in the high northern latitudes leads to increased
rates of photosynthesis of plants from CO2-fertilization (Zhu et al., 2016), which
binds anthropogenic GHGs from the atmosphere and acts as a land carbon sink
(Keenan and Williams, 2018). However, yet there is only limited agreement about
the magnitude of these counteracting mechanisms to climate change (Abbott et al.,
2016) since the temperature is only one environmental factor that encourages plant
growth in the subpolar and polar regions (AMAP, 2021; Lawrence and Swenson,
2011; Swann et al., 2010).

It is also expected that, in a warming climate, the amount of snow-covered
ground is reduced while increasing the area of soil exposed to the interaction Snow

cover
retreat

with the atmosphere (Bartlett, 2004; Biskaborn et al., 2019; García-García et al.,
2019; Pulliainen et al., 2020; Romanovsky et al., 2010; Soong et al., 2020). With
missing snow cover, atmospheric temperature changes can penetrate the ground
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and change the distribution of energy in the climate subsystems. In turn, permafrost
soils become more vulnerable to increasing surface temperatures. The duration and
depth of snow cover influence the propagation of the air temperature signal into
the ground and can lead to variations in the land-air temperature relationship at
decadal (Bartlett, 2005) and centennial (Melo-Aguilar et al., 2018) timescales.

1.4 current state of terrestrial ecosystem modeling

In order to understand the influence of natural and anthropogenic variations on
the Earth’s climate system and their corresponding effects on global ecosystems
and socio-economic activities, global climate models are generally needed. They
enable the study of impacts of perturbations caused by human activity, such as
anthropogenic GHG emissions or ecosystem management, involving energetic,
hydrological, biogeophysical, and agricultural processes relevant for society on the
climate system (e.g., Betts, 2007; Suni et al., 2015; Winckler et al., 2019).

Nowadays, climate models combine vast amounts of physical processes and com-
plex interactions between climate subsystems into so-called Earth System Models
(ESMs). ESMs are at the highest level in the hierarchy of complexity of coupled gen-Climate

model
complex-

ity

eral circulation models (McGuffie and Henderson-Sellers, 2014). They have evolved
to realistically represent many of the processes that generate climate variability
and can be used to analyze sensitivity to changes in or the interactions between
climate subsystems, ultimately being the key tool to assess climate change (IPCC,
2014, 2021; Knutti et al., 2017). The complexity of ESMs has increased with the
inclusion of a progressively larger number of climate components and processes
and an increasing level of realism in representing them. For example, modeling of
radiation, aerosol-cloud interactions, cryosphere, biogeochemical cycles, and other
features have been improved or newly included through the most recent phases
of the Coupled- and Paleo- Model Intercomparison Projects (CMIP, PMIP; Cubasch
et al., 2013; Eyring et al., 2016; Simpkins, 2017; Taylor et al., 2012). Despite their
complexity and model performance showing a high level of realism (e.g., Flato et al.,
2013), ESMs can only be a reductionist version of reality (Oreskes et al., 1994). The
representation of elements, mechanisms and interactions in the system involves
diverse levels of simplification, including the possibility of being excluded because
of being considered irrelevant, computationally unaffordable, or just being unknown
and ignored (Palmer and Stevens, 2019; Von Storch, 2010).

One example for simplification can be found in the context of modeling the
subsurface thermodynamics in LSMs. As the thermal and hydrological states of
the land surface and subsurface govern heat and water exchanges, latent and
sensible heat fluxes, plant growth rates, and soil organic matter decompositionLand

surface
modeling

and transport (e.g., Bonan, 2015; Brubaker and Entekhabi, 1996; Dickinson, 1995b;
Geiger, 1965; Hillel, 1998; Stieglitz and Smerdon, 2007), an accurate representation
of the land surface processes and coupling mechanisms in ESMs is important
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for a more realistic representation of terrestrial ecosystems and land-atmosphere
interactions (Guo et al., 2006; Koster et al., 2006). LSMs have experienced significant
progress in the last generations of ESMs (Cubasch et al., 2013), including new and
more realistic biogeophysical and biogeochemical processes (Bonan and Doney,
2018; Lawrence et al., 2011; Lawrence et al., 2012), thereby considering carbon
and nitrogen cycles, river routing, vegetation dynamics, transient LULC changes,
characterization of the snow layering and other processes (e.g., Bonan et al., 2018;
De Vrese et al., 2018; Hagemann et al., 2020; Krinner et al., 2018; Lawrence et al., 2019;
Mauritsen et al., 2019). Subsurface thermodynamics have also experienced progress
in the simulation of water phase changes, dynamic heat capacity and conductivity
parameterizations, interactions with hydrology (Hagemann et al., 2013) as well as
influences on permafrost dynamics and carbon and nitrogen pools (Ekici et al., 2014;
Hagemann et al., 2016; McGuire et al., 2018). Since heat and water transport and
storage are strongly modulated by water, energy and momentum fluxes at the land
surface, the realism in the simulations of subsurface hydro- and thermodynamic
processes is important in LSMs.

With the help of scenario forcing simulations (Riahi et al., 2017; Vuuren et al.,
2011), it is possible to simulate various cases of past, present and future changes in
the climate system and the associated environmental impacts. CMIP5 historical and
scenario experiments simulate progressive soil warming during the 20th century,
slightly slower than air warming, and their difference increases over the 21st century
(Soong et al., 2020). Simulated regional soil and air warming rates are similar in
tropical and arid regions, while the soil lags the air warming at high latitudes due
to the combined influence of external forcings (e.g., GHGs, aerosols and LULC)
and snow-albedo feedbacks (Melo-Aguilar et al., 2018). Those soil temperature
projections are important for ecosystems, food production and carbon budgets
(Huang, 2016; Wu et al., 2018; Zhao et al., 2017).

Under the influence of intensified anthropogenic climate forcing conditions, the
regions most sensitive to climate change are of large interest. High-latitude cold-
region soil temperatures, for example, are projected to warm faster than elsewhere,
albeit at slower rates than the air temperatures above (AMAP, 2021; Biskaborn
et al., 2019). The simulations of high-latitude soils in the CMIP5 models show a
wide range of results in both the present and future climate. Models often show
substantial biases in hydrological variables over the high northern latitudes due to
insufficiently realistic parameterization of cold-region relevant processes such as Cold–

region
model
physics

soil-water freezing, soil moisture-ice feedback, and the representation of organic
and snow layers (Koven et al., 2013; Nicolsky et al., 2007; Paquin and Sushama,
2015; Slater and Lawrence, 2013; Swenson et al., 2012). Differences appear to be also
influenced by the choice and characterization of the model parameters, initialization
and boundary conditions (Sapriza-Azuri et al., 2018) since soil parameters and their
spatial distribution are usually constant and predefined by look-up tables based
on land cover and soil-type maps retrieved from sparse observations (Mendoza
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et al., 2015). Soil thermal parameters such as ground heat capacity and thermal
conductivity are usually dependent on soil moisture storage and its variations in
time (Abu-Hamdeh and Reeder, 2000; Loranty et al., 2018; Sorour et al., 1990), which
is not accounted for in many state-of-the-art LSMs (e.g., Flato et al., 2013). Even
with a comparable implementation of frozen ground physics, large differences in
the simulation of the cold-region climate and hydrology occur in different LSMs
(Andresen et al., 2020; Luo et al., 2003). Koven et al. (2013) and Slater et al. (2017)
found that simulated permafrost in CMIP5 LSMs mainly suffers from structural
weaknesses in snow physics and soil hydrology. Current-generation LSMs generally
miss a high vertical resolution in the upper meters of the soil for a proper simulation
of the soil hydrology (Andresen et al., 2020), as well well as a sufficiently deep
bottom boundary depth that impacts the simulation of the soil thermal state. Current
developments also focus on the implementation of perennial unfrozen water within
the permafrost (taliks; Connon et al., 2018; Jafarov et al., 2018; Rey et al., 2020) and
land subsidence from the thawing of ice-rich permafrost soils (thermokarst; Ekici
et al., 2019; Farquharson et al., 2019; In ’t Zandt et al., 2020; Rodenhizer et al., 2020),
trying to refine the formulation of cold-region physics. Since many cold-region soil
physical processes are governed by the soil thermal state and dynamics, closely
interconnected with the soil hydrology, Burke et al. (2020) suggest that models
should have a more refined and deeper soil profile to mitigate some of these biases,
particularly to increase the realism of the simulation of summer thaw depth in these
regions.

1.5 relevance of the bbcp in climate simulations

A realistic simulation of subsurface thermodynamics and downward heat transport
contributes as an important aspect in ESMs, with implications for the surface energy
balance, energy transport and storage under the Earth’s surface as well as for soil
hydrology (Guo et al., 2006; Koster et al., 2006; Melo-Aguilar et al., 2018; Seneviratne
et al., 2010). It could therefore result to be particularly important for high-latitude
terrestrial climate tipping elements (Lenton, 2012; Lenton et al., 2008). An influencing
factor for improving the realism of the ground energy and water balance is the
depth of the BBCP (Warrilow, 1986) used in LSMs, as was also identified by Burke
et al. (2020) in the frame of the simulation of high-latitude permafrost regions.
The zero-flux BBCP ensures energy preservation in the system so that no heat is
gained/lost across the bottom boundary, where the thermodynamic component
in the LSM uses the BBCP to solve the heat transport according to the thermal
diffusion equation (Carslaw and Jaeger, 1959; Smerdon and Stieglitz, 2006). DespiteToo

shallow
LSMs

recent improvements in modeling land surface processes in ESMs (Fisher and Koven,
2020), only limited attention has been directed toward the effect of the BBCP in
LSMs and its impact on the representation of terrestrial thermodynamics. The
bulk of the current-generation ESMs and regional climate models have BBCPs at
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depths that range between 2 and 10 m (Burke et al., 2020; Cuesta-Valero et al., 2016),
allocating limited space for subsurface processes and hence, land-climate feedbacks
(González-Rouco et al., 2009). The only exceptions are the Community Land Model
(CLM; Lawrence et al., 2019; Oleson et al., 2013) and the ORCHIDEE model (Cheruy
et al., 2020), extending their bottom boundaries down to 44 m and 90 m, respectively
(Burke et al., 2020; Cuesta-Valero et al., 2016). The CLM sensitivity to soil depth
changes and the representation of soil organic matter was investigated by Lawrence
et al. (2008). Although they considered BBCP-depths of up to 125 m, they reported
no significant increase of model performance with BBCP-depths larger than ⇠50 m
for the simulations of permafrost and the hydrology in the upper few meters of the
soil column.

As seen in Figure 1.3, depending on the timescale and amplitude of the sur-
face temperature signal, the affected subsurface is deeper for signals with longer
periods and larger temperature variations (Mareschal and Beltrami, 1992; Pollack
and Huang, 2000). Thus, the simulation of subsurface processes can be affected
by shallow BBCPs distorting the behavior of the downward propagating temper-
ature signals in comparison to the realistic infinite half-space by slowing the rate
of their amplitude damping and enhancing phase shift with depth. This has been
demonstrated analytically (Smerdon and Stieglitz, 2006), in LSM exercises (Alexeev
et al., 2007; Lynch-Stieglitz, 1994; Sun and Zhang, 2004) and shown for interan-
nual and multi-decadal timescales in numerical simulations with a shallow BBCP
(González-Rouco et al., 2009).

Shallow models result in too sensitive soil temperatures near the surface that
significantly overestimate variability at all timescales (Alexeev et al., 2007). A BBCP
too close to the surface is likely to corrupt the subsurface representation of heat
propagation with depth and energy distribution on multiple timescales (Lynch-
Stieglitz, 1994; MacDougall et al., 2008; Smerdon and Stieglitz, 2006; Stevens et al.,
2007; Sun and Zhang, 2004). It enhances near-surface temperature variations in the
shallow soil column, whereas a realistically deep BBCP spreads the energy into the BBCP

relevancedepth with implications for energy storage and the surface energy balance (González-
Rouco et al., 2021). The confinement of energy in current shallow LSMs can lead to
overstating heat storage and temperature variability in the first few meters of the
ground. When the penetration depth of the warming/cooling signal is deeper than
the model’s BBCP, the heat propagation is unrealistically blocked with subsurface
temperatures experiencing enhanced warming/cooling due to a reduced amplitude
attenuation with depth (Alexeev et al., 2007; Smerdon and Stieglitz, 2006). Therefore,
the BBCP influences the representation of the available space for energy storage and
its interactions with hydrology through changes in the temperature profile (Cheruy
et al., 2017). However, the impacts of including realistically deep BBCPs in ESMs
have not yet been considered (Phillips, 2020). Consequently, an evaluation of the
importance of a realistic estimate of the subsurface thermal state and energy storage
for ESMs are still pending and arguably relevant in simulations during which the
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land systematically gains or loses energy during long time intervals, as in the case
of historical and climate change scenario experiments.

Additional to the simulation of the thermal state, deeper BBCPs offer larger storage
space for energy. Previous studies suggested that models have an unrealistically
shallow land representation involving the comparison of climate model output
with subsurface temperature profiles and terrestrial energy storage (Beltrami et al.,
2006; Cuesta-Valero et al., 2021, 2016; González-Rouco et al., 2009; MacDougall
et al., 2010, 2008; Stevens et al., 2007). Recent developments have also shown that
a more realistic subsurface temperature distribution and energy storage capacity
are attained if deep BBCPs are considered in historical and stand-alone scenario
experiments (González-Rouco et al., 2021; Hermoso de Mendoza et al., 2020; Steinert
et al., 2021b). However, CMIP5 models show a lower magnitude of continental
energy storage than observational estimates from geothermal data with inter-model
variability, relating to differences in BBCPs to a large extent (Cuesta-Valero et al.,
2016). This is supported by studies based on the comparison of borehole recordsDeep

model
energy
storage

and last millennium climate simulations (Beltrami et al., 2006; González-Rouco et al.,
2003; González-Rouco et al., 2009). For instance, analysis of shallow BBCP climate
model energy storage since pre-industrial times (González-Rouco et al., 2006) and
that from borehole records (Beltrami et al., 2006) renders an underestimation of
energy by the climate model that is only corrected when stand-alone LSMs are
used with realistic BBCPs to account for the extra energy storage (MacDougall
et al., 2010; Stevens et al., 2007). Differences in land energy storage in climate
change experiments with stand-alone LSMs have been found to be larger between
deep and shallow BBCPs than for different scenarios (González-Rouco et al., 2009;
MacDougall et al., 2008). An evaluation expanding the depth of the CLM (Oleson
et al., 2013) from 42.1 m to 342.1 m with simulations spanning the period 1900 to
2300 by Hermoso de Mendoza et al. (2020) shows that heat storage increases by a
factor between 1.7 to 3.6 depending on the length of the simulation considered.

1.6 main objectives and structure of the thesis

The soil thermal state and subsurface energy storage are important elements of
the climate system because they govern the near-surface climate and processes on
land, providing the conditions for the regions of the world where most humans live.
The general objective of this thesis is to advance in the understanding of soil ther-
modynamic and hydro-thermodynamic land surface processes that influence the
thermal state and energy storage in the climate system and ultimately contributing
to feedback on the surface energy balance. Insights into the mechanisms and limi-
tations in climate models that control the simulation of the surface and subsurface
climate and ecosystems and interactions of the land component with other climate
subsystems are crucial for the realism and reliability of climate-change projections
and the impact horizon in a constantly warming world. Oversimplification, inade-
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quate parameters, or unknown process interactions (Von Storch, 2010), as part of
various sources of uncertainty in current-generation climate models (Cubasch et al.,
2013), may hamper the simulations of specific climate system feedbacks to changing
environmental conditions. Therefore, this thesis aims to understand how the specific
processes investigated influence model uncertainty and how they contribute to
the improvement of LSM and ESM climate-change projections. The assessment of
relevant soil hydro-thermodynamic processes can have a broad spectrum. Here,
some specific mechanisms the potential to improve climate models are chosen to be
investigated, which determine the structure of the specific objectives of the thesis.

The objectives of this work are addressed by using the MPI-ESM modeling frame-
work (Mauritsen et al., 2019) to produce pre-industrial, historical and climate-change
scenario experiments. The ensemble of model experiments developed is described in
Chapter 2. It has been build-out of several subensembles created to address each of
the specific objectives described below. The subensembles include both stand-alone
experiments with the JSBACH LSM and coupled model experiments using the
MPI-ESM. The standard version of the MPI-ESM, used for CMIP6 and the IPCC
AR6 (IPCC, 2021), is employed here as a reference to which sensitivity experiments
are derived.

1.6.1 The need for a deeper land bottom boundary

Previous literature has suggested that subsurface heat conduction from long-term
temperature variations at the land surface, such as those seen and projected over the
20th and 21st century as a result of anthropogenic GHG forcing, is compromised
by too shallow LSMs in the simulation of climate change. It is well established that
heat conduction into the soil is dependent on the signal frequency of the surface
temperature variations. Therefore, estimates for the BBCP-depth requirements for
numerical simulations exist, but they are assumed to be inaccurate to some extent
because they either focus on shorter (e.g., intra-annual to decadal) timescales or
rely entirely on an analytical solution based on classic harmonic functions that
do not represent well the projected climate signal. Nevertheless, estimates of the
required BBCP-depth in LSMs can be made by analytically assessing the penetra-
tion depth of simple harmonic sinusoids with varying frequencies into the ground
(Alexeev et al., 2007; Smerdon and Stieglitz, 2006), showing that BBCPs in ESMs
are too shallow to represent transient temperature changes. However, analytical
and numerical approaches address the propagation of temperature changes with
depth differently. While the former considers pure harmonic signals and analytical
solutions to the infinite half-space heat diffusion (e.g., Alexeev et al., 2007; Smerdon
and Stieglitz, 2006), the latter regards a more realistic climate representation in the
boundary conditions used to drive an LSM as it uses a discretization of the heat
conduction equation down to the zero-flux BBCP (e.g., González-Rouco et al., 2009;
González-Rouco et al., 2021; MacDougall et al., 2008; Steinert et al., 2021a,b). The
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different nature of each framework has likely hampered consistent comparisons
between them, although both threads of work have provided compelling evidence
for the relevance of using sufficiently deep BBCPs.

Agreements between numerical and analytical subsurface heat conduc-
tion to estimate the required BBCP-depth in current-generation climate
model simulations of transient climates. In Chapter 3, this thesis addresses
the objective to bridge the gap between the analytical and numerical frameworks
by considering the consistency between LSMs simulations with a deepened
BBCP and analytical solutions, with the goal of understanding the dependence
of model errors in simulating subsurface thermodynamics. Such comparison has
not been addressed systematically before and provides a unique environment for
the modeling community to assess the realism of the simulation of subsurface
thermodynamics in state-of-the-art LSMs and obtain a more accurate estimate of
the required BBCP-depth than previous studies specified. The analysis is conducted
by adapting the analytical approach to the timescale of the temperature response
in climate-change experiments. In turn, the numerical approach is developed by
performing systematic simulations with the JSBACH LSM in stand-alone mode in
which the BBCP-depth is progressively increased from the level of the shallow model
to a depth that makes it comparable to a semi-infinite half-space. The following
research questions are therefore considered in Chapter 3:

1. • Is there agreement between the simulation-based state-of-the-
art LSMs and analytical solutions of heat diffusion?

• On what timescales is there a potential agreement between
the given solutions?

• How can an agreement between these solutions be reached?

• Is it possible to derive an accurate estimate of recommendable
BBCP-depth for LSMs from the analytical framework if an
agreement is established?

• What would be the resulting required bottom boundary depth
for current-generation LSMs?

Research
questions
Chapter 3

The results presented in Chapter 3 report on and extend the work established
in Steinert et al. (2021a). These results are valuable for the climate modeling com-
munity by promoting a more realistic representation of the ground heat storage
and exchange and allowing for a refined estimate of the required BBCP-depth in
LSM and ESM climate-change simulations by reconciling both the analytical and
numerical approaches.
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1.6.2 LSM sensitivity to changes in soil physics

Numerical modeling should involve downward propagating temperature changes
that are not limited by a zero-flux condition at any depth during the time span of
the simulation. This is tantamount to the BBCP being detached from the surface and
equivalent to defining an infinite half-space below that allows for an undisturbed
propagation of the surface temperature signals (Turcotte and Schubert, 2014) that
accommodates for the long-term climate-change trends in the simulated period
(Alexeev et al., 2007; Pollack and Huang, 2000; Smerdon and Stieglitz, 2006).

Investigating the stand-alone LSM sensitivity to thermo- and hydrody-
namic physical modifications under stable and transient anthropogenic
climate conditions. The findings of Chapter 3 are put to the test in Chapter 4, with
the objective to conduct a systematic and comprehensive analysis of the influence of
a deepening of the BBCP on the land subsurface thermal state and energy storage in
the frame of long-term climate change. For that, the same subensemble of JSBACH
simulations as in Chapter 3 is used. This analysis aims to identify potential biases
in the representation of the subsurface thermal regime due to shallow BBCP
in current-generation climate models and build a reliable basis for the sensitiv-
ity analysis in numerical experiments, in which modifications of land subsurface
physics are investigated with respect to a realistically deep BBCPs. As such, Chapter
4 also focuses on implementing soil physical modifications surrounding water phase
changes in cold-regions soils in a new ensemble of experiments (see Chap. 2). This
involves evaluating the thermal and hydrological regimes, their interactions, and
their combined influence of the simulation of critical elements of the land climate
system identified to be sensitive to ongoing warming. This analysis is sought to
address the range of uncertainty that exists in the simulation of high-latitude
soil physics in combination with a misrepresentation of the soil thermal regime.
Since the energy and hydrological cycles are closely related, considering different
datasets to those prescribed, and physics options that are not standard in the CMIP6
version of the model allows for assessing the sensitivity to water phase changes in
permafrost areas, snow layering, dynamic conductivity, and heat capacity modeling
(Ekici et al., 2014; Hagemann et al., 2016; Heidkamp et al., 2018; Lawrence et al.,
2008). The presented modifications of the model physics may change the spatial
distribution of subsurface water and thermodynamics, and ultimately the space
available for energy storage. Due to the sensitivity of high-latitude cold regions to
climate warming, an evaluation of the simulated state and variability of permafrost
in 21st-century scenario projections is performed, and observations are used to
evaluate the simulated spatial extent of permafrost. Thus, in Chapter 4, the model
sensitivity to individual soil physical processes under conditions of a deeper BBCP
is explored, and an assessment of their contribution to soil temperature and mois-
ture changes is presented. To understand the underlying dynamics that define the
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interaction between thermodynamic, hydrological and biogeophysical processes
that are crucial for a realistic representation of land surface dynamics, Chapter 4 asks:

2. • How does the use of a sufficiently deep BBCP in a state-of-
the-art LSM influence the near-surface hydro-thermodynamic
state in historical and future scenario climate-change simula-
tions?

• To what extent does the sensitivity of simulating soil hydro-
thermodynamic coupling influence the subsurface thermal
state and energy storage?

• What is the sensitivity of the stand-alone LSM to combined
changes in the BBCP-depth, soil hydro-thermodynamic cou-
pling, and hydrology-related soil parameter datasets?

• Will these cold-region-specific modifications have an effect on
the simulation of permafrost in the high northern latitudes?

Research
questions
Chapter 4

Chapter 4 summarizes the findings of González-Rouco et al. (2021) and Steinert
et al. (2021b) by integrating the impacts of the sensitivity analysis in stand-alone
LSM simulations to changes in the coupling of hydrological and thermal subsurface
physics, the representation of subsurface space for energy by prescribing a deeper
BBCP, and by modulating hydrologically relevant soil parameters that define the
subsurface space for water.

1.6.3 Thermodynamic land-climate interaction

Since the land areas provide a lower boundary for the atmosphere, the land-
atmosphere coupling is subject to important heat and water fluxes that can signifi-
cantly determine the climate near the land surface. Particularly, the energy exchange
between the land and other subsystems is a crucial part of the global climate sys-
tem. Changes in energy storage in the land component may influence the energy
distribution in the entire system since the atmosphere has a relatively low heat
capacity to buffer energy fluxes at the land-atmosphere interface effectively. Driven
by turbulent heat fluxes at the land surface, land-atmosphere interactions play a
significant role in governing the atmospheric and land subsurface climate on a
multiplicity of timescales. It is therefore of interest to what extent variations in the
subsurface hydro-thermodynamic regime translate to changed climate pattern and
variability, also in the perspective of a changing climate.

Assessing the model sensitivity to the thermodynamic changes in the fully
coupled Earth system model simulations. In Chapter 5, the thermodynamic
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changes introduced by a deepening of the BBCP-depth in the LSM component of
a fully coupled ESM are considered. Chapter 5 focuses on the objective to gain in-
sights into the impacts of a sufficiently deep BBCP on internal climate variability
and changes in the climate state under stable and transient climate conditions and
how the model sensitivity to the BBCP-depth changes translates from simulations
of the uncoupled to the coupled climate system. Chapter 5 only focuses on the
thermodynamic aspects of the implemented modifications because it is uncertain
whether implementing hydro-thermodynamic coupling on a global scale delivers
reliable results (see Chap. 2). However, the climate coupling allows for an assessment
of potential land-atmosphere interactions on various temporal scales that could not
be investigated in the previous chapters due to the missing dynamic atmospheric
connection. The resulting sensitivity of simulated land energy storage and distribu-
tion may affect the allocation of energy in the full climate system with implications
for near-surface soil and air climatic conditions. With the sensitivity analysis in
stand-alone simulations provided in Chapter 4, the analysis in Chapter 5 gives the
chance to assess the climate in coupled ESM simulations for the processes investi-
gated, in which the atmosphere can have a response to the simulated changes in
the subsurface and surface conditions. Thus, Chapter 5 asks the following research
questions:

3. • How do the results change when implementing a deeper
BBCP into fully coupled ESM simulations?

• Are there major implications for the simulation of future
anthropogenic climate change and variability?

• What can be learned from an increased storage space for
energy in the land component about the distribution of energy
in the climate system?

• What is the influence of BBCP-depth changes on the land-
atmosphere coupling?

Research
questions
Chapter 5

Work in progress addresses these questions by implementing a deeper BBCP
into climate-change simulations with a state-of-the-art ESM and focusing on the
thermodynamic feedback generated by changes in the subsurface thermodynamic
state. The results provide a first assessment of the magnitude of influence that
a deeper BBCP has in fully coupled climate models and to what extent current-
generation ESMs miss a proper representation of the subsurface thermodynamics.
This is analyzed in view of the subsurface thermodynamic representation, as well
as the land-atmosphere interaction processes.
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This chapter describes the model employed in this thesis and the simulations
conducted to address the objectives established in Section 1.6. The first part (Sect. 2.1)
provides an overview of the JSBACH LSM in the frame of the MPI Earth System
Model. Due to the aim of this thesis to conduct an analysis of the model sensitivity
to changing the BBCP-depth (both stand-alone JSBACH and coupled MPI-ESM) and
changing the soil physical representation (stand-alone JSBACH only) under different
climate forcing conditions, a reference model version is introduced, for which a
description of the fundamental aspects of the model physics in JSBACH is provided
in Section 2.2, including a display of the most important features relevant for the
subsequent analysis. A detailed description of the model aspects to be modified
for the sensitivity analysis presented in this thesis is given after that in Section 2.3,
for which the physical processes both in stand-alone mode, used in Chapters 3
and 4, and coupled to the other ESM-components, used in Chap. 5, are described.
Further, a description of the differences between the JSBACH in stand-alone mode
and coupled ESM mode is provided in Section 2.4. The objectives of Section 1.6 are
explored systematically with an ensemble of model simulations described in Section
2.5. Finally, Sect. 2.6 highlights the frame used for assessing the sensitivity study
provided herein, including the methodological framework and the comparison to
some observational data.

2.1 mpi earth system model

The LSM utilized in this thesis is used in the frame of the Max Planck Institute
for Meteorology Earth System Model (MPI-ESM) version 1.2 (MPI-ESM hereafter;
Mauritsen et al., 2019). The MPI-ESM is one of the state-of-the-art coupled climate
models participating in the collaborative model comparison initiative CMIP6 (Eyring
et al., 2016). A detailed description and model evaluation of the climatology of MPI-
ESM and emerging mean state biases in comparison to the Earth’s climate and
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relative to its predecessor (Giorgetta et al., 2013b) is given in Mauritsen et al. (2019).
A number of studies evaluate the MPI-ESM, also under the umbrella of the CMIP6
multi-model ensemble, against a multiplicity of variables and processes of the
regional to the global climate system (Block and Mauritsen, 2013; Brovkin et al.,
2013; Crueger et al., 2013; Giorgetta et al., 2013a; Hagemann et al., 2013; Ilyina
et al., 2013; Jungclaus et al., 2013; Krismer et al., 2013; Mauritsen et al., 2019, 2012;
Müller et al., 2018; Notz et al., 2013; Popke et al., 2013; Reick et al., 2013; Schmidt
et al., 2013; Schneck et al., 2013; Stevens et al., 2013). An evaluation of the combined
land-surface energy and water fluxes in the frame of the MPI-ESM for CMIP5 is
given in Hagemann et al. (2013), with the description of the differences to the CMIP6
version used herein given in Mauritsen et al. (2019).

Figure 2.1: MPI-ESM1.2 components. Schematic overview of the components (ECHAM6.3,
JSBACH3.2, MPIOM1.6, HAMOCC6) of MPI-ESM version 1.2 and coupling (OASIS3-MCT)
interactions between them. The atmosphere model ECHAM and ocean model MPIOM are
directly connected to the land component JSBACH via land surface fluxes and the ocean
biogeochemistry model HAMOCC, respectively. The OASIS-coupler connects the two major
model blocks via fundamental fluxes of momentum, energy and mass. From Mauritsen et al.
(2019).

The MPI-ESM (Fig. 2.1) consists of four model components that are connected by
the OASIS3-MCT coupler (Craig et al., 2017) and can be run individually in stand-
alone mode. The dynamic atmosphere model ECHAM6.3 is a general circulation
model focusing on the coupling between diabatic processes and large-scale circula-
tions (Roeckner et al., 2003; Stevens et al., 2013). ECHAM6.3 is directly connected
to the land component JSBACH3.2 (version 3.20p1, JSBACH hereafter; Reick et al.,
2021) via land surface fluxes. JSBACH is a comprehensive terrestrial ecosystem
model with a process-based approach for representing key ecosystem functions
such as photosynthesis, phenology, and land surface and subsurface physics with
hydrological and biogeochemical cycles (Brovkin et al., 2009; Raddatz et al., 2007).
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A description of the improvements of JSBACH3.2 used herein to JSBACH2.0 used
in CMIP5 is given in Hagemann et al. (2016). The ocean model MPIOM (Jungclaus
et al., 2013) includes the ocean biogeochemistry model HAMOCC (Ilyina et al.,
2013). Interactions between the different models come from fundamental exchange
fluxes of momentum, energy, water and carbon. As a compromise between model
performance and computational costs, a relatively low model resolution (LR) featur-
ing a spectral truncation at T63 is used in this thesis. This configuration of JSBACH
in the MPI-ESM corresponds to approximately 200 km (⇡ 1.85 degrees) horizontal
grid-spacing. The coupling frequency of the different model components is set to
86400 s (daily), while the individual time step length is 2700 s for MPIOM, 450 s
for ECHAM, and 1800 s for JSBACH. The standard version of MPI-ESM, including
JSBACH, described in the next section is the reference configuration used for CMIP6
(Eyring et al., 2016; Mauritsen et al., 2019).

2.2 jsbach reference configuration

JSBACH in stand-alone mode (Reick et al., 2021) is forced at the surface with pre-
scribed meteorological fields obtained from coupled MPI-ESM simulations (Stevens
et al., 2013). Hence, changes in the surface energy and water balance in JSBACH
stand-alone entirely depend on the surface boundary conditions. Any responsive
feedback from the soil back to the atmosphere is overwritten by the next time
step’s boundary conditions with a forcing frequency of one day. The atmospheric
boundary conditions provide air temperature, precipitation, wind speed, specific
humidity, net long-wave and short-wave radiation at the land surface, cloud fraction,
and CO2 concentrations (Reick et al., 2021), driving the surface and subsurface
conditions of JSBACH. The hydrological scheme is controlled by the prescribed
precipitation input. However, turbulent fluxes such as LHF and SHF are governed
by the surface temperature, which is calculated by considering incoming radiation
and surface albedo. Land surface cover influencing the surface albedo in JSBACH
is organized in 11 tiles of homogeneous vegetation cover that get assigned to each
grid cell, including 12 plant functional types and two types of bare soil surface. A
detailed technical description of the land cover parameterization is given in Reick
et al. (2013) and Reick et al. (2021). In colder regions, a snow layer covers the land
surface, which has a major effect on thermal insulation. Its insulation effectivity
significantly depends on the snow-model formulation, which defines a single snow
layer at the land surface in JSBACH. In the presence of snow, the top of the snow
layer is considered as the top of the soil model (Schulz et al., 2001), and the bottom
snow layer is used to force the soil column temperatures. The snowpack is repre-
sented as up to two layers that thermally grow down inside the soil. In that case, the
snow cover becomes part of the soil temperature layers so that soil temperatures are
mixed with snow temperatures. For snow-covered land, a mass-weighted mixture
of soil and snow is applied to determine the soil thermal properties. If, for example,
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the snow fills the top soil layer entirely and the next one partially, the respective
properties for snow are used for the top layer, and a mass-weighted mixture is used
for the next one.

To simulate the land surface and subsurface processes in the standard JSBACH
(JSBACH-REF hereafter), heat and water diffuse vertically, and no lateral diffusion is
considered. A representation of the vertical structure and basic fluxes in JSBACH-
REF is provided in Table 2.1 and Figure 2.2a. The energy and water exchange within
the soil is described by a multi-layer vertical grid that grows in thickness with
increasing soil depth. The vertical profile is discretized in 5 layers with mid-layer
depths at 0.03 m, 0.19 m, 0.78 m, 2.68 m and 6.98 m, reaching 9.83 m at its lower limit
in the JSBACH-REF (Tab. 2.1). This 5-layer subsurface structure is referred to as
shallow hereafter. With respect to the subsurface thermodynamics, conduction is the
only method of heat transport considered since the contribution from geothermal
radioactive decay is small, and convective and advective heat transport is related
to fluid motion and therefore disregarded (Carslaw and Jaeger, 1959; Turcotte and
Schubert, 2014). The subsurface vertical temperature profile is calculated following
the one-dimensional heat diffusion equation (Carslaw and Jaeger, 1959). A zero-flux
BBCP at the bottom of the 5th layer ensures energy preservation. Thermal properties,

Table 2.1: JSBACH vertical layer discretization. Number, thickness, and depth of the
center and bottom boundary of each layer in JSBACH. Note that layers 1 to 5 belong to the
standard CMIP6 model version, while layers 6 to 12 correspond to the extension developed
in this thesis.

Layer Thickness [m] Center [m] Lower limit [m]
1 0.06 0.03 0.06
2 0.26 0.19 0.32
3 1.00 0.78 1.32
4 2.81 2.68 4.13
5 5.70 6.98 9.83
6 11.76 15.71 21.59
7 23.52 33.35 45.11
8 46.62 68.42 91.73
9 91.93 137.70 183.66

10 180.81 274.07 364.47
11 355.17 542.06 719.64
12 697.20 1068.24 1416.84
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Figure 2.2: JSBACH hydro-thermodynamic coupling. Simplified vertical scheme of the
JSBACH Land Surface Model component for JSBACH-REF (a) and JSBACH-HTC (b). The
scheme corresponds to an example of grid points with frozen soil and partial snow cover,
e.g., in the mid-to high northern latitudes. The shallow (5-layer) and deep (12-layer) BBCP-
depth configurations are marked in red. Soil depth (bedrock limit) varies in every model
grid point as prescribed by the respective SPDS (Fig. 2.4). Some grid points exceed the
BBCP-depth of the shallow model, for which the full subsurface column consists of soil
with the potential to hold water down to the BBCP. In all other grid points, soil moisture is
present above the bedrock only. The representation of snow (SNOW), dynamic soil thermal
properties (DCC, with k = thermal conductivity and C = heat capacity), Latent heat transfer
(LHE) and supercooled water (SCW) are regulated by the given model configurations of
hydro-thermodynamic soil coupling in JSBACH-HTC.
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such as the volumetric heat capacity and thermal conductivity for different soil
types that affect the conduction of heat in the soil, are obtained from the Food and
Agriculture Organization of the United Nations (FAO; Dunne and Willmott, 1996)
soil map and predefined in Soil Parameter Datasets (SPDs) used to establish the soil
thermal and hydrological conditions. In JSBACH-REF, the soil thermal properties
derived from the SPDs are defined constant for the whole soil and bedrock column.
Thus, the bedrock limit is considered for the vertical movement of water only.

The vertical transport of water takes place through diffusion and percolation
(e.g., Genuchten, 1980) in a 5-layer scheme, following that of the thermodynamic
structure (Hagemann and Stacke, 2015), which replaced the previous single-layer
bucket model in Stevens et al. (2013). The water stored on land is a key variable
controlling numerous processes and feedbacks on the water and energy cycles and
can be closely related to the soil thermodynamic scheme by controlling surface
turbulent heat fluxes. The multi-layer scheme allows a better vertical distribution of
soil moisture and a refined discretization of soil hydrological processes. For example,
bare soil evaporation at the surface more realistically depends on the uppermost
soil layer only (not the entire root zone moisture). The layered hydrological scheme
further accounts for soil moisture inside and below the plant’s root zone. However,
the space for water storage is limited to the soil above the bedrock, while the plant
available water is limited to the root zone. Below the bedrock limit, there is no
moisture, and only heat transfer is accounted for. The vertical distribution of soil
moisture depends on predefined values that are initially assigned from the SPDs,
such as the root and soil depths, as well as other relevant thermal parameters such
as soil and rock specifications and their thermal properties of conductivity and
diffusivity (Hagemann, 2002; Jackson and Taylor, 1986; Sorour et al., 1990). The
space between the root zone and the bedrock defines an important storage space for
soil water that has proven to be resilient against sudden climatological trends and
have been shown to have a memory effect (Dirmeyer et al., 2009; Hagemann and
Stacke, 2015; Koster and Suarez, 2001) by being persistent against sudden changes
(seasonal to climatic) at and near the land surface leading to shorter dry periods
(Hagemann et al., 2016; Lorenz et al., 2010; Seneviratne et al., 2006).

In general, the presence of water in the land system produces important effects
on the land energy and water balance in regions where vegetation processes control
evapotranspiration (Forzieri et al., 2020; Guillevic et al., 2002; Hong et al., 2009;
Lawrence et al., 2007). However, freezing and thawing of soil water are not repre-
sented in JSBACH-REF when soil temperatures can drop below zero, and therefore,
no latent heat exchange from phase changes is present. That means that there is a
decoupling of the thermal scheme from the soil hydrology, with implications for the
interaction of heat and water and the vertical movement of water, particularly in
cold regions, where the soil would be partly frozen in reality. With the net water
input from the atmospheric boundary conditions, rainfall and snowmelt at the land
surface are distributed into surface runoff, infiltration and lateral drainage at the



2.3 jsbach configurations for sensitivity analysis 29

bedrock level (Dumenil and Todini, 1992). Drainage at the bedrock level can occur
when the soil reaches a minimum level of saturation, and within the root zone, the
water can also be taken up by plants and be transpired. Lateral drainage inside the
soil column (other than at the surface and the bedrock level) is not considered in
JSBACH-REF as there is effectively no solid (frozen) water content in the soil that
may physically block vertical water movement.

Dynamic vegetation is optional and not used in the stand-alone configuration of
JSBACH-REF in this thesis, as it is assumed not to be sensitive to the implementation
of subsurface physical changes with the atmospheric boundary conditions driving
the surface climate repeatedly on a daily basis. Further, the soil carbon model
(Goll et al., 2015) is also deactivated. The simulated carbon requires long spin-up
simulations due to their long turnover times. Since the purpose of the stand-alone
simulations is to address the subsurface thermodynamic response (see Sect. 1.6), the
complexity of long vegetation and carbon pool processes is avoided.

2.3 jsbach configurations for sensitivity analysis

The purpose of the sensitivity analysis is to systematically explore the model
response to individual and combined changes in the structural and physical repre-
sentation of specific model processes. As the implemented changes can be assumed
to be generally more realistic, the sensitivity analysis gives insight into the uncer-
tainty emerging from the numerical simulation of these processes. Central aspects
for the sensitivity analysis are the modification of the BBCP depth, the physical
representation surrounding the melting and freezing of soil water, and the use of
hydrologically relevant soil parameter datasets. An overview of the physical mecha-
nisms and interactions included in JSBACH-REF (Sect. 2.2) is shown in Figure 2.3,
as well as additional information model changes for the purpose of the sensitivity
analysis (Fig. 2.3; red labels). The mechanisms selected for modification represent
crucial aspects of current-generation LSMs (see Chap. 1). Their focus lies on the
alteration of the thermodynamic and hydrodynamic regimes that are crucial for the
projection of the future climate.

2.3.1 Deep bottom boundary condition

A vertically extended scheme with a deeper BBCP is developed for JSBACH, which
is referred to as deep throughout the thesis. Additional subsurface layers are added
to the standard five-layer thermal scheme following a modified exponential increase
of layer thicknesses (Eq. 2.1), as used in Oleson et al. (2010). To ensure a moderate
increase of the thickness values and to increase the vertical model resolution, the
layer thicknesses are estimated with the form:

zi = a1 · (ea2(i�a2) + a3). (2.1)
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with i being the layer number. The layer thicknesses zi with i = 1–5 from the
JSBACH-REF were used to estimate the coefficients of Equation 2.1, obtaining
values for a1 = 0.334±0.16, a2 = 0.6738±0.12, and a3 = -1.45±0.46 (p < 0.05). An
extrapolated fit is used that has a relatively slow increase of layer thicknesses with
depth to ensure higher vertical resolution and a reasonable layer distribution at
depths that are expected to be affected by the timescales considered in this thesis.
The coefficients used for Equation 2.1 represent the regression model with the least
standard error for the top five layers. Although the fit produces small deviations
from the original depth values of the layers 1–5, the upper 5 layers are kept in the
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standard configuration (Tab. 2.1) to ensure consistency with previous work in the
frame of the MPI-ESM. Seven additional layers with mid-layer depths of 15.71 m,
33.35 m, 68.42 m, 137.70 m, 274.07 m, 542.06 m and 1068.24 m are used to expand
the BBCP to a larger depth. The corresponding mid- and bottom-layer depths are
shown in Table 2.1. BBCP-depths are established at layer 5 (12) for the shallow (deep)
model versions.

2.3.2 Soil hydro-thermodynamic coupling

Ekici et al. (2014) improved the representation of cold-region physical soil processes
in JSBACH-REF, leading to a simulation of more realistic soil conditions in cold-
region areas as the soil hydro-thermodynamic coupling (HTC) allows for more
realistic water states and movement (JSBACH-HTC hereafter; Fig. 2.2b). HTC involves
four specific modifications: 1) freezing and melting of soil water, 2) allowance of
supercooled water, 3) a five-layer snow model, and 4) moisture- and time-dependent
soil thermal properties such as heat capacity and thermal conductivity, all of which
will be described in the following. Consider the two schemes in Figure 2.2 for a
comparison of the differences between JSBACH-REF and JSBACH-HTC. It should
be noticed that the physics implemented for HTC are in effect in the global land
areas. Although the majority of the mechanisms apply in cold environments only
where the soil temperatures cross the water freezing point, the implementation
of the moisture-dependent soil thermal properties may also affect regions outside
of the mid-to-high northern latitudes, causing modifications in the soil thermal
conductive regime.

In JSBACH-HTC, water may change its aggregate state with a freeze-thaw cycle
and latent heat exchange (LHE; Fig. 2.2b). A coupling between thermal and hy-
drological processes is reached through latent heat fluxes providing (consuming)
energy when freezing/condensation (thawing/evaporation) takes place. During the
freeze-thaw cycles, it is optional whether supercooled water (SCW; Fig. 2.2b) is active.
When present, a portion of the soil water remains liquid below 0�C in a supercooled
state and is accessible for plants (see details in Ekici et al., 2014). The formulation
follows the freezing-point depression equation (Niu and Yang, 2006), where the
supercooled soil water at subfreezing temperatures is equivalent to a depression of
the freezing point caused by a decrease in the water vapor pressure. A decrease in
the vapor pressure leads to lowering the temperature at which the vapor pressures
of ice and water are equal so that water can be in a supercooled liquid state. In
JSBACH-REF, supercooled water is implicitly active because no phase changes are
included so that water can stay liquid at temperatures below the freezing point.
Conversely, soil ice is only present in JSBACH-HTC.

In snow-covered surface conditions (Roesch et al., 2001), hydrologically inactive
layers of snow may add up to a maximum number of five (SNOW; Fig. 2.2b) in
JSBACH-HTC (Ekici et al., 2014). Snow piles up from the top layer, and while the
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bottom layer has an unlimited thickness, the other layers are up to 5 cm thick. The
surface temperature forces the uppermost snow layer, while the lowermost layer
forces the soil temperature profile. The snow layers contain no liquid water, and
there is no meltwater flux through the snowpack. However, moisture exchange
from meltwater with the soil is accounted for in the hydrological scheme. The
surface of JSBACH-HTC is insulated by an organic layer in forested areas, which
is not included in JSBACH-REF. The organic layer is prescribed as a 10 cm thick
layer at the land surface for all seasons (Ekici et al., 2014) with heat conduction
parameters following Beringer et al. (2001). The organic layer predominantly governs
the thermal and hydrostatic diffusivity of the land surface by altering the porosity
and water holding capacity of the surface material. It can therefore protect the upper
soil from sudden drying or wetting and alters the rate of soil evapotranspiration.

Additionally, JSBACH-HTC has different options to simulate soil thermal proper-
ties. JSBACH-HTC uses a dynamical calculation of the heat capacity and thermal
conductivity (DCC; Fig. 2.2b) based on the soil water content, porosity and den-
sity (Ekici et al., 2014; Johansen, 1977; Loranty et al., 2018) for the soil down to
the bedrock level. For the bedrock, JSBACH-HTC assigns a constant value for the
thermal diffusivity of 1·10�6m2s�1. This is in contrast to JSBACH-REF, where the
thermal conductivity and heat capacity are constant throughout the full model
depth. Although bedrock is prescribed for the hydrological regime, JSBACH-REF
ignores the bedrock for heat transfer and uses thermal diffusivity values of the
assigned FAO soil type (Dunne and Willmott, 1996) for the full subsurface column.

2.3.3 Soil parameter datasets

As established in Section 2.2, SPDs prescribe preconditioning factors such as the
definition of the root zone and bedrock levels, water holding capacities, and thermal
and hydraulic diffusivities that represent functional conditions influencing the land
subsurface climate. Two different SPDs are used to initialize and set up JSBACH to
conduct a sensitivity analysis of the hydro-thermodynamic response of JSBACH to
changes in soil-hydrology relevant parameters that may alter the distribution and
state of soil water. The first one (SPD1; Hagemann and Stacke, 2015) is based on the
Land Surface Parameters 2 dataset developed by Hagemann et al. (1999), Hagemann
(2002), and an improved soil type dataset based on FAO/Unesco (1971–1981). In line
with improvements that have been developed with regard to the vertical structure of
the hydrological module in JSBACH, a new derivation of the water holding capacity
and volumetric field capacity was developed and, consequently, changes in the
plant rooting depth were introduced (Hagemann and Stacke, 2015). Soil parameter
values of SPD1 describing different soil textures for the determination of various
soil properties are summarized in Hagemann and Stacke (2015). The second soil
parameter dataset (SPD2) is related to the development of the coupling between
the thermal and hydrological schemes through latent heat exchange (Ekici et al.,
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2014). In SPD2, the soil depth, rooting depth, and the maximum moisture-holding
capacity are modified from SPD1 to specifically improve the soil thermal properties
in the high-latitude cold regions targeted by Ekici et al. (2014) in the development
of the JSBACH-HTC version. SPD2 is a combination of the standard parameters
(SPD1) and parameters from the Harmonized World Soil Database (HWSD, FAO
et al., 2009), and the specific soil type thermal properties are given in Ekici et al.
(2014). Changes in the bedrock limit are based on the HWSD (Ekici et al., 2014).

Figure 2.4 shows the spatial distribution of the rooting depth, soil depth, and the
soil moisture residue space for SPD1 and SPD2, respectively. The moisture residue
space refers to the space for moisture between the root zone and the bedrock limit
that cannot be accessed by the plants for transpiration. Globally, the soil depth
(bedrock limit) is generally less than 10 m. Most of the soil moisture activity is
confined within the first 5 model layers except for minor contributions within the
sixth layer in northern Eurasia (Fig. 2.4). In some land grid points (0.36 % for SPD1
and 0.02 % for SPD2), the bedrock limit can exceed the BBCP-depth (9.83 m) of
the shallow JSBACH. Extending the BBCP-depth at these grid points enables more
soil moisture to be stored below layer 5 in the deep model configuration. Since
the roots are relatively shallow in this area, this produces a relatively large space
of potential water storage. In SPD1, roots are generally deeper in the tropics and
become more shallow toward the poles. The mid-to-high latitudes have relatively
deep soil, which also raises the potential for water to reside there throughout the
annual cycle. A direct comparison between SPD1 and SPD2 shows that rooting
depth has been altered globally, with increases in the subtropics and major decreases
in the tropical rain forest and desert areas (Fig. 2.4, right). Rooting depth changes
in the NH high latitudes are relatively small. Soil depth in SPD2 has also been
modified considerably with differences of up to ±5 m compared to SPD1. These
large changes result in a similar pattern of moisture residue space differences. Mid
latitudes also experience large changes with dominant patches of larger root depths
and regional to local decreases of soil depth in SPD2. At the high latitudes, absolute
changes are smaller but still important in relative terms because of the widespread
shallow soil depth in these areas.

Since JSBACH-REF does not consider moisture-dependent soil thermal properties
(see Sect. 2.2), SPD-changes do not influence the simulation of subsurface tempera-
ture but may alter the soil hydrology due to changes in the moisture content and
distribution. Also, in JSBACH-REF, soil moisture changes do not produce feed-
backs on temperature when the soil hydrological state is altered by modifications
in the SPDs because no heat-dependent water phase changes are simulated. For
JSBACH-HTC, as moisture-dependence of the thermal properties and latent heat
exchanges are included, the increase (decrease) in soil moisture leads to increased
(decreased) vertically averaged thermal diffusivity and therefore enhances (slows)
the conduction of surface temperatures into the ground. With SPD changes, an
increase (decrease) of moisture in the soil column is mainly related to the expansion
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(reduction) of the soil moisture residue space, either due to a decrease (increase)
in root depth, an increase (decrease) in soil depth, or both at the same time. La-
tent heat exchanges may be affected in regions where there is an excess of heat to
melt/evaporate soil moisture. The associated soil moisture changes influence the
soil thermal properties and the soil temperatures conducted into the ground.

2.4 jsbach coupling to the esm

In order to complete the sensitivity analysis, JSBACH is used while coupled to
the full MPI-ESM. This procedure follows the aim to provide understanding of
the coupling mechanisms and interactions between the land and other climate
subsystems, predominantly the atmosphere, following the objectives of this thesis
set in Section 1.6. In the coupled configuration, various processes have been included
or modified with the aim of providing a comprehensive analysis. The physical
parameterizations presented in Figure 2.3 sum up the processes included in the
JSBACH, highlighting those only available for the coupling in the MPI-ESM (blue
labels). However, not all processes for the sensitivity analysis of the stand-alone
JSBACH can be included in the MPI-ESM simulations (see Sect. 2.5). As such, only
the modifications for the BBCP deepening (Sect. 2.3.1, Fig. 2.3) could be considered
herein. Ongoing work focuses on the use of a more extensive representation of HTC
in the coupled MPI-ESM.

Further differences between the JSBACH stand-alone and the coupled MPI-ESM
simulations need to be taken into account. In the coupled model, the land surface
energy balance, driven by land surface albedo, is calculated separately for the
visible and near-infrared, and includes a consideration of the bare surface fraction,
snow on soil, and canopy effects, including forest masking (Brovkin et al., 2013;
Nabel et al., 2020). Vegetation is computed dynamically (Fig. 2.3) in the 11 tiles of
homogeneous vegetation cover, while land-use change is assigned from a sequence
of land-use transitions (Hurtt et al., 2006; Reick et al., 2013). The global carbon cycle
is considered in the coupled MPI-ESM version. Interaction of JSBACH with the
atmosphere and the ocean comprises freshwater run-off, energy and mass fluxes
(Fig. 2.3). The coupling between the atmosphere (including the land) and the ocean
is applied daily. JSBACH and MPIOM provide the lower boundary condition for the
atmospheric component of MPI-ESM as land surface temperature, and sea surface
temperatures and sea ice content, respectively. Reversely, the driving boundary
conditions from the atmosphere are thermal (e.g., radiation and air temperature)
and hydrological (e.g., precipitation) conditions for the land and ocean surface
climates (see Sect. 2.5), influencing subsurface physics, and, with respect to JSBACH,
plant physiology including conditions for the carbon cycle dynamics.
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2.5 experiment design and simulation strategy

To simulate the radiative forcing changes in the periods of interest, the model has
to be in an equilibrium climate state so that simulated changes in the radiative
forcing can be distinguished from otherwise occurring artificial climate drifts. Hence,
JSBACH stand-alone is first run in eight piControl (PIC) experiments (Fig. 2.5) that
allow for a stepwise increase of the BBCP beyond layer 5 by using the 5-layer
JSBACH-REF configuration (5L) with SPD1 and extending it progressively to 12
layers (12L) in its deep configuration. These incremental experiments are driven
by boundary conditions provided by data from the atmospheric component of
fully coupled MPI-ESM simulations that comply with piControl, historical and
RCP forcing specifications of CMIP5 (Stevens et al., 2013). In the case of the PIC
experiments, each simulation is started from the same arbitrary initial state and
continued for 500 years. The initial state of the different 5L to 12L experiment
variants is identical for the layers they share. For instance, the 12L experiment
variant has identical initial conditions to the 11L experiment for its 11 upper layers.

Depending on the purpose, the PIC simulations can be as long as needed. How-
ever, this would require having boundary conditions available for any given length
of a PIC simulation. To avoid this dependence, boundary conditions are provided
only for a segment of MPI-ESM data that are continuously concatenated to drive
the JSBACH model. This allows for running JSBACH as long as it is needed with a
small amount of prescribed data and for focusing on the long-term response of the
model. The driving boundary conditions consist of a 28-year interval that is repeated
throughout the PIC simulation. As a result, the simulated temperature variability
shows an artificial 28-year timescale that is phase-locked to this period in the bound-
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Figure 2.5: Numerical experiments strategy for JSBACH stand-alone. Experimental
setup for the JSBACH simulations with gradually increasing layer configurations from
5 to 12 layers (5L–12L) under pre-industrial, historical and 21st century climate change
forcing scenarios. The pre-industrial control simulation (PIC) is performed for 500 years
with conditions of 1850 to reach temperature equilibrium in the subsurface layers, before
running the consecutive historical (HIS) and future scenario (RCP) simulations.
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ary conditions. After the stand-alone JSBACH model reaches a sufficiently stable
equilibrium state, consecutive simulations with three different radiative forcing sce-
narios are performed (Fig. 2.5): 1) historical forcing conditions (HIS, 1850–2005) from
anthropogenic forcing of greenhouse gases, atmospheric aerosols, volcanic ozone,
and solar variability, and 2) representative concentration pathways (RCP, 2006–2100)
RCP8.5, RCP4.5, and RCP2.6 (Nakicenovic et al., 2000; Taylor et al., 2012; Vuuren
et al., 2011). The RCP6.0 scenario is not included since no atmospheric forcing files
for the stand-alone JSBACH LSM exist from the CMIP5 MPI-ESM (e.g., Giorgetta
et al., 2013a). These simulations are done for various JSBACH-REF and JSBACH-
HTC ensemble simulations, respectively. Note that the boundary conditions stem
from CMIP5 MPI-ESM experiments (Giorgetta et al., 2013a), while JSBACH-REF
corresponds to the official CMIP6 version of the MPI-ESM.

Additionally to the ensemble of LSM-experiments in which the BBCP-depth is
increased progressively, further experiments were added only using the shallow
5-layer and deep 12-layer configurations for a more detailed assessment of HTC-
changes. Otherwise, the same experiment design and forcing scenarios (Fig. 2.5) as
in JSBACH-REF are used in JSBACH-HTC. Simulations with the deep and shallow
BBCP, SPD1 and SPD2, and HTC inclusion (HTC) or exclusion (REF hereafter) are
performed, respectively, resulting in six additional experiments (Tab. 2.2). Note that
in Table 2.2, REF_SPD1s and REF_SPD1d refer to the 5-layer and 12-layer JSBACH-
REF simulations, respectively, as described above. For the purpose of isolating
the effects of the four single HTC-changes, 30-year long experiments spanning
the historical period (1850–1879) for the four different hydrological configurations
of JSBACH-HTC were performed by restarting from the deep JSBACH-HTC PIC
simulation (Tab. 2.2). During the first 30 years of the historical period, the external
forcing conditions are still relatively stable, so that interference from climate change
feedbacks can be neglected. The single-HTC simulations are used to investigate the
individual contribution of each of the four HTC factors, namely the snow layering,
the dynamic soil thermal properties, the latent heat exchange from water phase
changes, and supercooled water, to the full changes seen when using JSBACH-HTC
(see Sect. 4.4). Note that, due to technical limitations, the individual simulations do
not simply have the respective single mechanism of interest implemented. Some of
them are designed in a way that a comparison between two simulations (including
between two HTC simulations) results in the isolation of the respective physical
process. One example is the simulation of HTC_LHE, which is going to be evalu-
ated against the HTC_SPD1d experiment (Sect. 4.4). Both simulations have HTC
implemented, but for HTC_LHE, the LHE component is deactivated (see Tab. 2.2) in
order to isolate its relative effect on the soil hydro-thermodynamics. This can lead
to different soil physical conditions under which the comparisons are made, which
is considered in the interpretation and discussion of the results (Sect. 4.4).

To complete the analysis, coupled MPI-ESM simulations, including JSBACH-REF,
are run with the 5-layer and 12-layer BBCP configurations (Tab. 2.2). Running the
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Figure 2.6: Ensemble of experiments and initialization strategy for the coupled MPI-
ESM. Experimental setup for the MPI-ESM ensemble of simulations under pre-industrial,
historical and 21st century climate change (SSP) forcing scenarios. The MPIOM ocean
component was restarted from a piControl run of 1000 years, while the ECHAM atmosphere
and JSBACH land components were started from initial files. The pre-industrial control
simulation (PIC) is performed for 1050 years with conditions of 1850 to reach climate
equilibrium in the subsurface layers, before restarting the consecutive historical (HIS) and
future scenario (SSP) simulations from PIC year 800.

MPI-ESM with the HTC would be technically possible but results in very unstable
climate conditions (De Vrese, 2019; pers. comm.) that would hamper the interpre-
tation of the results and is therefore omitted in this thesis. The coupling allows
the investigation of land-atmosphere feedback processes induced by the subsurface
changes in the deep BBCP simulation (Chap. 5). For the coupled simulations, Shared
Socioeconomic Pathways (SSPs, Riahi et al., 2017) were used, which are consistent
with the forcing used in CMIP6 and represent an update to the RCPs used in CMIP5.
Similar to the RCPs, SSPs represent different radiative forcing scenarios comparable
to the RCPs, but now incorporate assumptions of different development paths of
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socio-economic growth over the 21st century that facilitates the analysis of future
climate impacts, vulnerabilities, adaptation, and mitigation (Riahi et al., 2017).

The subensemble of the coupled simulations was prepared in a similar way as the
subensemble of the stand-alone simulations (Fig. 2.6). The ocean component MPIOM
was restarted after 1000 years of an existing CMIP6 control run that was initialized
with water temperature and salinity fields based on a ’Levitus’-climatology (World
Ocean Atlas; Levitus and Boyer, 1994), to account for the long adjustment times of
the ocean. Due to technical reasons, the deep JSBACH, as part of the atmospheric
component ECHAM, could only be started from initial conditions by prescribing
vorticity, divergence, air temperature and specific humidity for the atmospheric
component, as well as soil temperatures and water content for JSBACH. Initialization
and the subsequent convergence to an equilibrium climate state occurs on the
timescales of weeks for the atmosphere. The piControl (PIC) period is extended
to 1050 years to allow time for the land component to adjust accordingly in the
coupled MPI-ESM simulation. The MPI-ESM historical simulations (HIS, 1850–2014)
are then restarted at PIC year 800 and continued for three different SSP scenarios
(SSP, 2015–2098) SSP126, SSP245, and SSP585 (Fig. 2.6).

2.6 evaluation methods

This thesis is predominantly a sensitivity study, which investigates the response
of JSBACH to different configurations for the representation of the subsurface
hydro-thermodynamic physical processes. In that, it is not intended to provide a
comprehensive idea of which of the results are more realistic, although it can be
argued that, a priori, more realistic soil physics should contribute to the realism of
JSBACH (Oreskes et al., 1994). However, to put the analysis of the JSBACH and
MPI-ESM ensembles in the frame of other state-of-the-art LSMs, various evaluation
methods are used throughout the thesis to increase the confidence of the results: 1)
comparison to analytical heat conduction solutions (Chap. 3), 2) comparison to refer-
ence studies that, whose results are partly derived from observational data (Chap. 4),
and the discussion of the results with respect to previous literature and Model Inter-
comparison Projects (Chaps. 4 and 6). Selectively, a comparison to observational data
is provided, as it is done for the simulated permafrost extent in JSBACH in Chapter 4.

For the comparison of the simulation of permafrost in JSBACH (REF and HTC)
with observational data (see Chap. 4), the Circum-Arctic Permafrost and ground
Ice map dataset (CAPI) Version 2 (Brown et al., 2002) is used. The CAPI contains
regridded information on continuous, discontinuous, sporadic, and isolated per-
mafrost boundaries. From JSBACH, only information about continuous permafrost
is retrieved. Simulated permafrost boundaries are obtained from estimated active
layer thicknesses derived from simulated soil temperatures. The maximum thaw
depth of any given year is defined as the deepest depth of positive soil temperatures.
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Linear interpolation between the soil temperature at this layer and the layer below
determines the approximate depth at which the interpolated line intersects the thaw-
ing/freezing point between the layer centers. Near-surface permafrost is defined
to be present when the maximum active layer thickness is not deeper than 3 m
(Lawrence and Slater, 2005). Averages of 10 years were taken to be representative
for the given time frame of the historical period (1981–1990).





3A G R E E M E N T O F N U M E R I C A L A N D A N A LY T I C A L
B B C P - D E P T H E S T I M AT E S

In this chapter**, the results of a comparison between analytical and numerical
estimates of land subsurface heat conduction are presented. It provides the motiva-
tion for increasing the bottom boundary depth of the land component in current-
generation climate models and creates a rationale for the upcoming Chapters 4–5. A
comparison between the classic analytical solution under limited and infinite bottom
boundary conditions is presented to highlight their differences on various signal
timescales. Sections 3.1 and 3.2 describe the three different model frameworks that
are used to address the research questions posed in Section 1.6. This comprises a
numerical LSM with a sufficiently deepened BBCP, as well as the classic and adapted
analytical models of heat conduction serving for a comprehensive comparison be-
tween the numerical and analytical frameworks. In Section 3.3, heat conduction in
numerical simulations is also compared to classic analytical solutions with compara-
ble shallow and deep bottom boundary conditions, which justifies the configuration
of the land surface model vertical discretization and subsurface setup used through-
out this thesis (see Chap. 2). The chapter further addresses the propagation of a
harmonic pulse fitted to represent the timescale and amplitude of anthropogenic
warming. This allows for overcoming challenges in previous studies where analyti-
cal approaches mainly focused on the subsurface propagation of harmonics such
as the annual temperature signal, with a direct comparison with climate-change
model output being elusive. An ensemble of simulations of the historical and climate
change scenario periods from a state-of-the-art LSM with a progressively increased
BBCP-depth is used, and the resulting subsurface temperatures are measured against
the analytical representation of a comparable harmonic-type climate-change signal.

** The main content of this chapter is published in:
Steinert, N. J., J. F. González-Rouco, C. Melo-Aguilar, F. García-Pereira, E. García-Bustamante, P. de
Vrese, V. Alexeev, J. H. Jungclaus, S. J. Lorenz, S. Hagemann (2021a): "Agreement of analytical and
simulation-based estimates of the required land depth in climate models." Geophysical Research Letters
48.20, e2021GL094273. DOI: 10.1029/2021GL094273.

43
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It is shown in Section 3.4 that there is an agreement between the numerical and
analytical heat conduction solutions for climate-change simulations when adapting
the classic analytical framework to mimic long-term anthropogenic warming.

3.1 deep land surface model

The LSM used in this chapter is the stand-alone JSBACH with a modified soil setup
with a progressively increased BBCP-depth (see Chap. 2.3.1). The subsurface vertical
temperature profile is calculated by the one-dimensional heat diffusion equation
(Warrilow, 1986). Moisture-dependent soil thermal properties such as the volumetric
heat capacity and thermal conductivity (Jackson and Taylor, 1986; Sorour et al., 1990)
are not represented in the setup used in this chapter. LSM simulations (SIM) for 8
configurations (see 2.5) using 5 to 12 model layers are performed for pre-industrial
control, historical, and 21st-century warming scenario conditions based on the
representative concentration pathway RCP8.5 (RCP, 2006–2100).

The radiative forcing scenarios have a strong influence on the simulated subsur-
face temperatures, with warming of about 6 K in the top 4 soil layers (Fig. 3.1a),
which is comparable with CMIP5 model estimates (Soong et al., 2020). The high-
frequency variability near the surface diminishes in deeper layers because of the
frequency-dependent amplitude attenuation. The subsurface temperatures are virtu-
ally detached from the surface temperature changes below layers 9 and 10 (137.70–
274.07 m), which illustrates that a BBCP at 1416.84 m is sufficiently deep to resolve
the projected 21st-century warming.

3.2 classic and adapted analytical heat diffusion

Analytical estimates of the required BBCP-depth in LSMs can be made by assessing
the penetration depth of simple harmonic sinusoids with varying frequencies into the
ground. When the penetration depth of the warming/cooling signal is deeper than
the model’s BBCP, the heat propagation is unrealistically blocked with subsurface
temperatures experiencing enhanced warming/cooling due to a reduced amplitude
attenuation with depth (Alexeev et al., 2007; Smerdon and Stieglitz, 2006). Analytical
estimates can be considered to estimate the BBCPs in ESMs that are generally
assumed to be too shallow to represent transient temperature changes like those
of historical and scenario simulations (Mareschal and Beltrami, 1992; Pollack and
Huang, 2000).

Analytical and numerical approaches address the propagation of temperature
changes with depth differently. While the former considers pure harmonic signals
and analytical solutions to the infinite half-space heat diffusion (e.g., Alexeev et al.,
2007; Smerdon and Stieglitz, 2006; Wang et al., 2016), the latter considers a more
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Figure 3.1: Adaptation of the classic analytical simulation to anthropogenic cli-
mate signal. a) Global mean (no glaciers) temperatures [K] of the historical and RCP8.5
simulated time series (1850–2100) of the deep 12-layer configuration. Subsurface tempera-
tures in JSBACH are calculated at the mid-layer depth. b) Surface temperature [K] of the
historical and RCP8.5 simulations (SIM, red) and idealized harmonic surface temperature
pulses for the ’Classic Analytical’ (CA, black) and the ’Effective Adapted Analytical’ (EAA,
gray) as described in Section 3.2. Solid lines of the analytical signals indicate the part that is
considered for the analysis.

realistic climate representation in the boundary conditions used to drive an LSM
as it uses a discretization of the heat conduction equation down to the zero-flux
BBCP (e.g., González-Rouco et al., 2009; González-Rouco et al., 2021; MacDougall
et al., 2008; Smerdon and Stieglitz, 2006; Steinert et al., 2021a,b). The different nature
of each framework has likely hampered consistent comparisons between them,
although both threads of work have provided compelling evidence for the relevance
of using sufficiently deep BBCPs. Differences are most prominent for transient
climate signals longer than the oscillations of the daily and seasonal cycles and will
be addressed by considering an adapted analytical solution that is derived from the
classic heat conduction framework.

In the ’Classic Analytical’ (CA) model, the steady-state solution of the one-
dimensional heat diffusion equation (Carslaw and Jaeger, 1959), dependent on
time t and depth z:

∂T(z, t)
∂t

� k
∂2T(z, t)

∂z2 = 0 (3.1)

is

T(z, t) = A(z) · sin(
2pt

t
+ e � f(z)) (3.2)

using a simple harmonic sinusoid with the temperature T, period t, thermal diffu-
sivity k, amplitude A(z), and the phase shift f(z) = dz, with d being the damping
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depth d =
p

p/tk, and the initial phase of the signal oscillation e. The value
of k considered herein is the global mean of JSBACH with k = 0.79·10�6m2s�1.
Only a single thermal diffusivity can be used in the analytical model because a
homogeneous soil type is assumed. However, in reality, and in addition to soil
moisture differences, the soil and rock type may change locally and throughout the
soil column. Thermal diffusivity may even vary from 0–3·10�6m2s�1 depending
on specific soil type and textures, bulk density, and organic carbon content (e.g.,
Andújar Márquez et al., 2016; Arkhangelskaya and Lukyashchenko, 2018; Busby,
2016; Dunne and Willmott, 1996).

Depending on the depth of the BBCP, there are two solutions for the amplitude
attenuation and the phase shift of the surface temperature signal propagating
through the ground (Carslaw and Jaeger, 1959; Smerdon and Stieglitz, 2006). One
is for an infinite half-space (INF) with a boundary condition at the land surface
and a non-limited depth of propagation into the ground. The other solution refers
to situations in which the propagation depth is limited by a bottom boundary
condition and consequently has limited space (LIM) between the upper and the
lower boundaries. For INF, the solutions for A and f take the form:

AINF(z) = e�dz (3.3)

and

fINF(z) = dz. (3.4)

In LIM, they are dependent on the BBCP-depth H (Carslaw and Jaeger, 1959):

ALIM(z) =
✓

cosh(2(H � z)d) + cos(2(H � z)d)
cosh(2Hd) + cos(2Hd)

◆1/2
(3.5)

and

fLIM(z) = �arg
✓

cosh(d(H � z)(1 + i))
cosh(dH(1 + i))

◆
. (3.6)

The simple harmonic sinusoids commonly used as surface temperature signals in
the CA-model adequately represent the oscillations of annual temperature cycles.
However, this type of function does not represent long-term climate variations of
decadal to millennial period length, considering climate change trends seen in recent
decades and future projections (IPCC, 2013). Neglecting these longer timescales
is potentially problematic when estimating the signal penetration depth and the
associated representation of the subsurface thermal state. Estimates of the required
BBCP-depth in LSMs have been established before based on sinusoids of periods t
comparable of the timescales of interest (e.g., Mareschal and Beltrami, 1992; Pollack
and Huang, 2000), but no systematic comparison to a realistically deep LSM has
been undertaken. The latter is only possible when the characteristics for both the
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analytical and simulation-based domains are subject to comparable conditions.
Therefore, the analytical sinusoid to the simulated surface temperature evolution in
SIM is adapted herein to obtain an ’Effective Adapted Analytical’ (EAA) signal that
can be used for comparison with the LSM output (Fig. 3.1b).

The CA-solution is based on the downward propagation of a sinusoid with a
given amplitude that represents the range of the simulated warming and a period
that extends over the timescale of warming (Fig. 3.1b; black). As this CA-sinusoid
does not represent well the pace of warming simulated by SIM, the EAA signal is
developed. A least-squares regression of a harmonic of the form of Equation 3.2 is
used to obtain conditions for EAA that are most similar to the simulated surface
temperature (Fig. 3.1b; red). The fit (r2 = 0.99) to the projected warming in the
RCP8.5 simulation with a signal period of t = 1000 years yields the coefficients
a = 1.1953, b = -14.1735 and c = 294.2209, which results in a signal amplitude
of A = 14.22 K and an initial phase shift e = �p/2.11. Note that changes in the
selected period do not affect the results presented herein. The fitted harmonic signal
is considered over 0.15 t of its full period to match the 150 SIM years between
1950–2100 (Fig. 3.1b; gray).

In contrast to the CA-solution that addresses the attenuation and phase shift of a
sinusoid wave, a single sinusoid pulse for EAA is considered, as shown in Figure
3.1b. This mimics the soil thermal behavior in SIM, where surface temperature
changes are induced into the depth as a gradually changing sinusoid pulse of
the timescale of the warming signal. The analytical signal would correspond to a
propagating wave, in which previous oscillations that are neglected here would
produce an influence on subsurface temperatures. When T = 0 at the land surface at
the start (t = t0) of the surface temperature forcing, the subsurface has a memory of
the previous surface fluctuations with T 6= 0 occurring in the subsurface due to the
time lag (Dt = t0 + dt) of heat conduction in the ground. Dt increases with depth,
which means that T = 0 is shifted toward later time steps (dt) in larger depth. For
the CA-sinusoid that has oscillations from the minimum to the maximum amplitude
at every half period (Fig. 3.1b; black), the time steps between t0 and Dt are filled with
values from the last period cycle, which is referred to as the memory of previous
oscillations. However, in SIM, the surface temperature changes are induced as a
gradually changing signal with a positive long-term trend (Fig. 3.1b; gray), which
only starts at t0 at the surface. Thus, for the time steps between t0 and dt in deeper
layers, there is no memory of previous long-term oscillations in SIM other than
its departure from the mean thermal state. Therefore, the temperature anomaly
perturbations at depth are only considered from the moment in time the surface
pulse temperature variations reach the respective soil depth. The result is a harmonic
function for which subsurface temperatures get influenced solely from the single
propagating surface pulse, which closely mimics the mechanism of the LSM. The
comparison of the LSM warming trend and the analytical downward propagating
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pulse is performed by calculating differences between them and with respect to the
reference mean state prior to the surface perturbation reaching a given depth.

Following Alexeev et al. (2007), a temperature error (TE) is introduced to quantify
the difference between the solution of the infinite and limited BBCP-depth. The
TE-concept can be used in both the LSM and the analytical framework making
a direct comparison possible. It reduces the comparison of temperature fields to
a function of BBCP-depth H and the surface temperature forcing-signal period
length t. The temperature difference between two cases with different BBCP-depth
is defined as:

TE(H, t) =

vuut 1
H

1
t

t

Â
j=1

H

Â
i=1

x = |T̄Hd(zi, tj)� T̄Hs(zi, tj)|2DzDt. (3.7)

Hd indicates the model simulation with the deepest BBCP. With a reasonably large
BBCP-depth for the corresponding signal period length, T̄Hd can be assumed to
resemble the analytical INF solution. Accordingly, Hs describes the simulation with
a shallower BBCP ranging from 1 m to 1400 m for the continuous analytical solutions
and from 5 to 11 layers for SIM, with H5L  Hs < H11L when Hd = H12L.

3.3 amplitude attenuation and phase shift

The effects of using shallow BBCP-depths in the simulation of the ground thermal
state can be illustrated by the differences in the surface signal amplitude attenuation
with depth between the analytical LIM and INF solutions (Fig. 3.2a; Eqs. 3.3 and 3.5).
For timescales up to the annual cycle, the attenuation percentage is comparable for
both LIM and INF, which indicates that a BBCP-depth of 10 m is deep enough for
LIM to accommodate such signals. However, for decadal to centennial timescales,
the LIM and INF solutions differ substantially. These signals penetrate deeper into
the ground and cannot be represented well by a ground column with a BBCP of
10 m. The two solutions deviate particularly at depths close to the bottom because
LIM must satisfy the zero-flux boundary condition at 10 m depth. Differences in
the percentage of the attenuation of amplitude range between 19–43 % for 5- to 250-
year signals. For centennial and longer timescales, the physical space in a shallow
subsurface is too limited to allow for a significant attenuation in both LIM and INF.

In the following, a spectral analysis (González-Rouco et al., 2009) is applied to
explore the amplitude attenuation and phase shift (Eqs. 3.3–3.6) of a surface signal
in the ground for the analytical and the LSM frameworks and to quantify their
level of agreement over a range of signal frequencies present in the surface tem-
perature forcing signal (Fig. 3.2b,c). The ratio between the periodogram spectral
densities of the first (0.06 m) and the fifth (9.83 m) layer soil temperatures gives a
representation of the intensity of amplitude damping (Fig. 3.2b). The shallow LSM
(5 layers) performs in good agreement with the analytical LIM solution (Fig. 3.2b;
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Figure 3.2: Heat diffusion under limited and infinite bottom boundary conditions. a)
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[years] for the infinite half-space solution (INF; dashed lines) and the limited solution (LIM;
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boundary (black) and infinite half-space (gray) analytical solutions. Spectra are calculated
from a Welch’s periodogram with a 40 % ’Hamming’-window size and 75 % window overlap
(Stoica and Moses, 1997) and shown for frequencies from 0–0.35 yr�1.

black) over all frequencies but differs substantially from the analytical INF solution
(Fig. 3.2b; gray). For short-term periods from 2 to 5 years, the simulations of the
deep (1416.84 m) and shallow LSM show marginal differences, which suggests that
for these signal periods, the shallow LSM is deep enough to simulate a proper tem-
perature distribution. However, for signals of decadal to centennial timescales, there
are considerable differences in the amplitude attenuation, which generate crucial
temperature differences. In the case of the deep LSM, the simulations are closer to
the analytical INF solution, which improves the LSM performance for the subsur-
face temperature representation. This is also visible in the phase-shift comparison
between the deep and shallow models of the analytical and SIM framework. The
deep LSM (Fig. 3.2c; red) agrees better with the infinite analytical solution (Fig. 3.2c;
gray) with a larger phase shift compared to the shallow solutions, particularly
toward the higher frequencies. For long-term signals, the phase-shift differences
become smaller until they reverse for frequencies below 0.05 yr�1 (t ⇡ 20 years).
Thus, Figure 3.2b shows for both the analytical and the numerical LSM approach
that a shallow BBCP disrupts the thermal regime and changes how the surface
temperature signal propagates frequency-dependent in time. Results do not differ
in this work if subsurface layer 10 is considered as a representation of the INF case
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with a detached BBCP.

3.4 agreement of lsm and analytical frameworks

Evaluating the differences of the LSM simulated subsurface temperature distribution
with the calculation of the TE (Fig. 3.3a) for various BBCP-depths H and signal
periods t helps to understand their relationship in the CA-framework and identifies
combinations that are indicative for a misrepresentation of the ground thermal state.
In comparison to Alexeev et al. (2007), the range of signal periods is expanded to
1000 years to cover multi-centennial timescales. For any given signal period, the TE
is small when the BBCP is close to the surface (Fig. 3.3a). TE increases to maximum
values of 15–20 % of the surface temperature signal amplitude at a BBCP-depth
HTEmax , which shifts to larger BBCP-depth with larger signal periods. The near-
surface soil is controlled by the surface forcing and has little thermal inertia because
of the limited physical space. The initial TE-increase is the net result of a gradually
decreasing surface-condition influence toward HTEmax and a compensating fraction
from the close proximity to the surface boundary. Further increasing the BBCP-depth
diminishes TE until it converges to zero. The point at which the TE becomes nearly
zero represents the BBCP-depth that is sufficient for respective H-t combinations.

A systematic comparison between the analytical solutions (lines) and the model
simulations (red points) is shown in Figure 3.3b for the analysis of a cross-section
of the TE-distribution at a fixed signal period of 150 years (Fig. 3.3a; black line).
Note that this 150-year period is the timescale of the CA, EAA and SIM temperature
change in Figure 3.1b. For CA (Fig. 3.3b; black), the TE increases while increasing the
BBCP-depth until it reaches a maximum of almost 20 % of the surface temperature
signal amplitude at a model configuration of 25–30 m BBCP-depth. Beyond this
depth, the influence of the BBCP decreases in CA, with TE reaching less than
1 % at 120 m. EAA (Fig. 3.3b; gray) shows similar behavior but with important
differences. Compared to CA, its maximum values reach TE larger than 25 % of
the surface temperature signal amplitude. EAA also shows a different TE-trajectory
with BBCP-depth, highlighting the relevance of adapting the analytical signal to the
sinusoid-pulse for the comparison with the LSM. While it is close to CA for some
depth configurations, it differs substantially by up to 35 % for others and shows
a relative minimum with a BBCP of about 80 m. This shape is independent of the
selected k. EAA’s TE-convergence to zero is reached at larger BBCP-depth than
for CA. For EAA, 170 m BBCP-depth is required for TE to become less than 1 %
compared to 115 m for CA. Thus, using the CA approach, the required BBCP in the
LSM is underestimated by 32 %.

A direct comparison to SIM (Fig. 3.3b; red points) reveals a good agreement of the
TE-values of the LSM layer discretization at each BBCP-depth of the EAA-solution.
Therefore, the TE-estimate and the accordingly required BBCP-depth for the LSM
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Figure 3.3: Estimate of required land model depth via integrated temperature error.
a) Temperature error TE [%] as two-dimensional (time-depth) integrated difference between
the analytical solutions for the finite boundary (LIM) and infinite half-space (INF) cases for
an idealized harmonic propagating into the ground with dependence to the BBCP-depth H
(m) and the surface signal period t [years]. Each value in the field represents the integrated
difference RMSE (Eq. 3.7) between the deep and shallow configurations. Units are given in
percentage of the surface signal amplitude. Maximum TE-values are indicated for thermal
diffusivities of k = 0.79·10�6m2s�1 (white line) and k = 1.0·10�6m2s�1 (orange). The black
line indicates a cross-section at t = 150 years. b) Temperature error TE [%] for the signals
of SIM, CA and EAA in Figure 3.2a) with dependence to the maximum BBCP-depth H
[m]. The analytical CA-signal (black) represents the TE-values between the INF and LIM
cases of the cross-section in a) at t = 150 years. TE-sensitivity for the EAA, INF and LIM
cases to thermal diffusivity values is shown ranging from k = 0.25·10�6m2s�1 (thin gray
dashed) over k = 0.79·10�6m2s�1 (thick gray) and k = 1.0·10�6m2s�1 (thin orange) to k =
2.0·10�6m2s�1 (thin gray dotted). Red dots indicate TE [%] for the LSM cases. c) Cumulative
TE [%] with each layer of the different BBCP-depth configurations of the LSM simulations.
Red dots represent the maximum TE for a given layer configuration identical with the values
in (b). Gray dashed lines indicate layers 1–5 used for the estimation of the relative reduction
of TE [%]. d) Relative TE-reduction [%] for layer 5 in configurations with 5 layers (5L) to 12
layers (12L) with respect to the 5-layer BBCP configuration. Relative TE-reduction in layers
1–4 is comparable to layer 5 and, therefore, not shown.

can be derived more accurately from the EAA-framework and gives more realistic
results than from the CA-case. However, the results are sensitive to variations in
the soil thermal diffusivity. Soil with low (high) diffusivity has its maximum TE at
a smaller (larger) BBCP-depth because the surface temperature signal propagates
less (more) easily into the ground. Results are shown for soil thermal diffusivities
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ranging from 0.25–2.00·10�6m2s�1 with TE-values reaching close to zero between
130–260 m (Fig. 3.3b; thin gray/orange). The sensitivity illustrates that for different
subsurface thermal properties and ground hydroclimatic conditions, the required
BBCP-depth may vary even for the same surface temperature signal.

The fact that the integrated TE initially becomes larger while deepening the soil
column (e.g., from layer 5 to 6 layer in SIM) is caused by the increase of physical
space for the amplitude-attenuation differences to evolve near the bottom boundary.
The analysis of the cumulative TE (Fig. 3.3c) shows that with a 6-layer configuration
of JSBACH (BBCP-depth at 21.59 m), only the absolute TE is increased compared
to all other depth configurations, while the 5 uppermost layers (Layer1–Layer5)
experience a reduction in TE as the BBCP is deepened. Although there is an initial
increase of the absolute TE when increasing the BBCP, the relative TE in the top 5
model layers is gradually decreasing by more than 50 % each time the BBCP-depth
is progressively increased (Fig. 3.3d).

3.5 spatial bbcp-depth requirements

To reduce the relative integrated temperature error to less than 1 %, a minimum
BBCP-depth of 170 m is required for 150-year long surface temperature signals of the
historical and scenario simulations considered herein. However, the results can vary
for different soil types and their respective conductive characteristics. BBCP-depth
requirements may vary as the same surface temperature signal reaches different
depths depending on the soil thermal properties. While this is important when
looking at specific sites, global LSMs require an average BBCP-depth adequate for
any ground conditions and thus are best set to slightly deeper BBCPs to account for
ground-type and moisture-content variations. This would increase the estimate of a
sufficiently deep BBCP to more than 250 m when the thermal diffusivity is increased
from k = 0.79·10�6m2s�1 to k = 2.0·10�6m2s�1.

In reality, different soil types and soil-moisture/ice content that can alter the con-
ductive properties of the ground usually occur in the upper 15 m of the subsurface
above the bedrock level (e.g., Eliseev et al., 2014). However, some LSMs, such as
JSBACH, prescribe constant diffusivity values throughout the ground column at a
given grid point that are derived from the near-surface soil characteristics. Although
this is helpful for the analysis because the analytical model uses a single diffusivity,
it neglects the dynamic influence of soil climatic conditions.

To extend the analysis presented in this chapter, the spatial variability of static soil
thermal properties is considered to determine the local distribution of the required
BBCP-depth in each model grid point (Fig. 3.4). The soil thermal diffusivities, varying
between k = 0.67·10�6m2s�1 (clay) and k = 0.87·10�6m2s�1 (sand; Reick et al., 2021),
are taken from the FAO soil type dataset based on FAO/Unesco (1971–1981), which
are associated with a range of different local soil textures. The results show that
the BBCP-requirement of 170 m from Section 3.4 is already quite conservative.
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Figure 3.4: Spatial BBCP-depth requirements. BBCP-depth requirements according to
spatial distribution of soil thermal diffusivity values k ranging between 0.67·10�6m2s�1

(clay) and 0.87·10�6 m2s�1 (sand; Reick et al., 2021), derived from the FAO soil type dataset
based on FAO/Unesco (1971–1981). The BBCP-depth is calculated identical to the analysis in
Section 3.4 with the BBCP being sufficiently deep when the integrated TE-values of Equation
3.7 are lower than 1 %.

Widespread areas in Central and Northern Asia, South America and the US show
BBCP-depth requirements of 160–170 m. However, Northern Europe, Australia, large
parts of Africa, and Canada show values of over 180 m of required BBCP-depth.
Regional patterns are prominent and can vary significantly between adjacent model
grid points due to soil type variations. Therefore, medium- to large-scale climate
patterns and the land surface are likely to propagate differently into the subsurface
when the model BBCP is set to the bare minimum of the required bottom boundary
depth of, in this case, about 160 m. As it is technically impractical to set a variable
BBCP placement in LSMs, it is recommendable to choose a BBCP that is deep enough
to account for all soil types. Note that in Figure 3.4, no soil moisture influence on the
thermal diffusivity is taken into account. However, soil moisture generally occurs
in the few upper meters of the soil due to the bedrock limitation (Fig. 2.4), so that
it only affects the conduction of heat in the upper part of the subsurface. Since a
feature of the standard CMIP6 version of JSBACH is to ignore bedrock diffusivity
by prescribing the upper soil thermal diffusivity throughout the full soil column,
the diffusivity values assumed in Figure 3.4 can be considered relatively low. The
bedrock covering about 95 % of a 200 m soil column generally has diffusivities of
k = 0.5–2.0·10�6m2s�1 (Drury, 1987; Kukkonen and Suppala, 1999) and is generally
averaged in LSMs to be k = 1.0· 10�6m2s�1 (e.g., MacDougall et al., 2010), which
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would render deeper BBCP-depth requirements than shown in Figure 3.4, as was
derived from the analysis in Chapter 3.4 (Fig. 3.3b).

3.6 discussion and conclusions

The results presented in this chapter show agreement between stand-alone nu-
merical LSM simulations and adapted analytical solutions of the heat diffusion
equation for long-term climate trends in the case of a shallow and a deep model
representation. A comparison via the calculation of the temperature error makes
it possible to take advantage of both frameworks. The consistency between the
numerical and analytical solutions enables a quantification of the misrepresentation
of the subsurface thermal state in too shallow LSMs that is estimated to be up
to 25% of the surface signal amplitude for the time-depth integrated subsurface
temperature differences. The analysis also provides more confidence in the estimate
of BBCP requirements in the land component of state-of-the-art climate models
used to simulate long-term climate evolutions, which is found to be a minimum of
170 m with global mean diffusivity values and regional estimates ranging between
160–190 m for climate-change timescales.

Although the initial increase of BBCP-depth increases the absolute temperature
error, the relative error in the upper 10 m decreases progressively. The increased
error may be problematic for climate models that have their BBCP at a critical depth
at which the error has its maximum values. However, deepening the soil column
may also be an improvement for hydrological or biogeochemical processes (Fisher
and Koven, 2020), which generally take place close to the surface, where the relative
subsurface thermal state is improved with any increase of the BBCP-depth.

The surface signal propagation into the subsurface depends on the length (pe-
riod) of the warming signal. Although technically, the penetration depth does not
depend on the strength of the surface warming, its magnitude is important for
the detectability of the signal in the subsurface. Hence, model-specific equilibrium
climate sensitivity can slightly influence the estimate of penetration depth from the
different magnitude of response to the external forcing. The MPI-ESM is in the lower
range of equilibrium climate sensitivity (Meehl et al., 2020) and therefore provides
a more conservative example for the projected warming and the required model
depth. The analysis can specifically be adjusted to other models and scenarios by
fitting the adapted analytical solution accordingly. Besides using LSM simulations,
the adjustment of the EAA-signal could also be made based on observational or
reanalysis products. Adjusting a harmonic signal to the provided data enables the
calculation of the temperature error TE and thus, would allow for an evaluation of
ground temperatures in a model-data comparison.

Ultimately, the decision on the model depth is a trade-off between computational
effort and the remaining temperature error. Increasing the BBCP-depth progressively
increases the realism of simulated land surface and subsurface processes. With in-
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creased BBCP-depth, however, comes an increased computational effort. In addition
to the extra layers to be calculated at each time step, a deeper model requires a
longer spin-up time for the soil to reach thermal equilibrium (González-Rouco et al.,
2021). Consequently, for temperature trends over longer periods (e.g., millennial
timescales), a longer spin-up is necessary. In LSMs with a high vertical resolution,
computational runtime could be increased considerably. From a thermal perspective,
sensitivity experiments of higher vertical resolution have shown that the effect on
soil temperature trends appears to be minimal (Lawrence et al., 2008; Wang et al.,
2016) because the interpolation of the layer thickness increments accounts for the
missing layer intervals. However, other soil physical processes may benefit from
an increased layer discretization, particularly close to the land surface, where the
benefit offsets the compromises in simulation runtime and computational costs.

The presented results provide a refined framework for estimating the required
BBCP-depth and its implications for the subsurface thermal regime, which can help
the climate modeling community to improve the ground thermodynamic representa-
tion in LSM and ESM climate-change simulations. They further show the sensitivity
of heat conduction into the subsurface to variations in the soil thermal properties,
which impacts the required BBCP-depth estimates. The approach presented in this
chapter provides a relatively simple and computationally cheap method to ana-
lytically simulate heat conduction for harmonic signals mimicking anthropogenic
climate change scenarios, allows for an accurate estimate of the required land-model
depth for climate-change simulations, and assesses the relative bias in insufficiently
deep land models. The results are relevant for the climate modeling community by
promoting a more realistic representation of the ground heat storage and exchange
and allow for a refined estimate of the required BBCP-depth in LSM and ESM
climate-change simulations. Due to the sensitivity of the terrestrial heat storage
and energy distribution to the vertical design of the subsurface, most CMIP6 ESMs
remain to adjust the depth of their LSM-components according to the timescales
of interest. With the MPI-ESM-JSBACH as an example of a state-of-the-art CMIP6
model, a demonstration of the effects of using sufficiently deep BBCPs in stand-alone
and coupled ESM simulations is going to be addressed in the following chapters.





4S TA N D - A L O N E L A N D S U R FA C E M O D E L S E N S I T I V I T Y

This chapter** focuses on the analysis of various model configurations considering
their effect on the hydro-thermodynamic response to modified model physics in
JSBACH stand-alone LSM simulations. The changes involve 1) the net effect of an
improved physical representation and 2) the sensitivity of the results to changed
soil parameter values and their contribution to the simulation of soil temperatures
and soil moisture, both aspects being investigated in the frame of an increased
bottom boundary depth from 9.83 m to 1418.84 m. In Sections 4.1 and 4.2, the
thermodynamic impacts of deepening JSBACH on the subsurface temperature
are evaluated, highlighting potential subsurface temperature biases particularly
important for future transient climate projections. The soil temperature and moisture
response to the different model configurations helps to identify regions sensitive to
climate-change conditions that are subsequently evaluated (Sect. 4.3) under deeper
BBCP-conditions. The mechanisms responsible for the arising temperature patterns
are analyzed in the following section (Sect. 4.4). The results provide insights into
the spread of model simulations results with respect to process parameterizations.
Further, the impact of the thermodynamic response on the land energy storage is
characterized in Section (Sect. 4.5). This gives an indication of the underestimation
of energy storage in the land component of current-generation climate models. The
last part (Sect. 4.6) covers the high northern latitudes, with a particular focus on the
simulation of permafrost areas. Due to the warming-sensitivity of the high-latitude
regions, their sensitivity to the hydro-thermodynamic coupling mechanisms is of

** The main content of this chapter is published in:
González-Rouco, J. F., N. J. Steinert, E. J. García-Bustamante, S. Hagemann, P. de Vrese, J. H.
Jungclaus, S. J. Lorenz, C. Melo-Aguilar, F. García-Pereira, J. Navarro (2021): "Increasing the depth
of a Land Surface Model. Part I: Impacts on the soil thermal regime and energy storage." Journal of
Hydrometeorology. DOI: 10.1175/JHM-D-21-0024.1.
Steinert, N. J., J. F. González-Rouco, P. de Vrese, E. García-Bustamante, S. Hagemann, C. Melo-
Aguilar, J. H. Jungclaus, S. J. Lorenz (2021b): "Increasing the depth of a Land Surface Model. Part
II: Temperature sensitivity to improved soil thermodynamics and associated permafrost response."
Journal of Hydrometeorology. DOI: DOI: 10.1175/JHM-D-21-0023.1.
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large interest. The analysis exhibits the uncertainty that exists in the simulation of
crucial parts of the climate system that are of particular importance due to their
vulnerability to climate change.

4.1 lsm convergence to equilibrium

Figure 4.1 shows the evolution of global (top) and NH latitudes (bottom) soil
temperatures for the 12-layer PIC experiment (REF_SPD1d). The 28-year timescale
induced by the boundary conditions is visible and can be well identified in the
shaded area that highlights the last cycle of 28 years. The attenuation of variability
and phase shift of temperature changes with depth, resulting from heat diffusion,
is visible in both panels. Average temperatures in Figure 4.1 are slightly larger for
the first level globally and particularly at northern latitudes resulting from snow
cover insulation and melting effects (Melo-Aguilar et al., 2018). For high northern
latitudes, there is an initial offset of about 1.5 K between the top and bottom soil
layers. At global scales, temperatures are stable throughout the simulation, but at
the high northern latitudes, they show long-term adjustments toward equilibrium.
Convergence to equilibrium takes place at different timescales for the various model
layer depths as expected from heat diffusion. The drift is larger for intermediate
layers and lasts over centuries. The drift does not seem to happen for the last two
layers centered at 542.06 m and 1068.24 m, thus indicating detachment from the
surface changes.

For a better description of the long-term trends in PIC soil temperatures, Figure
4.2 shows differences for all model levels with respect to the years 473–500 of the
simulation (shaded area in Fig. 4.1). The values of the last 28-year interval (shaded
area in Fig. 4.1) are subtracted from those of each 28-year segment established by
the repeated boundary conditions, thus filtering out the synthetic timescale in the
resulting anomalies. The dashed lines in Figure 4.2 represent two sigma deviations
from the mean in the resulting anomalies for the 500 years of the simulation. Con-
vergence to equilibrium needs about 200 years for global soil temperature averages,
as discussed in Figure 4.1, although most of the temperature change is accommo-
dated in the first 50 years. The temperature change is relatively small and only a
few hundredths of a degree. If latitudinal bands are considered, a variety of drift
responses is found with the extratropical latitudes showing temperature changes
of about two-tenths of a degree warming (cooling) in the Southern Hemisphere
(Northern Hemisphere), intertropical latitudes and higher latitudes of the Southern
Hemisphere (SH) showing warming drifts of half a degree, and the largest changes
taking place at high latitudes (60�N–90�N) of the NH where changes can be about
1.5 K for some layers. At all latitudinal bands, the largest changes are for the top
soil layers, and the timescale of convergence increases progressively with depth
down to layer 9. Changes for layer 10 are minor and unnoticeable for layers 11 and
12, thus confirming their detachment from the surface. After 400 years, the rate of
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a)

b)

Figure 4.1: Deep model piControl subsurface temperatures. a) Global and b) Northern
Hemisphere high-latitude (60�N–90�N) subsurface temperature [K] of the 12-layer deep
land surface model configuration in the PIC simulation of 500 years. The uppermost
subsurface layer (solid gray) corresponds to the temperature scale on the right, all other
layers correspond to the temperature scale on the left. The gray shaded area (years 473–500)
corresponds to the last 28-year chunk of the driving boundary conditions (see text for
details). Layers 2, 3 and 4 are not included to enhance visibility.

adjustment for layer 9 is very slow and of ca. -0.1 K/century for the 60�N–90�N
region, which can, at the most, introduce a comparably small bias of this magnitude
in the subsequent simulations for the HIS and RCP forcing scenarios.

Therefore, these results show that even in a PIC simulation, which does not include
long-term changes in forcing, the 5-layer model with a BBCP-depth of 9.83 m is
too shallow and compromised in representing soil thermal activity. The surface
temperature variability propagates to a depth of at least 137.70 m, which is the 9th
layer considering the vertical discretization used herein. The depth and number of
layers that are thermally active will depend on the vertical discretization adopted.
Note that since the PIC simulations do not involve responses to long-term trends in
the forcing, Figures 4.1 and 4.2 are only illustrative of the adjustment needed for the
initial conditions. These adjustments may also vary depending on the design of the
initial state and how much it departs from equilibrium, not only at global but also at
regional scales. This may be of relevance for establishing initialization strategies in
LSMs and in fully coupled ESM simulations since the computing resources required
by them are much larger. Note that even the same model can have different states of
equilibrium depending on the model setup or coupling strategies to other climate
subsystems.
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a)

b)

c)

d)

e)

Figure 4.2: Timescales of soil temperature convergence. Soil temperature anomalies
[K] in the 12-layer PIC experiment with respect to the last 28 years (years 473–500 in the
shaded time interval in Figure 4.1) of the simulation for a) global (90�S–90�N), b) NH high
latitudes (60�N–90�N), c) NH mid latitudes (30�N–60�N), d) low latitudes (30�S–30�N),
and e) SH mid latitudes (60�S–30�S). Dashed lines depict two standard deviations from the
mean for the resulting anomalies in the 500 years of simulation. Note the differences in the
temperature y-axis scales.

4.2 deep model in a transient climate

Under transient climate forcings conditions, JSBACH-REF experiences a temperature
change pulse at the land surface, as discussed in Chapter 3. This pulse propagates
into the subsurface, while its penetration into the subsurface can be impeded by
an insufficiently deep BBCP. Too shallow models can experience an unrealistic
representation of the subsurface temperatures depending on the shape and length
of the climate change signal.

An illustration of the differences between simulations of progressively increasing
BBCP-depth in JSBACH-REF is presented for the RCP8.5 climate forcing scenario
(Fig. 4.3). In the vertical profile, the simulations differ in their response to the forcing
with increasing differences with depth (Fig. 4.3a). The shallow 5-layer JSBACH-REF
(REF_SPD1s) with about 6.5 K global mean subsurface temperature increase over the
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a) b)

Figure 4.3: Temperature anomaly profiles for different BBCP-configurations. Vertical
profiles of global mean subsurface temperature anomalies [K] in the RCP8.5 scenario
(T̄2095�2100) compared to pre-industrial conditions (T̄1850�1855). a) Profile of soil temperature
anomalies for 8 JSBACH simulations with consecutively increasing BBCP-depth from 5 to
12 layers (2.1). b) Profile of differences of all 8 simulations with respect to the 12-layer deep
simulation. Note the logarithmic y-axis for the mid-layer depth [m].

pre-industrial temperatures shows the largest deviation from the 12-L model, which
can be assumed to be realistic because of its detachment from surface temperature
changes showing no impact on the last layer (Fig. 3.2b,c). When successively increas-
ing the number of layers in the simulations, the temperatures converge toward those
simulated by the 12L-model (REF_SPD1d), while with more than 9 layers (BBCP
at 183.66 m), they are already identical to the deep 12L-model for the timescales of
the 20th and 21st centuries. However, the model configurations with 6 and 7 layers
show differences at their bottom layers of 1.4 K and 1.2 K, respectively, larger than
the 5L-model with about 0.8 K (Fig. 4.3b). This result is confirmed by the findings in
Chapter 3, illustrating that the absolute temperature error in the subsurface may
initially increase when deepening the BBCP (see also Fig. 3.3).

The time series of the transient 12L simulation (Fig. 4.4a) shows that the surface
warming has a strong influence on the first model layer at 0.03 m mid-layer depth,
with a temperature increase of about 6 K in the last 30-year average of the RCP8.5
simulation with respect to the pre-industrial level. This number is in the range of
those given by (Soong et al., 2020) for current CMIP5 simulated soil temperatures.
The long-term increase in surface temperature is almost 1.5 K until the beginning
of the RCP simulations and rises to about 5 K until the last 30 years of the RCP8.5
simulation, during which a total increase of 6.5 K relative to pre-industrial is attained.
The temperature response is most noticeable in the HIS simulation after the 1970s
and propagates down to the 8th level reaching a mid-layer depth of 68.42 m and
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a)

b)

Figure 4.4: Transient-climate subsurface temperatures. a) Global absolute soil temper-
atures [K] in the 12L LSM configuration and b) differences [K] between the 12L and 5L
configurations for the top 5 subsurface layers in the historical and RCP8.5 simulations. Box
and whisker plots in (a) and (b) indicate the range of temperature variability and differences
for each soil layer and in the three RCP scenarios during the last 30 years of simulation. The
box length stands for a range of two standard deviations, with the mean mark inside and
the whiskers showing the levels for the minimum and the maximum.

affecting only minimally the 9th model level expanding to 183.66 m. The amplitude
of the high-frequency fluctuations decreases with depth as well as the amplitude of
the long-term warming trends. The right panel in Figure 4.4a shows the range of the
response for the last 30 years of the 21st century in the three simulated scenarios
and all levels. RCP4.5 (RCP2.6) shows soil temperature increases of almost 3 K (2 K)
relative to the pre-industrial state. The range of the temperature increase in the last
three decades of the 21st century is depicted by the width of the box and whiskers
plots and diminishes with the lower warming in the less intense scenarios. In each
scenario, the range of warming is comparable for the four top layers, as shown in
(Soong et al., 2020), and diminishes progressively to the 8th layer, where warming of
0.2 K, relative to PIC, is found for any of the three RCPs. The temperature increase
is negligible for layer 9 (BBCP at 183.66 m) and the last three layers, showing that
the BBCP is virtually detached from the temperature changes at the surface (see
also Fig. 4.3a).



4.2 deep model in a transient climate 63

The question that arises is how the thermal state of the soil changes because of
having a deeper BBCP that allocates more space for energy distribution into the soil,
and that can alter the propagation of temperature perturbations with depth (e.g.,
Smerdon and Stieglitz, 2006) and thus, the conductive regime. If the simulated 12L
deep LSM configuration is compared with the 5L shallow one, some insights into the
influence of deepening the BBCP can be gained. Differences in the soil temperatures
of the five top layers in the 12 LSM simulation with respect to the 5 layers of the 5L
simulation show a relative cooling (Fig. 4.4b) that starts at the time of the warming
trends in the 1970s and progressively increases toward the end of the simulation.
The effect of the difference in the attenuation of the temperature amplitude and the
phase shift between the two model configurations is not evident near the surface
due to the influence of the boundary conditions on the upper model layers. Since
the conduction of temperature changes takes place on very short timescales at that
depth and there is a strong lead of the boundary conditions, this prevents feedbacks
from subsurface temperatures propagating closer to the surface. Below the second
level, differences become noticeable, and the 12L LSM becomes relatively cooler than
the 5L model, with the differences being larger for layers 4 and 5, where changes of
about 0.3 K and 0.8 K are attained by the end of the RCP8.5 simulation, respectively.
For the weaker RCP4.5 and RCP2.6 scenarios, the relative cooling in layers 4 and 5
is of the order of 0.3 K (RCP4.5) and 0.15 K (RCP2.6).

a) b)

c) d)

Figure 4.5: Deep model relative cooling at layer 5. Soil temperature differences (K)
between the deep 12L and the shallow 5L configuration at the fifth layer (9.83 m) of the last
30 years of the historical (HIS), RCP2.6, RCP4.5 and RCP8.5 simulations. Points without
stippling show significant differences (Student’s t-test, p < 0.05).
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The largest differences in Figure 4.4b are attained for the 5th model level. Figure
4.5 shows the spatial distribution of temperature differences for this level between
the deep 12L and shallow 5L model configuration in the last 30 years of the three
transient simulations. Changes are of a few tenths of a degree and widespread for
the historical and RCP2.6 and RCP4.5 scenarios. Some partly glaciated regions like
the Himalayas and the Andes show slight relative warming in HIS and RCP2.6 due
to differences in snow diffusivity (Melo-Aguilar et al., 2018; Reick et al., 2021). In the
RCP8.5 scenario, differences of 1 K are widespread, and in the NH high latitudes,
they can exceed 1 K.

It is also interesting to see the occurrence of sudden cooling in soil temperatures
in Figure 4.4 due to volcanic activity like the Krakatoa (1883) and the Pinatubo (1991;
Crowley and Lowery, 2000; Gao et al., 2008), which produces relative warming in the
deep LSM in comparison to the shallow one. This illustrates that the deep soil acts
as a buffer damping the changes in the upper meters of the soil column (Alexeev
et al., 2007; Smerdon and Stieglitz, 2006). This can be better seen in Figure 4.6 that
shows a Hovmöller representation of temperatures vs. depth in the 5L and the 12L
LSM configurations for the last century in the PIC simulations continued in the HIS
and through the RCP8.5 scenario. Note that the depth scale is logarithmic, and the
line at 9.83 m in Figure 4.6d represents the bottom boundary of the 5th layer and the
beginning of the downward expansion of the BBCP in the deep model version. The
progression of the warming with depth is evident in both configurations. However,
for the 5L configurations, the warming is spread immediately over the full depth
of the model, whereas in the 12L LSM version, warming propagates progressively
through the first dozens of meters, reaching 100 m, well beneath layer 8, by 2050.
Recall that, here, 10 m is less than the distance traveled by the annual cycle (Pollack
and Huang, 2000).

The damping of the warming, i.e., the relative cooling effect of the deep BBCP
model version in the top five layers, is also evident when the lower part of the first
10 m is compared in both model variants. Figure 4.6g represents the differences
between both configurations for the 5 top model layers. The relative cooling starts
in the 1970s with the beginning of the warming trends and progresses upwards
during the 21st century to the values reported in Figure 4.4. During the end of
the PIC and the HIS intervals, differences show a succession of weak positive
and negative intervals that correspond with cooling and warming intervals in
the simulations, thus indicating that even in the absence of long-term trends, the
influence of the deep BBCP configuration is to counterbalance the sign of the surface
temperature changes. This succession of alternating positive and negative differences
progressively weakens in the first half of the 20th century and gives way to negative
values when the long-term warming trends start during the second half of the 20th
century.
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piControl historical RCP8.5

Figure 4.6: Vertical distribution of temperature in the shallow vs. the deep model.
Hovmöller diagram of the absolute global temperature [K] vs. depth [m] for the last 100 years
in the piControl simulation (dates are arbitrary and do not correspond to actual dates in
forcing in PIC) continued into the historical (1850–2005) and RCP8.5 (2006–2100) simulations
for the a) 5L configuration, d) the 12L configuration, and g) soil temperature differences
[K] for the first 5 layers in between the deep 12L and the shallow 5L configurations. Soil
temperature anomaly profiles for the last 30 years in the RCPs scenario (T̄2071�2100; dark
shaded area) relative to the temperatures of the first soil level at the end of the piControl
simulation (T̄1821�1850; dark shaded area) for c) the shallow 5L, f) the deep 12L configuration,
and i) the differences between them for the first 5 model layers. For the RCP8.5, profiles are
shown specifically also for several latitudinal bands for the b) shallow, e) deep, and h) for
the differences.

Temperature anomalies at the end of the RCP scenarios are shown in Figure 4.6c,f
for the 5L and 12L configurations relative to the state of soil temperatures at the
first model level by the end of the PIC simulation. The results are similar to each
respective layer since all layers start from a very similar state globally (Fig. 4.4a).
The changes in the thermal state are very homogeneous for the 5 layers in the
shallow configuration and depict warmings of 6 K (RCP8.5), 3.5 K (RCP4.5) and
2.5 K (RCP2.6) for the 10 m below the surface (Fig. 4.6c). The deep BBCP dampens
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a)

b)

c)

d)

Figure 4.7: Latitudinal band subsurface temperatures in transient climate. As Figure
4.4 for different latitudinal bands (see legend) of a,b) NH high latitudes (60�N–90�N) and
c,d) intertropical regions (30�S–30�N). Note that, while the vertical scale is different for each
latitudinal band, the temperature range is the same for each panel in order to make them
comparable.
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the warming visibly in the last three layers with differences that reach 0.8 K in
RCP8.5, 0.35 K in RCP4.5 and 0.15 K in RCP2.6 (Fig. 4.6c,i). Figure 4.6b,e,h shows
the diversity of responses in RCP8.5 for several latitudinal bands indicating that the
largest warming in the last years of the century (⇡ 9 K) occurs for NH high latitudes
(blue), followed by intertropical and NH mid-latitudes (⇡ 6 K).

Overall, the spatial distribution of changes induced by deepening the BBCP is
very homogeneous, both geographically and within the first 10 m of the ground,
as shown in Figures 4.4–4.6, with the largest impact impinging on high northern
latitudes. Figure 4.7 expands the information provided by Figure 4.4 for different
latitudinal bands. The high-and-mid latitudes of the SH show the lowest warmings
of about 5 K for the top soil layer at the end of the RCP8.5 simulation (not shown);
4 K on average for the last three decades of the 21st century. The largest changes
are attained in the high latitudes of the NH, where warming of about 10 K (8 K on
average for the last three decades) is reached (Fig. 4.7). Due to snow cover effects
at these latitudes (Bonan, 2015; Melo-Aguilar et al., 2018; Seneviratne et al., 2010),
temperatures are slightly lower in the first layer than for the two layers below during
all the simulation and stay lower at the end of the 21st century. The temperature
increase reaches the 8th layer with a rise of 1 K or more for all latitudinal bands
and is negligible for the 9th layer. Thus, for all regions, the BBCP is detached from
surface changes. Also, at all latitudinal bands, the subsurface is colder than the
simulation with the shallow model (Fig. 4.7). The relative cooling is largest for the
5th and 4th layers, and it ranges from 0.5 K and 0.2 K, respectively, in the SH high
and mid-latitudes to 1.25 K and 0.5 K, respectively, in the NH high latitudes. At
these latitudes, the cooling effect is even noticeable for layer 2 within the first meter
of the ground. Therefore, keeping the shallow model configuration contributes
to increasing the temperature of the simulated subsurface relative to the realistic
situation with a detached BBCP. Additionally, within the historical and scenario
simulations, using a detached BBCP has an impact at depths below those of the
usual BBCP position in the MPI-ESM-JSBACH.

Figure 4.8 synthesizes the results for the three scenarios and the number of model
layers used. For all scenarios, results tend to group into three levels of response
(Fig. 4.8; top). High latitudes of the NH show the largest temperature change at
the end of the 21st century with increases of 9 K (RCP8.5), 5 K (RCP4.5) and 3.5 K
(RCP2.6), showing notably less warming for the 5th bottom layer in RCP8.5 (>1 K)
and RCP4.5 (0.5 K) and for the 4th layer in RCP8.5 (0.4 K). The smallest temperature
changes can be found in the SH mid and high latitudes with temperature increases
of about 4.7 K (RCP8.5), 2.5 K (RCP4.5) and 1.5 K (RCP2.6). The temperature rise
is less pronounced for the detached BBCP in the 5th layer in RCP8.5 (>0.5 K) and
RCP4.5 (0.3 K) and for the 4th layer in RCP8.5 (0.2 K). The remaining latitudinal
bands and the global case show intermediate responses for which again layers 4
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Figure 4.8: Synthesis of subsurface temperature response in shallow and deep simula-
tions. (Top row) Subsurface temperature differences [K] between the end of the 21st century
and the pre-industrial temperature (T̄2095�2100 � T̄1850�1855) for the 5-layer shallow (x-axis)
and 12-layer deep (y-axis) soil model configuration for various layers (colors) and latitudinal
bands (symbols). Note that the y-axis temperatures cover different ranges. (Bottom row) Soil
temperature differences [K] at layer 5 between LSMs with a given number of layers (x-axis)
that progressively increase from 6 to 12 and the reference 5L configuration. Colors stand for
the various latitudinal bands.

and 5 show the largest warming attenuation with the deeper BBCP, mostly in the
two strongest RCP scenarios. Note that in all cases, the shallow model configuration
tends to show a very homogeneous response through all layers that align vertically
in the diagram, whereas the deep BBCP tends to spread the response downwards,
producing less warming, i.e., relative cooling, in the layers above the shallow BBCP.
It would remain to assess whether the spread would also propagate to the top layers
in a case in which the atmospheric General Circulation Model and the LSM would
be coupled instead of the present case in which the LSM is driven stand-alone with
no possibility of interaction.

The inclusion of the deeper BBCP acts progressively to damp the warming as
additional soil layers are added. This can be seen in the 5th layer soil temperature
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differences between the configurations in which a new layer is added stepwise
with respect to the same layer in the 5L reference configuration (Fig. 4.8; bottom).
For all scenarios, adding the 6th soil layer shows an increased relative cooling that
is larger for the NH and becomes larger when the 7th and 8th layers are added
stepwise. This happens for all RCPs and latitudinal bands, although with different
levels of response. The inclusion of layers 9 to 12 produces slight and, in most cases,
unnoticeable changes. Figures 4.6–4.8 demonstrate the relative cooling in the upper
subsurface in the deep model relative to the shallow LSM. This is an indication that
the warming of layers 6 to 9 is the result of heat transport and accumulation of
energy in the added layers instead of energy staying locked above the shallow BBCP
of the 5L-LSM.

4.3 temperature and moisture sensitivity

In order to explore the influence of the BBCP changes on the results, the shallow
(5-layer) and deep (12-layer) configurations for all eight experiments are compared.
Results for the reference simulations REF_SPD1s and REF_SPD1d (Tab. 2.2) have
been established in the previous sections. However, incorporating changes in soil
parameters and an improved physical representation of NH high-latitude hydro-
thermodynamic processes used in the JSBACH-HTC experiments allows investigat-
ing the sensitivity of the LSM to these changes under the condition of a realistically
deep BBCP.

Figure 4.9 shows the impact of HTC and SPD changes in the frame of deep
and shallow BBCPs. The simulation of the absolute global average temperature
of the HIS and RCP time series of the deep model shows a consistent increase in
temperature throughout the length of the simulation for the surface temperature
(Fig. 4.9a–d). Surface warming has a strong influence on the first model layer. The
temperature response is gradually decreasing throughout the soil downward. The
amplitude of high-frequency fluctuations decreases and, by the end of the 21st
century, the warming amplitude is gradually attenuated with depth. The warming
signal from the surface is noticeable in deeper layers down to the 10th model layer
(274 m mid-layer depth) but does not reach deeper layers, suggesting that the depth
of the soil thermal scheme used herein is sufficiently deep to capture the warming
signal of the RCP8.5 surface forcing.

Throughout the depth, the global mean soil temperature in the deep model varies
slightly among the different configurations of HTC and SPD but follows, in general,
the forcing imposed at the surface (Fig. 4.9e–o). In the upper 20 m, the variation in
the combinations of SPD and HTC configurations determines the detailed evolution
of temperatures in each layer. The influence of HTC is much larger than the influence
of the selection of the parameter dataset. Apart from the first layer closest to the
prescribed surface boundary conditions, HTC causes the temperatures to be lower
than the reference REF_SPD1d by 0.2–0.6 K, intensifying with depth. It reaches its
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Figure 4.9: Transient climate subsurface temperatures with HTC and SPD changes.
a–d) Global mean soil temperatures [K] at layers 1–12 of the deep model in the simulation
with JSBACH-REF and SPD1 (REF_SPD1d) for the historical period (1850–2005) and RCP2.6,
RCP4.5 and RCP8.5 scenarios (2006–2100; Table 2.2). e–o) Soil temperature differences for
each layer as anomalies to the first 30-year average (1850–1879) of the historical period for
every layer of the deep model configuration with JSBACH-REF and SPD1. Temperature
differences are presented as comparisons between different configurations of HTC and SPD
(see legend for colors). Note that for visibility, the pink line is SPD1-SPD2, since the reverse
would produce positive values with JSBACH-HTC. p–z) Temperature anomalies for each
layer of the last 30-year average (2071–2100; see gray shaded area in top panel) of the RCP8.5
scenario period to the first 30-year mean (1850–1879) of the historical period for the global
mean and latitudinal band averages in simulations with different configurations of HTC
and SPD in every layer of the 12-layer deep model configuration. The centers of the boxes
indicate the mean value, box bounds are the standard deviation, and whiskers refer to the
extreme values of the last 30-year period of anomalies of the time series in the left column.
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maximum at layer 6 (15.70 m mid-layer depth). HTC increases the variability in the
subsurface temperatures in comparison to the reference simulation REF_SPD1d.
It appears to predominantly impact high-frequency temperature variations, as
this temperature evolution discrepancy disappears below 10 m with respect to
variability, and only an average temperature offset of a couple of tens of a degree
is left. In JSBACH-REF, the influence of changing the soil parameter dataset is
negligible. However, in JSBACH-HTC, SPD2-SPD1 temperature changes are of the
order of 0.1–0.2 K, which adds on top of the HTC-influence in the HTC_SPD2s/d
simulations. Still, the global variations in subsurface temperatures due to different
physical representation (HTC) and soil parameters (SPD) are small compared to
the temperature anomalies of 2100 with respect to 1850 in the RCP8.5 scenario that
exceed an anomaly of 6–7 K (Fig. 4.9a–d).

At regional scales, shown as latitudinal bands in the box plots in Figure 4.9p–z,
temperatures differ among different regions and physical configurations of the deep
model. In general, the mid and high latitudes show larger anomalies with respect
to pre-industrial conditions than the equatorial regions. Temperature differences
between the model configurations are small compared to the temperature anomalies
from 1850. However, regional average differences reach up to 2.2 K in the high
northern latitudes. Further, NH high-latitude anomalies in JSBACH-HTC are higher
than in JSBACH-REF. The range of temperatures of 2071–2100 in the low latitudes
is larger than in other regions, which suggests either a higher range of variability
or a stronger response of ground temperatures to the radiative forcing conditions
in the last 30 years of the simulations in this area. Throughout the soil depth, the
relative behavior of ground temperature anomalies for the various regions (top 5
layers) stays constant.

Figure 4.10 shows the direct comparison at layers 1–5 (0.03–6.98 m mid-layer
depth) between the shallow and the deep model with respect to configuration
changes (SPD1 vs. SPD2 and JSBACH-REF vs. JSBACH-HTC; see Table 2.2) in
different forcing scenarios and latitudinal bands. There is a global mean cooling of
0.8–1.1 K by the end of the 21st century (average of 2071–2100) in the model with a
deep BBCP for all configurations relative to the PIC simulation with a shallow LSM.
The relative soil column cooling can be observed in all layers, increasing gradually
with depth, and is largest at layer 5. The relative ground cooling can be explained
by the downward transfer of heat from anthropogenic warming below the 5th layer
in the deep model (Fig. reffig4.6). It also indicates overly strong warming of the soil
column in the shallow 5-layer model. At these scales, model configuration changes
have a relatively small influence on temperature differences. By incorporating hydro-
thermodynamic soil coupling, the cooling is larger by about 0.2 K at layer 5 with
differences exceeding -1 K. Changes in the soil parameter values result in no changes
in JSBACH-REF but show less cooling when SPD2 is used in JSBACH-HTC. This
is consistent for all forcing scenarios (not shown). Throughout the simulation, the
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Figure 4.10: Subsurface temperature differences of deep vs. shallow simulations with
HTC and SPD. a–d) Soil temperature differences [K] at the first 5 model layers between
the deep and the shallow model configurations for different combinations of JSBACH-REF
and JSBACH-HTC with two different soil parameter datasets (SPD1 and SPD2; see Table
2.2 for experiment description). Global means for 300 years are shown continuously for the
PIC+HIS+RCP8.5 scenario simulations. e–h) Global and latitudinal band means of the last
30-years (2071–2100) of the scenario period, and i–l) different forcing scenarios. The bar
plots are based on the respective last 30 years of the PIC (1821–1850), HIS (1976–2005) and
RCP scenario (2071–2100) periods, marked by the gray shaded areas in (a)–(d).

temperature difference increases are fairly linear in the RCP8.5 scenario. The same is
evident in the other scenarios. For the end of the 21st century, the strongest radiative
forcing produces the largest response, with the relative cooling in RCP4.5 (RCP2.6)
accounting for about half (a quarter) of that in RCP8.5 and enhancing by about
one-tenth of a degree in JSBACH-HTC compared to JSBACH-REF. In comparison to
the global mean, there is different strength in the temperature response to BBCP
changes in different latitudinal bands (Figs. 4.10 and 4.7). In JSBACH-REF, the NH
high latitudes have larger relative cooling at layer 5 than the global and low-to-mid
latitude averages by 0.2–0.3 K. The SH shows a weaker response in general. With
respect to the soil parameter variations, there is some enhancement of the relative
cooling of the SH mid-latitudes to NH mid-latitudes.

The spatial differences between the shallow and the deep JSBACH for all four
configurations of HTC and SPD show the areas where the cooling is most prominent
(Fig. 4.11). For the RCP8.5 forcing scenario, there is a general cooling all over the
globe in the deep JSBACH-REF experiments. The largest cooling of up to 2 K can
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a)

b)

c)

d)

Figure 4.11: Layer 5 temperature differences and sensitivity to HTC and SPD. Soil
temperature differences [K] at model layer 5 between the deep and the shallow model
configurations for different combinations of hydro-thermodynamic soil coupling (JSBACH-
REF: a,b; and JSBACH-HTC: b,d) and soil parameter datasets (SPD1: a,b; and SPD2: c,d) in
the RCP8.5 climate-change scenario. Differences are significant (Student’s t-test, p<0.05) at
all grid points. Note that (a) is identical to Figure 4.5d and put here for comparison.

be found at layer 5 throughout the full band of NH high latitudes and in areas of
Russia and South America in JSBACH-REF simulations, both with SPD1 and SPD2.
The differences in the patterns resulting from SPD1 and SPD2 are significant but
do not show large spatial variability. Incorporating coupled hydro-thermodynamic
soil physics into the JSBACH-HTC simulation shows larger regional ground cooling
distributed over central Eurasia, South Africa and across America. Predominantly,
desert areas with low soil moisture are affected. Hence, no effect is expected with
respect to including physical processes related to water phase changes. However,
implementing a dynamic calculation of soil properties is responsible for a significant
regionally intensified cooling since variations of thermal diffusivity throughout
the soil column cause the temperature to distribute differently in the soil. Areas
of intensified cooling are the result of higher thermal diffusivity, meaning that
the temperature changes from the surface propagate faster into the soil (see more
details in Section 4.4.2). In turn, the cooling of the ground in the deep model in-
dicates an overestimation of soil temperatures in the shallow model. This relative
warming in the shallow model is intensified in dry soil regions when soil thermal
properties are set constant, as is the case in JSBACH-REF. Although Ekici et al.,
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2014 targeted the improvement of high-latitude cold regions, differences and a
potentially improved behavior is found over regions outside of those for which the
soil hydro-thermodynamic coupling was made in JSBACH-HTC.

a) d)

b) e)

c) f)

Figure 4.12: Soil temperature and moisture sensitivity to HTC and SPD changes.
Climatological mean (1850–1879) of a–c) vertically averaged (top 5 layers) soil column
temperature and d–f) vertically integrated root zone soil moisture for a,d) JSBACH-REF
and b,d) the differences between JSBACH-HTC and JSBACH-REF, as well as c,f) differences
between the soil parameter datasets SPD1 and SPD2 for soil temperature [K] and moisture
[m]. Stippling indicates significant differences of a Student’s t-test (p<0.05).

Specific regional patterns of the ground temperature response to the HTC and
SPD configuration changes are shown in Figure 4.12. When using JSBACH-HTC,
patches of significant warming and cooling areas occur compared to JSBACH-REF,
mainly concentrated over NH land. Consistent warming is located over the full
longitudinal width of the high northern latitudes and in part of the Himalayan high
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mountain ridges (Fig. 4.12b). Dominating cooling patterns can be found in desert
environments, such as the Sahara, the Arabian Peninsula and the Gobi region. The
local temperature anomalies range between -3 K and 3 K, which is larger than the
average global or latitudinal response of JSBACH-HTC. The origin of these patterns
is discussed in Section 4.4. Furthermore, as seen from the time series in Figure
4.9, a change in SPDs has a negligible impact on the ground temperatures when
using JSBACH-REF. However, in JSBACH-HTC, considerable patches of warmer
temperatures occur in the NH mid-to-high latitudes in SPD2 compared to SPD1
(Fig. 4.12c).

Soil moisture content in the JSBACH-REF root zone is largest in the equatorial
regions, parts of western Asia and western North America (Fig. 4.12d). Dryer areas
are located in desert areas of North Africa, Central Eurasia, and the higher latitudes.
Introducing hydro-thermodynamic coupling in JSBACH-HTC reduces the absolute
moisture content of land areas north of 45�N significantly by more than 0.2 m on
average, while the effect on the rest of the world is moderate to none (Fig. 4.12e).
Liquid water that resides in the soil in JSBACH-REF is frozen in JSBACH-HTC when
water phase changes are taken into account. This is visible in isolated patches of
reduced moisture content in mountainous regions south of 45�N, e.g., the Himalaya
region. In terms of the influence of SPDs on soil moisture content (Fig. 4.12f), changes
are distributed unevenly globally. However, there is no significant effect at high
latitudes. This is expected as there is larger soil hydrological sensitivity in wet
regions than in dry regions to temperature changes (Kumar et al., 2016). The global
patterns correspond spatially with changes in the rooting depth between SPD1 and
SPD2 (Fig. 2.4) since plant root depth affects soil water content significantly (e.g.,
Kleidon and Heimann, 1998; Nepstad et al., 1994).

In high-latitude regions, evapotranspiration is limited by net radiation and the
length of the growing season (Seneviratne and Stöckli, 2008), which limits the
amount of water used by the plants for photosynthetic growth. Apart from the
deserts, equatorial regions predominantly show drier patches, while the subtropical
bands of both hemispheres have wetter soils. In general, both changes of HTC and
SPD imply important changes in the distribution of moisture in the soil. An increase
in the depth of the bedrock limit increases the maximum soil moisture storage
potential. Changes are of the magnitude of 50–100 % (Fig. 4.12e,f) on a regional scale
and therefore potentially influence the soil properties and the ability of the soil to
conduct energy into depth.

The impact of the radiative forcing on the ground temperatures in the 21st century
of the RCP8.5 scenario is strongest in the NH high latitudes because of Arctic
amplification (Fig. 4.13a). The warming extends to 9 K in RCP8.5 with respect to the
pre-industrial period in these regions. Continental areas experience slightly larger
warming of 1–2 K compared to the coastal regions. The combined effect of activating
HTC and changing to SPD2 (Fig. 4.13b) also shows the largest impact in the NH high-
latitude regions with significant relative warming of up to 2 K in eastern Siberia. The
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a) b)

Figure 4.13: Magnitude of spatial subsurface temperature response under climate-
change forcing conditions. a) Soil column (average of top 5 layers) temperature anomaly
[K] in RCP8.5 (2071–2100) with respect to pre-industrial conditions 1850–1879 of JSBACH-
REF with SPD1. b) Differences with respect to (a) of the combined effect of hydro-
thermodynamic soil coupling and soil parameter datasets on soil temperature anomalies [K]
between the periods 2071–2100 and 1850–1879. See Table 2.2 for experiment configurations.
Stippling indicates significant differences of a Student’s t-test (p<0.05).

low and mid-latitudes of the NH experience regionally significant relative cooling in
this configuration, particularly located at the central Eurasian continent and parts of
western North America. The influence of model configuration changes reaches up
to more than 2 K. This is a large difference, considering that the total temperature
change from 1850–2100 is about 6–9 K regionally. There is substantial importance
in the choice of the model configuration (see discussion in Sect. 4.4), which could
impact the simulation results by an amount that is highly relevant for the discussion
about climate change mitigation strategies and warming-limit agreements.

4.4 contribution of hydro-thermodynamic coupling mechanisms

The soil temperature response pattern from Figure 4.12b can be explained by the
contribution of different physical mechanisms taking part in JSBACH-HTC. Figure
4.14 shows the specific spatial patterns of each of the four physical mechanisms in
HTC: 1) the use of 5 snow layers (SNOWon/off), 2) the use of the dynamic moisture-
dependent calculation of soil thermal conductivity and capacity (DCCon/off), 3) the
influence of soil water phase changes (LHEon/off) and 4) the implementation of
supercooled water (SCWon/off). The maps correspond to the analysis of the 30-year
long HTC_SNOW, HTC_DCC, HTC_LHE and HTC_SCW experiments in Table
2.2, in which one mechanism is being analyzed at a time. The influence of every
mechanism has distinct regional signatures. A superposition of every single pattern
may not entirely explain the final responses of soil temperature and moisture in
JSBACH-HTC in Figure 4.12 because feedbacks and interactive processes occur.
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c)
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Figure 4.14: Individual HTC-mechanism temperature responses. Soil temperature [K]
response (vertical average of layers 1–5) of the four contributing physical mechanisms of the
hydro-thermodynamic coupled soil HTC: a) 5-layer snow model (SNOW = HTC_SNOW
- REF_SPD1d), b) dynamic moisture-dependent calculation of soil thermal conductivity
and heat capacity (DCC = HTC_SPD1d - HTC_DCC), c) soil water phase changes (LHE
= HTC_SPD1d - HTC_LHE), and d) the implementation of supercooled water (SCW =
HTC_SCW - HTC_DCC). Also see Table 2.2 for experiment configurations. Red dots indicate
locations that are referred to in the following figures (Figs. 4.15,4.16,4.17 and 4.18) for each of
the four HTC-cases. Stippling indicates significant differences of a Student’s t-test (p<0.05).

In addition to the four contributing physical mechanisms in JSBACH-HTC, the
thermal representation of bedrock differs in comparison to JSBACH-REF, as JSBACH-
HTC considers the bedrock diffusivity values for the subsurface heat conduction
(see Sects. 2.2 and 2.3.2). However, 1) the changes in the diffusivity values between
JSBACH-REF and JSBACH-HTC were found to be small, and their impact is neg-
ligible for the analysis presented herein (not shown), and 2) this solely affects
the DDC-case because the other cases are using a comparison within different
configurations of JSBACH-HTC, where the bedrock definition remains the same.

4.4.1 5-layer snow scheme

Warming in the high northern latitudes is mainly caused by the insulating effect
of snow cover. Spatial patterns of snow cover (Fig. 4.15a) agree well with the dis-
tribution of the soil temperature anomalies in Figure 4.14a in the high northern
latitudes and the Himalaya region. The yearly evolution for surface temperature
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and soil temperature, as well as their differences at the site shown in Figure 4.14a
(red dot), are shown in Figures 4.15b,c. Although snow depth is not subject to
changes, a better representation of snow (SNOW) in the model configuration with
the hydro-thermodynamic soil coupling (HTC_SNOW) leads the snow cover to act
as a protective barrier for soil temperatures against colder air temperatures during

a)

b)

c)

Figure 4.15: Soil temperature response to implementing 5-layer snow scheme. Cli-
matological (1850–1879) winter (DJF) mean of snow depth [m] (a). Surface temperature
[K] (sfcT) and layer 1 soil temperature [K] (soilT1; b) and their differences (c) in the snow
model configurations SNOWoff and SNOWon for annual daily mean values over the period
1850–1879 at the indicated location (red in a); and indicated in Figure 4.14a). SNOWon and
SNOWoff refer to the HTC_SNOW and REF_SPD1d simulations, respectively (see Tab. 2.2
for an overview of the experiment configurations).



4.4 contribution of hydro-thermodynamic coupling mechanisms 79

winter. The insulation causes the annual mean soil temperatures to be higher than
in the reference case without improved snow physics (REF_SPD1d). As long as the
snow is present in the model between the first soil layer and the surface layer on
top of the snow, soil temperatures are warmer. In spring, when air temperatures
rise, the surface snow layer melts completely (Fig. 4.15c). In the first months, the soil
temperatures are colder than the air because of the time lag of conductive coupling
of the air temperatures with the soil. In summer, without a protective layer, the
near-surface soil temperature follows the air temperature. Later in the year, when
the snow starts to accumulate again, the insulating effect of the snow layer leads
to a difference in air-soil temperatures (Fig. 4.15b). Therefore, SNOW introduces an
increase in the first layer of soil temperatures in winter.

4.4.2 Dynamic soil thermal properties

Incorporating a dynamic calculation (DCCon; HTC_SPD1d in Tab. 2.2) of the ther-
mal conductivity k and heat capacity C into the JSBACH-HTC results in colder
temperatures by a couple of degrees compared to DCCoff (HTC_DCC in Tab. 2.2)
in some regions (Fig. 4.14b). From the distribution of soil moisture in the model
(Fig. 4.12d) it is evident that this response is limited to areas with low soil mois-
ture in the mid-latitudes. These are the areas showing a major change in k and C
(Fig. 4.16a,b). The regions in the high northern latitudes (Siberia, Canada, Alaska), as
well as the Himalaya region, have very shallow soil depth (Fig. 2.4) and thus contain
a considerable amount of soil moisture relative to the soil depth and can be ignored
here.

In arid regions, solar radiation heats the surface during the day. The amount
of incoming energy is the same in DCCon as in DCCoff, but in DCCon, the heat
taken up by the surface layer cannot be transported away into deeper soil layers as
quickly as in DCCoff because of the decreased thermal conductivity. This is visible
in a decreased ground heat flux in DCCon between the 1st and 2nd soil layers
(Fig. 4.16d). The temperature increase at the surface leads to increased SHF into the
atmosphere during the day. At night, the soil radiates outward and cools down,
getting colder than the air above the ground, and the SHF gets reversed such that
the atmosphere now heats the soil. Generally, the deeper soil layers are now warmer
than the surface, which results in an upward directed ground heat flux. Owing to
the reduced heat capacity (Fig. 4.16a), the heat source from below is lower in DCCon
than in DCCoff because less heat was stored into the lower layer during the day (and
over many days), which could now fuel the surface layer to equilibrate the radiative
energy loss. Excessive loss of energy during the night leads to a net reduction of
radiation during the night of up to 50 W/m2 (Fig. 4.16d). The result is a colder mean
state of the soil in DCCon with larger variability in the diurnal cycle of sensible
heat flux and temperature visible in the soil temperature profile (Fig. 4.16e). The
surface energy partitioning is almost entirely defined by the SHF, as the available
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Figure 4.16: Soil temperature response to dynamic soil thermal properties. a) Layer 1
(0.03 m mid-layer depth) heat capacity [106 Jm�3K�1] difference and b) thermal conductivity
[Jm�1s�1] difference between DCCon and DCCoff. Stippling indicates significant differences
of a Student’s t-test (p<0.05). c) Layer 1 soil temperature [K] and d) soil energy fluxes
[Wm�2] as sensible heat flux at the surface (HS) and ground heat flux between the 1st
and 2nd soil layers (HG) shown as hourly means of August 1859 at the indicated location
(red dot in in (a) and (b)); and indicated in Figure 4.14b) in DCCon and DCCoff. e) Soil
temperature profile of the mean daily extrema of August 1859 at the indicated location
(red dot in maps) in DCCon and DCCoff. DCCon and DCCoff refer to the REF_SPD1d
and HTC_DCC simulations, respectively (see Tab. 2.2 for an overview of the experiment
configurations).
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soil moisture and air-water contents are very low. The results are consistent with
Wang et al. (2016), who find that a moisture-dependent parameterization of the soil
thermal properties can be responsible for relative cooling in dry areas, and they
conclude that this potentially affects the range of diurnal and intra-annual extreme
temperatures.

Semi-humid areas distributed over the globe, apart from the tropical rainforest,
experience an increase of k of varying magnitude between DCCon and DCCoff
(Fig. 4.16b) due to its dependency on moisture (Fig. 4.12b), which is considered in
the calculation of k and C in DCCon (Loranty et al., 2018; Rempel and Rempel, 2016).
JSBACH still has some residual soil moisture present in arid regions in order to drive
potential plant growth in simulations with different climate patterns. However, on
the one hand, the amount of soil moisture is very small for the influence on k, and on
the other hand, the bulk part of the soil moisture is located between the 2nd and 4th
soil layers. As conductivity increases with moisture content, the estimation of k in
DCCoff at the surface (1st soil layer) is larger compared to the moisture dependent
k in DCCon, as it represents the mean over the full soil column, considering an
average vertical distribution of soil moisture. Heat capacity values in DCCoff are
overestimated in some humid areas and specifically in the arid regions because
the FAO-maps predefined values of C in DCCoff are larger than the dynamic C
(Fig. 4.16a) that takes into account the soil moisture and ice content as well as the
soil porosity in DCCon (Loranty et al., 2018; Rempel and Rempel, 2016).

In humid regions, as long as enough soil moisture is present in the soil, the balance
between moisture-time-dependent heat capacity and heat conductivity adjusts so
that soil temperatures are almost equal in DCCon and DCCoff. A particular role
is played by the increased moisture-dependent heat conductivity in the DCCon, as
subdiurnal relative (DCCon vs. DCCoff) heat gain or heat loss can be distributed
throughout the soil quickly. The ground heat flux is found to be increased, suggesting
that the excess energy is passed through to deeper layers (not shown). Large parts
of the surface energy are consumed/released for the phase change of soil and air
moisture in the form of latent heat. Thus, humid regions are prone to regulate their
latent heat flux according to the available energy in the soil that results from the
dynamic moisture-time-dependent thermal conductivity and heat capacities, leaving
the sensible heat fluxes almost indifferent between the two DCC configurations.

4.4.3 Latent heat exchange

In comparison to JSBACH-REF, JSBACH-HTC has colder soil temperatures on the
annual average in the mid-latitudes (Figs. 4.12b and 4.14c), which can be related to
the incorporation of soil freezing and melting processes resulting in latent energy
exchange (LHE, Fig. 4.17) in the LHEon configuration (HTC_SPD1d in Tab. 2.2).
There is a seasonal behavior in the mid-latitudes that causes major warming in
LHEon in winter (DJF) and a reversed cooling in summer (JJA), which balance each
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Figure 4.17: Soil temperature response to the implementation of soil water phase
changes. Spatial distribution of soil temperature differences [K] at layer 2 (0.19 m mid-layer
depth) for a) winter (DJF) and b) summer (JJA). Stippling indicates significant differences of
a Student’s t-test (p<0.05). c) Layer 2 soil temperature [K], d) ice content [m], and e) moisture
[m] of LHEon and LHEoff as monthly means of the year 1861, and f) soil temperature profile
of LHEon and LHEoff of 1861 extrema at each layer at the location (red dot in (a) and (b));
and indicated in Figure 4.14c). LHEon and LHEoff refer to the HTC_SPD1d and HTC_LHE
simulations, respectively (see Tab. 2.2 for an overview of the experiment configurations).
Note that both LHEon and LHEoff are HTC-simulations, which is why, ice content in LHEoff
in (d) is not zero.
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other out to an average response as seen in Figure 4.14c. In winter, ice forms in
LHEon, which is thawing in summer (Fig. 4.17c–e). In the example grid point, the soil
ice at layer 2 is thawed completely in summer and exceeds the reference of LHEoff
(HTC_LHE in Tab. 2.2) in winter. Meanwhile, in LHEoff, the soil water content is
constantly solid throughout the year, also in summer when the soil temperature is
much higher than the water freezing point. Accordingly, the liquid soil water content
in LHEon oscillates along with the seasonal soil temperatures. The freezing of soil
water to ice in autumn and winter releases latent energy that warms up the soil and
results in warmer soil temperatures in LHEon in winter (Fig. 4.17c–e). Reversely,
latent energy is consumed to melt the soil ice in spring and summer and contributes
to a colder soil state. From March to June (November to February), the zero-curtain
effect is visible in the soil temperatures, which causes a lag of warming (cooling) in
spring (autumn). Additionally, the phase change of soil water in LHEon affects the
thermal properties of the soil. More ice content in winter increases the soil thermal
conductivity, leading to more energy transported from the surface to deeper soil
layers. At the same time, the increase in liquid soil water content in summer causes
almost a doubling of summer evapotranspiration (not shown) that contributes to
the cooling at the land surface. This cooling dominates the annual cycle in the soil
temperature profile in the top 5 soil layers (⇠10 m), which results in a colder soil
climate on longer timescales (Fig. 4.14) and affects the average temperature in Figure
4.12.

4.4.4 Supercooled water

Similar to the mechanisms of the LHE case are those taking place in the presence
of supercooled water (SCW, Fig. 4.18). As in LHE, there is a seasonal oscillation
of the near-surface soil temperature response to implementing supercooled water
into the model. SCWon (HTC_SCW in Tab. 2.2) causes a predominant cooling
pattern in the mid-latitudes in winter (DJF) and a reversed warming in summer (JJA,
Fig. 4.18a,b). With SCWon, a portion of the water to be frozen when soil temperatures
drop below zero degrees Celsius is kept in liquid form to be available for surface
evapotranspiration. Thus, in winter, SCWon has water left in the soil, while in
SCWoff (HTC_DCC in Tab. 2.2), it is completely frozen (Fig. 4.18c–e). The reduction
of soil water frozen to ice in winter is equal to a reduction of latent heat released
by the water phase change and results in less latent warming of the soil in SCWon.
Reversely, in summer, less energy is consumed for the melting process of ice and
leads to warmer soil temperature than in SCWoff. This leaves the SCWon simulation
with a larger amplitude of the annual cycle. Although small, differences between
SCWon and SCWoff in the annual maximum and minimum temperatures of the
soil profile show slight domination of the winter cooling effect throughout the soil,
leading to a colder soil on the annual average as seen in Figure 4.14, contributing
slightly to the spatial pattern of temperature in Figure 4.12.
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Figure 4.18: Soil temperature response to implementation of supercooled water
formulation. Spatial distribution of soil temperature differences [K] at layer 2 (0.19 m
mid-layer depth) for a) winter (DJF) and b) summer (JJA). Stippling indicates significant
differences of a Student’s t-test (p<0.05). c) Layer 2 soil temperature [K], d) ice content [m],
and e) moisture [m] of SCWon and SCWoff as monthly means of the year 1861, and f) soil
temperature profile of SCWon and SCWoff of 1861 extrema at each layer at the location
(red dot in (a) and (b)); and indicated in Figure 4.14d). SCWon and SCWoff refer to the
HTC_SCW and HTC_DCC simulations, respectively (see Tab. 2.2 for an overview of the
experiment configurations).
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4.5 terrestrial energy storage and distribution

The changes in the energy balance in the Earth System due to changes in external
forcings are introduced in the LSM through changes in surface boundary conditions.
A part of the incoming energy, which increases with the intensifying external
forcing, will be stored into the subsurface. In the case of HIS, in a shallow BBCP
configuration, global mean annual terrestrial heat content change (AHCC) is in the
range of 0–5·105Jm�2yr�1 (Fig. 4.19). Similar energy storage takes place in RCP4.5
and RCP2.6, whereas in RCP8.5 the amount of energy stored increases by a factor
of two (5–10·105Jm�2yr�1; Fig. 4.19). For comparison, recall that recent estimates of
Earth System rates are on the range of 132.5·105Jm�2yr�1 (Von Schuckmann et al.,
2020).

In general, introducing a deeper BBCP amplifies the range of energy loss/gain in
various regions in comparison to the shallow model in HIS (Fig. 4.19, right column).
While in general there is widespread warming and an increase of energy storage, a
regionally more complex pattern arises. Indeed, some areas with negative surface
temperature trends during some decades of the HIS period that do not show energy
storage in the 5L configuration, actually respond with an energy loss in the deep
HIS simulation (Fig. 4.19, center column), which is compensated during the RCP
scenario warming. In the western US, for example, cooling trends take place in the
HIS period that expand below the 5th layer after 1900. The effect of the deep LSM is
a damping of the cooling in the shallow LSM with a relatively warmer simulation
during the HIS period. During this interval, there is a net energy loss (Fig. 4.19,
center) that gives way to warming in the 21st century, and a relatively cooler deep
LSM simulation in the top layers below the surface.

In the scenario simulations, the deep BBCP induces a massive uptake of energy
by the soil. The energy can increase by a factor of up to 5 in some regions compared
to the shallow model. The pattern of heat storage is very similar to that of HIS in
the deep LSM configuration, with the regions of small or negative energy storage,
i.e., energy loss, now showing lower heat uptake in the 21st century. In RCP2.6,
values in the range of 15–30·105Jm�2yr�1 are widespread with the highest values
in northern Eurasia peaking above 30·105Jm�2yr�1. In turn, values in the range
of 30–45·105Jm�2yr�1 are widespread in RCP4.5 over northern Eurasia and North
America. Finally, RCP8.5 scales up over many regions with values in the range
of 45–60·105Jm�2yr�1 and above 60·105Jm�2yr�1 in the northernmost latitudes.
Overall, the changes associated to increasing the depth of the BBCP are far more
important for the energy storage than the differences related to scenario simulations
in a shallow BBCP (González-Rouco et al., 2009).

Figure 4.20 (top) shows the comparison of the global amount of energy storage for
the HIS and RCP simulations vs. depth with a stepwise increases in the number of
layers from the 5L to the 12L LSM. As in the case of temperature changes in Figure
??, storage saturates after reaching layer 9. It is interesting to note that the pace of
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Figure 4.20: BBCP-depth influence on subsurface annual rate of heat content change.
(Top) Global mean annual heat content change [105Jm�2yr�1] in dependence to BBCP-
depth configuration for HIS (left axis) and the RCP simulations (right axis). Results are
shown for stepwise increases from the 5L to the 12L configuration. (Bottom) Area mean
annual heat content change [105Jm�2yr�1] in the shallow (circles) and deep (triangles) LSM
configurations, for global, NH high latitudes, NH mid latitudes, intertropical regions, SH
mid latitudes and SH high latitudes.

increase for HIS and scenario simulations is very similar within the bounds of each
scenario. Notice the different scales for HIS and the three RCPs. For most regions
in Figure 4.19, increasing the depth of the BBCP translates in 1.5 times more heat
stored in RCP4.5 than in RCP2.6 and a factor of more than 2.5 between RCP8.5 and
RCP2.6. These factors agree with the ratio of ranges in the color scales in Figure 4.20
(top).

Figure 4.20 (bottom) expands the comparison of the 5L-shallow and 12L-deep
BBCP configurations to different latitudinal bands. It becomes clear that the differ-
ences induced by expanding the depth of the BBCP exceed those related to changing
the scenario within the shallow model configuration for all regions. If the RCP8.5
scenario is considered, changes for the comparison of the deep vs shallow LSM are
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Table 4.1: Global and regional mean annual heat content change. Global and regional
mean annual heat content change, AHCC [105Jm�2yr�1] and mean global cumulative heat
uptake, CHU [108Jm�2] in the shallow 5-layer (S) and deep 12-layer (D) LSM configuration
for the historical (HIS) and the RCP simulations RCP2.6 (R26), RCP4.5 (R45), and RCP8.5
(R85) simulations. AHCC values are shown for the NH high latitudes (NHhl), mid latiudes
(NHml, SHml) and for intertropical low latitudes (Llat). Results from MacDougall et al.
(MD, 2008) for AHCC and for González-Rouco et al. (GR, 2009) and Hermoso de Mendoza
et al. (HM, 2020) for CHU are shown for comparison. Note that the forcing conditions used
in the simulations are different from the ones used in MD and GR, but can be compared to
the RCP8.5 forcing simulations.

AHCC CHU
global NHhl NHml Llat SHml global

S D S D S D S D S D S D
HIS 2.0 8.0 3.5 8.1 1.8 6.3 1.8 8.2 1.2 4.3 0.3 1.2
R26 1.9 28.6 3.7 42.8 2.7 26.8 1.4 26.3 1.4 17.4 0.2 2.7
R45 4.7 41.3 7.7 57.6 4.9 38.3 4.6 38.7 3.6 27.9 0.5 4.0
R85 12.4 69.5 19.8 97.0 15.6 69.5 12.9 67.2 7.6 45.2 1.2 6.7
MD 11.4 70.8 - -
GR - - 1.3 6.5
HM - - 2.9 5.2

larger for every region than the differences between different scenarios in the 12L
configuration. As expected, the NH high latitudes indicate the largest heat storage
in the deep model configuration. The lowest is attained for the SH mid and high
latitudes. It is worth noting that the saturation of energy storage in the shallow
model induces negligible differences among regions. In fact, the least energy storage
rate of the deep model at a regional scale exceeds the maximum rate of the shallow
model of 5–10·105Jm�2yr�1.

Global and regional estimates of AHCC, as well as cumulative heat uptake (CHU)
in the 5L and 12L LSM configurations are provided in Table 4.1. Maximum values
are reached in the high northern latitudes between 60�N–90�N with 97·105Jm�2yr�1

for the deep model under RCP8.5. For these regions, the AHCC exceeds the global
mean by more than 25 % in both the shallow and the deep model configurations.
The arguments raised for the comparison of the shallow vs. deep LSM for different
latitudinal bands and scenarios also apply in the numbers of Table 4.1. Consistent
with previous figures, the smallest values for each RCP are attained at the SH mid
and high latitudes. For RCP8.5 the deep model configuration produces between 4.4
and 10.4 times larger AHCC than the shallow one. Yet, while RCP8.5 AHCC values
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are larger than those of the other RCPs, the ratios of the deep vs shallow model
variant are systematically larger for the RCP4.5 and RCP2.6 than for the RCP8.5 at
each region. For instance, at NH high latitudes in the RCP8.5 scenario, the deep
model accumulates about 5 times larger AHCC than the shallow version, whereas
in the RCP4.5 and RCP2.6, ratios of 7.5 and 11.6 are attained, respectively. Ratios
for the HIS simulations range across the various latitudinal regions between 2.3
and 4.5 times larger AHCC for the deep than the shallow variants. During HIS,
values are comparable for the AHCC to those of MacDougall et al. (2008) from
simulations with a 1-dimensional LSM driven by output of historical and Special
Report on Emissions Scenarios (SRES) A2 climate scenarios of the ECHO-G General
Circulation Model (Legutke and Voss, 1999) that rendered a global mean AHCC of
70.8·105Jm�2yr�1 compared to the deep model’s 69.5·105Jm�2yr�1 in the RCP8.5
scenario (Tab. 4.1). For CHU, values of 1.2 and 6.7·108Jm�2 in RCP8.5 for the shallow
and deep cases are also comparable with those reported by González-Rouco et al.
(2009) of 1.3 and 6.5·108Jm�2, respectively. Hermoso de Mendoza et al. (2020) report
values comparing the shallow version of the CLM4.5 LSM (41.1 m, Oleson et al.,
2013) and an expanded version reaching 342.1 m. In simulations of the 1900–2100
period estimates render values of 2.9 and 5.2·108Jm�2, respectively, thus somewhat
smaller than the previously discussed values. This is consistent with their model
showing lower climate sensitivity than the MPI-ESM (Meehl et al., 2020). Recent
observational estimates of CHU (Cuesta-Valero et al., 2021) obtain values of 27 ZJ
(27·1021J) since 1850 that render an estimate of 12.1·105Jm�2yr�1, therefore larger
than the HIS values obtained in the deep LSM (8.0·105Jm�2yr�1) and much larger
than the 2.0·105Jm�2yr�1 of the shallow model. Since the 1960s, heat accumulation
estimated from observations is of the order of 12 ZJ, argued by Von Schuckmann
et al. (2020) to account for about 6 % of the total heat storage inventory of the Earth
System.

Although the ground shows relative cooling when deepening the BBCP in JS-
BACH, i.e., lower warming relative to the shallow model (Figs. 4.10 and 4.11), energy
is propagated and stored in the subsurface (Fig. 4.6). The heat from the land sur-
face, imposed by net positive radiative forcing, is distributed into deeper layers in
the deep model. The rate of energy uptake in the shallow and the deep model in
conjunctions with HTC and SPD influences is compared in Figure 4.21. Overall,
the deep model consistently stores more heat in the subsurface than the shallow
model in all forcing scenarios with the intensity of the forcing contributing to the
amount of energy stored. The largest energy gain is evident in the NH high-latitudes
with a range of up to 10·105Jm�2yr�1 (Fig. 4.21; blue labels) in the RCP8.5 scenario,
depending on the model HTC and SPD configurations. In contrast to the rest of
the world, the NH high latitudes show a large difference in the amount of heat
storage depending on whether HTC is used or not. In all forcing scenarios, RCP2.6,
RCP4.5 and RCP8.5, the deep JSBACH-HTC simulations (Fig. 4.21; blue triangle and
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Figure 4.21: Regional subsurface annual mean heat content change. Regional annual
mean heat content change DQ [105Jm�2yr�1] for the shallow (x-axis) vs the deep (y-axis)
model for different soil hydrological conditions of HTC and SPD in the RCP2.6, RCP4.5
and RCP8.5 scenario projections. Black lines and the associated numbers at the right and
top axes correspond to multipliers between the shallow and deep configurations. The inset
provides a zoom into the lower part of the scale.

circle) reach differences of 10–20 % relative to JSBACH-REF (Fig. 4.21; blue square
and plus), which accounts for more than the total amount of energy storage in the
shallow model configuration. Energy storage in the deep model is 7–9 times higher
than in the shallow model for RCP8.5. Surprisingly, the relative rate of heat storage
in RCP4.5 and RCP2.6 reaches between 10–14 and 16–23 times the amount of storage
in the shallow model, respectively. That means that the relative rate of subsurface
heat storage per Kelvin in the low-to-moderate forcing scenarios is larger than
in the business-as-usual scenario within a land surface model with a sufficiently
deep BBCP. Apart from the high northern latitudes, the differences in the rate of
terrestrial heat storage between the different configurations of HTC and SPD are



4.6 permafrost simulation and stability 91

relatively small. However, there is a clear dependence on the energy storage rate to
the latitudinal bands.

4.6 permafrost simulation and stability

The given changes in the thermal state of the soil in JSBACH under different model
configurations impact the evolution of permafrost extent in the NH north of 45�N.
Permafrost areas are stable under pre-industrial climate forcing conditions and are
reduced by the warming of surface temperature in the 20th to 21st century (Fig. 4.22).
In conditions of a stable pre-industrial climate, permafrost extent evolves into two
different stable states depending on the use of the soil hydro-thermodynamic cou-
pling (JSBACH-HTC vs. JSBACH-REF). After starting from similar initial conditions
in PIC, the JSBACH-HTC simulations transit into a different stable state than the
JSBACH-REF simulations throughout the first decades (Fig. 4.22a). The two mean
PIC states of permafrost extent range from about 12·106 km2 (JSBACH-REF) to
19·106 km2 (JSBACH-HTC), and their difference is about 4–7·106 km2. At this stage,
the JSBACH-HTC simulations are relatively close to recent estimates of observations
of 17.8·106 km2 (Hugelius et al., 2014) and 15.5·106 km2 (Chadburn et al., 2017) and
compare well to CMIP6 model estimates that vary between 10–20·106 km2 (Burke et
al., 2020). With JSBACH-REF, the simulations with different SPDs produce very sim-
ilar permafrost extent, whereas, with JSBACH-HTC, the spread of simulations with
different SPDs is larger. Natural variability is enhanced in the JSBACH-HTC-state
and the response to the 28-year PIC driving cycle is not as regular anymore as in
JSBACH-REF (González-Rouco et al., 2021). With JSBACH-HTC, the shallow model
produces a larger areal extent of permafrost independent of the SPD. The differences
between the shallow and deep JSBACH are comparably small but still in the order
of 105km2, relevant at regional scales. The sensitivity of the simulated permafrost
to hydro-thermodynamic coupling between the two simulated states translates to
roughly 20–30 years of uncertainty in the window of reaching thresholds of critical
changes in the scenario simulations (Fig. 4.22b,c,d).

After 1850, when the climate forcing conditions of the historical and RCP8.5 simu-
lations lead to a warming of the ground surface temperature of about 7 K globally
and up to 9 K in the high northern latitudes by 2100 (Fig. 4.9d), the permafrost is
reduced by 30–50 % by 2050 and 85–90 % by 2100 (Fig. 4.23). Within the RCP4.5
scenario, permafrost loss is not as large, but permafrost constantly reduces until
2075. After that, it remains at a level of 30–45 % of the pre-industrial permafrost
extent. In RCP2.6, permafrost areas decrease moderately until 2045, transitioning to
zero net emissions when the extent starts recuperating between 2045 and 2100. All
three scenarios follow well the general evolution of ground temperatures (Fig. 4.9).
The permafrost loss under future climate change conditions results in 1.5 and
2.3·106 km2/�C for JSBACH-REF and JSBACH-HTC, respectively, with JSBACH-
HTC being in better agreement to CMIP6 model estimates of 1.7–2.7·106 km2/�C
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Figure 4.22: Sensitivity of simulated permafrost extent to model configurations.
Permafrost extent (106 km2; 45–90�N) in different soil hydrological HTC and SPD conditions
(colors) from a) PIC and HIS to b) RCP2.6, c) RCP4.5, and d) RCP8.5 forcing conditions.
Spatial permafrost in e) JSBACH-REF and f) JSBACH-HTC in the deep model with SPD1 for
decadal means of HIS (1980–1990, green), RCP2.6 (2090–2100, yellow), RCP4.5 (2090–2100,
orange) and RCP8.5 (2090–2100, red).

(Burke et al., 2020). It is apparent that among the different climate forcing scenario
intensities, the evolution of permafrost extent is very similar until the middle of the
21st century (as it is for temperatures), and only after that, they diverge. Two differ-
ent states of permafrost extent remain among the different model configurations
for the full length of the simulations. Both states are driven down notably by the
RCP4.5 and RCP8.5 scenario warming by 2100. However, their percentage difference
increases by the end of the simulation, as seen from the slope of the decreasing
permafrost extent in Figure 4.22b–d.
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Figure 4.23: Sensitivity of simulated permafrost extent loss to model configurations.
Relative permafrost extent loss [%] for different configurations of hydro-thermodynamic
soil coupling (HTC) and soil parameter datasets (SPD) in the shallow (5-layer) and the deep
(12-layer) model for the years 2050 (red bars), and 2100 (white bars) in the RCP2.6, RCP4.5
and RCP8.5 forcing scenarios. For RCP2.6, the relative permafrost extent loss in 2100 is less
than in 2050, which causes the overlaying red bars.

JSBACH-HTC has permafrost areas reaching out further to lower latitudes
(Fig. 4.22e,f). During the historical period and by the end of the RCP2.6 scenario
simulation, the differences between JSBACH-HTC and JSBACH-REF are noticeable.
Although the soil column temperatures in the high-latitudes are warmer on an
annual average (Fig. 4.12b), permafrost extends further south. Specifically in Russi-
a/Asia, the JSBACH-HTC simulations with both SPDs extend further south, whereas,
in North America, a larger extension can be seen from the simulation. The warming
primarily stems from the insulating snow cover (Fig. 4.14a). However, in summer,
colder temperatures dominate due to the implementation of water phase changes
(Fig. 4.17b) and enhanced evapotranspiration. Since permafrost is defined by the
summer maximum active layer depth that is decreased in JSBACH-HTC, permafrost
extent decreases less in the 21st century for JSBACH-HTC. During the historical pe-
riod, JSBACH-REF seems to be closer to the observed continuous permafrost extent
of the CALM Circum-Arctic permafrost and ground ice map dataset (Brown et al.,
2002), while JSBACH-HTC also covers observed discontinuous and sporadic areas of
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Figure 4.24: Permafrost extent comparison to observational data. Spatial permafrost
extent maps for different configurations of HTC and SPD in the shallow and the deep
model for the 11-year period of 1980–1990. Color-filled areas correspond to the CALM
Circum-Arctic permafrost and ground ice map observational dataset (Brown et al., 2002).
The inlet bar plots refer to the absolute amount of permafrost extent (106km2; 45–90�N) for
different configurations of HTC and SPD.

permafrost (Fig. 4.24). Differences between the shallow and deep simulations remain
small in the scope of the influence of changes in the hydro-thermal soil conditions
of the model. By the end of the RCP2.6 scenario simulation, the differences between
JSBACH-HTC and JSBACH-REF are noticeable over Russia and Asia (Fig. 4.22).
While in JSBACH-REF, the permafrost extent is reduced further to the north, it re-
covers almost completely to a state under historical conditions in JSBACH-HTC with
both SPDs. Toward more intense radiative forcing conditions in RCP4.5 and RCP8.5,
the permafrost extent decreases in JSBACH-REF (47–49 % and 91–93 %, respectively;
Fig. 4.23), while the generally larger permafrost area in JSBACH-HTC (Fig. 4.22f)
experiences a lower decrease (41–47 % and 85–88 %, respectively; Fig. 4.23). Even in
RCP8.5, where almost no permafrost is left in JSBACH-REF (Fig. 4.23), JSBACH-HTC
shows noticeable permafrost areas. These differences are prominent and show that
the implementation of more realistic hydro-thermodynamic soil physics is crucial
for regional and global simulations of permafrost extent. They illustrate a high
sensitivity of JSBACH to configuration changes, which could alter the spread and
the equilibrium state of permafrost in comparable LSMs, as they have shown to be
sensitive to configuration changes (e.g., Koven et al., 2013; Sapriza-Azuri et al., 2018;
Slater and Lawrence, 2013).
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4.7 discussion and conclusions

This chapter addresses the response of simulated subsurface temperatures and land
energy storage when the BBCP is deepened in the JSBACH LSM under piControl,
historical and RCP scenarios. This is done by driving the LSM with atmospheric
prescribed conditions. The BBCP is deepened by a stepwise increase of the number
of layers from 5 to 12, with exponentially growing thickness. This expands the LSM
from its standard depth of 9.83 m down to a depth of 1416.84 m that allows for
virtually detaching the BBCP from the surface.

In addition, the importance of various configurations of the JSBACH LSM to
represent soil temperatures and cold-region hydro-thermodynamic processes is
examined. These configurations involve two different soil parameter datasets with
the focus on soil moisture availability and spatial (also vertical) distribution, as well
as the implementation of various soil hydro-thermodynamic physical processes and
their contribution to the representation of soil temperatures and soil moisture. The
latter includes water phase changes, dynamic calculation of soil thermal properties,
allowance for supercooled water, and a more elaborate 5-layer snow scheme. The
hydro-thermodynamic parameterizations have been incorporated in other models
before, but the simultaneous use of a deepened bottom boundary in an LSM as
provided in this thesis adds novel insights into the ground thermodynamic pro-
cesses and their relation with soil hydrology. The results emphasize the sensitivity
of current state-of-the-art LSMs to the model configuration, including crucial physi-
cal processes and the choice of soil-property datasets. This is particularly true for
simulations focusing on and including cold-region physics, as those regions are
subject to critical changes under a warming climate.

The 500 year PIC simulations show that the initial state is important for the
soil model. Soil temperature drifts in these runs can be of 1–2 K in high latitude
regions (60�N–90�N) and adjustments need longer timescales for the deepest layers.
A length of 500 years is pertinent for the simulations developed herein, but this
may depend on the initial conditions. Unrealistic warming in the PIC equilibrium
state due to the recycling of the 28-year boundary condition interval (Sapriza-Azuri
et al., 2018) from pre-industrial conditions can be excluded here since the boundary
conditions do not have any warming trends. Additionally, results show that the
subsurface thermal regime is not equally set in every region and NH high latitude
regions require longer timescales to reach equilibrium. Considering these issues are
of importance for the development of coupled runs involving the atmosphere and
ocean components that demand more computational resources. One strategy may
be to use the equilibrium state produced with such stand-alone LSM simulations
beforehand. However, since the model equilibrium state in a coupled mode can
differ from that of the stand-alone simulations some adjustment time may still be
required.
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The largest warming is attained in the RCP8.5 simulations and scales down
when other RCPs or the historical simulations are considered. In these simulations,
warming starts during the second half of the 20th century and intensifies in the
RCPs. The range of warming for the top soil layers in the last three decades of the
21st century relative to pre-industrial conditions is of 6 K in RCP8.5, 3 K in RCP4.5
and 2 K in RCP2.6. The few first meters of the subsurface warm at very similar rates
in line with what is shown by Soong et al. (2020). Deepening the BBCP produces
a damping of the warming, i.e., a relative cooling, in the first 10 m of the ground
that reaches 0.9 K for the 5th layer for RCP8.5 at global scales. This indicates an
overestimation of temperatures close to the surface (upper 10 m) in LSMs with
shallow BBCPs, which results in erroneous soil-column thermal states and fluxes.
The large influence is seen for the 4th and 5th layers and the impact is smaller
for the first thin soil layers. This can also be influenced by the strong lead of the
imposed surface boundary conditions and change in coupled model simulations,
which will be addressed in Chapter 5. The relative cooling is widespread and it
has a larger impact at higher latitudes, where it is larger than 1.5 K in the RCP8.5
locally. This enhanced response is expected from polar amplification (Bekryaev et al.,
2010; Holland and Bitz, 2003; Melo-Aguilar et al., 2018; Soong et al., 2020) as air
temperatures at high latitudes are predicted to increase significantly faster than
those in lower latitudes owing to thawing and ice-albedo feedbacks.

Therefore, the results indicate that the model depth of 10 m is insufficient for a
proper representation of subsurface thermodynamics and a deeper BBCP is required
to mitigate simulation errors. The effects of lowering the BBCP significantly reach the
8th model layer (91.73 m BBCP-depth), and minimally the 9th layer (183.66 m BBCP-
depth). Thus, consistent with the results in Chapter 3, a minimum depth of 170 m is
needed for historical and RCP simulations to account for a realistic role of the land
model, thereby much deeper than that in current CMIP5 and CMIP6 ESM schemes
(Burke et al., 2020; Cuesta-Valero et al., 2016). The additional layers reaching a BBCP-
depth of 1416.84 m should make the deep model configuration potentially suitable
for longer simulations like the past1000 last millenium experiments (Jungclaus et al.,
2017) in which lowering the depth of the BBCP may have an impact on low frequency
variability. Indeed, the effect of the deep model on long-term variability will be to
compensate warming (cooling) periods with relative cooling (warming) of the layers
near the subsurface as shown herein.

Despite the relevance of soil temperature for Earth’s carbon and energy budgets,
ecosystem dynamics, food production or permafrost thermodynamics, studies of cli-
mate change impacts on soil processes, including surface and subsurface hydrology,
have mainly relied on air temperatures assuming they are accurate proxies for soil
temperatures (De Vrese et al., 2018; Zhao et al., 2017, e.g., ). Air warming is not nec-
essarily a good proxy for soil warming in cold regions where snow and ice impede
the direct transfer of sensible heat from the atmosphere to the soil (Melo-Aguilar
et al., 2018; Soong et al., 2020) and the inclusion of deeper BBCPs may have a more
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clear impact on differentiating simulated subsurface from air temperature long-term
responses, particularly at the NH high latitudes.

The changes in the subsurface thermal structure also have implications for the
hydrological state at the surface and below. The sensitivity of JSBACH to using the
hydro-thermodynamic soil coupling and changes in the soil parameters related to
soil moisture availability is visible in the representation of ground temperatures and
soil moisture content alike. Introducing hydro-thermodynamic coupling contributes
to even larger temperature differences between the deep and the shallow model at a
regional scale. JSBACH-HTC shows a cooling relative to JSBACH-REF over central
Eurasia, South Africa, and across America. Smaller relative warming is found when
using an adapted soil parameter dataset SPD2. In general, the NH high latitudes
appear to be the most sensitive to climate change and changes in the model configu-
rations of HTC and SPD. These areas are also subject to substantial variations in
strong future warming when SPDs are changed. Particular temperature responses to
model configuration changes can be tracked by physical mechanisms that contribute
to the warming and cooling patterns of JSBACH-HTC by a superposition of its indi-
vidual components. The warming pattern in the NH mid-to-high latitudes comes
from a better insulating snow cover. Cooling patches in low moisture desert areas
stem from a dynamic calculation of soil thermal conductivity and heat capacity. The
latter also provokes an increase in the diurnal temperature cycle in arid regions.
The incorporation of water phase changes and supercooled water has a seasonally
oscillating signal that contributes to net cooling in JSBACH-HTC. With respect to
soil moisture content, an influence on the global scale can be seen from an alteration
in the depth of the roots, which ultimately influences the amount of soil water
that resides in the space between the root zone and the bedrock limit. The water
residue acts as a buffer to short-term temperature variations at the surface and has
a momentous impact on the soil properties for the conduction of heat into the soil.
Furthermore, the water phase changes of JSBACH-HTC contribute to a different
amount of liquid water that is available for plants during the cold NH winter season.
Regional differences in the soil moisture content are as large as 100 % compared to
the reference. Thus, both HTC and SPD imply significant changes in the distribution
and availability of moisture in the soil.

Terrestrial energy storage in the deep LSM is between 3 and 5 times larger than in
the shallow LSM. As in the case of subsurface temperature, changes saturate after in-
cluding the 9th layer. The range of energy storage is very small for the shallow model
and any of the RCP scenarios with the deep model peaks higher than the shallow
RCP8.5 simulation. Increasing land depth produces a larger impact than changes
in RCPs and the impact is larger for the NH latitude regions, where the largest
temperature increases occur. Simulated values compare well to previous assessments
with stand-alone LSM simulations under historical and scenario conditions. Even for
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the deep LSM, values are somewhat smaller than the recent evaluation of land heat
storage (Cuesta-Valero et al., 2021) using observed borehole temperature profiles.
However, this is consistent with the fact that MPI-ESM has a relatively low climate
sensitivity and simulates somewhat smaller temperatures than observed (Meehl
et al., 2020; Stevens et al., 2013). By introducing hydro-thermodynamic coupling, the
land heat uptake increases by a factor of 7–26 with a more realistic soil model depth,
depending on the forcing scenario and model setup. The deep model sensitivity to
HTC can exceed the overall heat storage capacity of the shallow model, particularly
in the high northern latitudes. Absolute numbers are still small in comparison to
the ocean heat uptake but are considerably large in relation to the other Earth
subsystems (Von Schuckmann et al., 2020).

The energy missing in shallow LSMs is expected to be transferred to other climate
subsystems, e.g., the atmosphere, when the BBCP is too shallow. This potentially
results in a misrepresentation of the distribution of energy in coupled ESM sim-
ulations. Although the soil layers close to the surface experience a cooling when
deepening the BBCP, the overall increase in terrestrial energy uptake may affect
land-air interactions. The model internal energy distribution may change to a larger
net energy contribution from the soil, which increases the importance of the land
system in climate change coupled model simulations. Additionally, the geothermal
heat flux may have some contribution to the subsurface thermal state within the
expanded soil depths. Traditionally, it has not been considered as LSMs are usu-
ally shallow enough so that the influence of the geothermal heat flux diminishes.
Furthermore, a recent study by (Hermoso de Mendoza et al., 2020) shows that in a
model with a depth of 340 m, the geothermal heat flux has only little effect.

By including the improved hydro-thermodynamic soil coupling, the capability
of the LSM to simulate permafrost is enhanced. Water phase changes and a more
elaborate snow model are crucial for the soil thermal representation near the surface
and in the deeper soil on a large spatial scale. The simulated permafrost is most
sensitive to changes in the soil hydro-thermodynamic coupling, for which the model
simulates two different states that are in the range of observational and model
estimates (Chadburn et al., 2017; Hugelius et al., 2014). The difference between
the two simulated states of permafrost extent translates to about 20–30 years of
uncertainty in the window of reaching thresholds of critical changes in the scenario
simulations as a result of the changes in the soil hydro-thermodynamic physics.
Natural variability of permafrost extent is enhanced under conditions of JSBACH-
HTC. Both states are massively reduced by the end of the 21st century under the
RCP4.5 and RCP8.5 scenarios, while their rate of permafrost degradation slightly
differs. In RCP2.6, there is a moderate decrease in permafrost extent until 2045.
After that, it recovers its permafrost to a larger area, while in the JSBACH-HTC
simulations, it reaches back to a state under historical conditions in some areas. In
the upper 10 m of the soil column, the impact of a deep soil model on the permafrost
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extent is relatively small but is expected to play a larger role when taking into
account hydro-thermodynamic processes in larger depth down to 50 m (Hermoso
de Mendoza et al., 2020). In both cases, the HTC-switches and BBCP-depth changes,
differences in the extent of permafrost of the order of 105–106 km2 are crucial for
estimating a potential release of carbon captured in the frozen ground.
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Chapter 5** explores simulated land-climate interactions by introducing a coupling
of the JSBACH land component to the other climate subsystem in MPI-ESM coupled
model simulations. The analysis mainly focuses on the thermodynamic response of
the land to changes in the subsurface BBCP-depth and their near-surface feedback
on the dynamic atmosphere, including changes in the energy balance. Section 5.1
briefs the analysis of subsurface thermodynamic convergence to equilibrium by
addressing the adjustment from the initial conditions to the model mean state.
As previous chapters (e.g., Chap. 4) have found a potential buffering effect of the
BBCP-deepening on the near-surface climatic variations, Section 5.2 investigates the
changes of internal variability between the shallow and the deep ESM simulations.
Important results can be obtained by this analysis as the imposed modifications
may contribute to the way the MPI-ESM reacts to sudden short-term and transient
long-term climatic changes, which is of relevance when considering the sensitivity
of land ecosystems to environmental variations. Turbulent heat fluxes significantly
govern the near-surface atmospheric and land subsurface climate on a multiplicity
of timescales with important heat and water fluxes that can significantly determine
the land-surface exchange of energy. Considering the fully coupled climate system,
the land-atmosphere thermodynamic response of the coupled system under present
and future climate-change conditions is further studied in Section 5.3 by addressing
interactions at various timescales, motivated by the findings in Section 5.2. The
results in the fully coupled system are also shown in comparison to the simulations
of the stand-alone JSBACH presented in Chapters 3 and 4, connecting to previous
chapters with the advances of having a fully dynamic climate system. Finally,
Section 5.4 discusses the implications of deepening the BBCP in the context of the
distribution of global energy fluxes in the Earth’s climate subsystems. A discussion
of the results and conclusions are provided in Section 5.5.

** The content of this chapter is work in progress and in preparation for publication:
Steinert, N. J., et al., "Thermodynamic response of land-climate interactions to an increased bottom
boundary depth in the MPI-ESM". (In preparation).
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5.1 esm convergence to equilibrium

The conversion of the subsurface thermal state to equilibrium in the MPI-ESM deep
model PIC simulation is shown for layers 6–12 in Figure 5.1 (see Sect 4.1 for the
stand-alone case). Layers 1–5 are not shown because internal variability at the land
surface imposed by atmospheric fluctuations makes it difficult to distinguish the
temperature response and convergence to equilibrium from natural variations in
the upper meters of the soil. Layer 7 (33.35 m) is chosen for an illustration of the
convergence analysis because the high-frequency variations have been filtered out
during the heat conduction process. Layer 7 is the first layer reaching equilibrium
over the last 500 years (Fig. 5.1a). At this depth, the MPI-ESM PIC simulation shows
a global mean net cooling adjustment of about 0.2 K to reach equilibrium. Deeper
layers, such as layers 9–10, are not yet in equilibrium after 1000 years of PIC and
have very slow adjustment rates. However, similar to the results in the stand-alone
JSBACH, those layers are not affected in the timescales of the projected warming in
the following HIS and SPP scenario simulations. Further, their adjustment rate is less
than 0.03 K/century and, as such, comparably small with respect to the temperature
changes to be expected from the simulation of the historical and future scenario
periods. Toward the bottom boundary, layers 11 and 12 are virtually detached from
the surface signal variations.

Although the global mean cooling adjustment rate of layer 7 is only about
0.02 K/century to reach equilibrium, on a grid point scale, the magnitude of adjust-
ment in the convergence process can surpass ±5 K, showing that the prescribed
initial state can differ a lot from the stable climate model mean (Fig. 5.1b). Relative
cooling is strongest in mountainous regions, such as the Himalayas, the Andes and
the Rocky Mountains. Reversely, positive adjustment can be of the same magnitude,
particularly in dry areas of Central Asia, Australia, Saudi Arabia, and parts of the
Sahara, as well as high northern latitude regions in Canada and Eastern Siberia. The
time it takes for the model to reach equilibrium is the same for both the relative
cooling or warming because of their similar magnitude, which can take up to 700
years at 33.35 m to reach the mean state (Fig. 5.1c). Even a mean climate adjustment
of ±1–2 K requires about 100–300 years. It is also apparent from Figure 5.1c that
for the example of layer 7, there are only a few areas that have little to no time
of convergence, mainly distributed in the high northern latitudes of Eurasia and
North America. It is therefore recommended to take caution when considering ESM
simulations with a deeper BBCP with short spin-up times, as considerable bias on a
local scale could be introduced.

5.2 influence of esm coupling on internal variability

The stand-alone JSBACH simulations have indicated a buffering effect of the sub-
surface thermal response to temperature variations at the surface (e.g., Fig. 4.6)
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Figure 5.1: ESM time and magnitude of convergence to equilibrium. a) Global mean soil
temperature anomalies [K] for the piControl simulation for layer 6–12 with respect to the
initial state (year 1). b) Magnitude of layer 7 temperature [K] adjustment (mean of last 500
years) to the initial state (year 1) of the piControl simulation. c) Time of convergence [years]
of layer 7 after initializing (year 1) the piControl simulation. Time of convergence is captured
when the layer 7 temperature time series in (a) crosses 1/2 of the standard-deviation of the
mean of the layer 7 soil temperatures during the period 551-1050.

by increasing the subsurface thermal inertia in simulations with a significantly
deeper BBCP. However, in those simulations, the land surface has no feedback
on the near-surface atmospheric temperatures due to the imposed surface bound-
ary conditions in the JSBACH stand-alone mode that overwrite any interactions
of the land with the atmosphere. To confirm the buffering effect and to analyze
any resulting near-surface air temperature response, Figure 5.2 shows dispersion
statistics of air and soil temperatures from MPI-ESM PIC simulations filtered for
various signal frequencies ranging from intra-annual to inter-centennial timescales
to illustrate changes in the range of internal variability generated in the respective
model configurations. The time series with the full frequency spectrum of signals
(Fig. 5.2a) shows only little changes for the atmospheric temperatures and in the
upper meters of the soil with a small decrease of variability range in the deep model.
However, there is increased damping of the range of variability toward the lower
subsurface layers 4 (2.68 m) and 5 (6.98 m) because of the increased signal amplitude
attenuation of the deep BBCP model compared to the shallow one (see Fig. 3.2a),
which is very consistent with the analytical and stand-alone LSM results. Since the
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surface temperatures are a superposition of a multiplicity of signal frequencies,
which each by itself reacts differently to depth changes of the BBCP (Fig. 3.2b), it is
useful to dissect the soil propagating temperatures and their eventual feedback to
the atmosphere into different frequency bands as shown in Fig. 5.2b–e. Frequency
bands for intra-annual, inter-annual, inter-decadal and inter-centennial timescales
are chosen in order to depict a comprehensive picture of the contribution of the
different timescales. Figure 5.2f shows the relative reduction in the 5th–95th per-
centile range between the shallow and deep model in Figure 5.2 that facilitates
the assessment of the changes in the range of internal variability for the respective
signal frequencies.

For intra-annual timescales (seasonal cycle), there are no noticeable changes
between the shallow and deep model for all temperature layers (Fig. 5.2b). That
is because, for those timescales, the shallow model with a BBCP at 9.83 m is deep
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Figure 5.2: Frequency-dependent internal variability changes from deep BBCP. Com-
parison of the range of internal variability in the deep and the shallow piControl simulations.
a) Dispersion statistics of 2 m air temperature and soil temperatures of layers 1 (0.03 m) to
5 (6.98 m). b–e) Range of variability in filtered time series of 500 years (PIC, 551–1050) of
2 m air temperature and soil temperature layers 1 and 5 for the following filter outputs:
b) intra-annual with cutoff-frequency of 0.0833 [mon�1], c) band-pass inter-annual with
cutoff-frequency range of 1–0.1 [yr�1], d) band-pass inter-decadal cutoff-frequency range
of 0.1–0.01 [yr�1], and e) low-pass inter-centennial cutoff-frequency of 0.01 [yr�1]. Box and
whisker plots represent the mean with the 5th and 95th percentile range (box) and the
whiskers as extrema. f) Reduction of inter-percentile (5th–95th) range in all of the filtered
time series in (b)–(e) for 2 m air temperature and soil temperature layers 1 and 5. The dots
above the bars in (f) indicate significant differences (p<0.05) with a Student’s t-test.
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enough to properly simulate the subsurface heat conduction. Variability is largest
at the 1st soil layer with a dispersion of over more than 14 K, while at layer 5, the
signal amplitude is attenuated to the largest part. Interestingly, even for these high
frequencies, there is a significant reduction in the percentile range of about 4 %
(Fig. 5.2f). The results change when looking at the inter-annual and inter-decadal
timescales. The 2 m air temperature shows enhanced variability for the inter-annual
timescales of about 6 % (not significant), while the opposite is true for the inter-
decadal signals with a significant reduction of the percentile range of about 15 %.
Hence, when going from high to low signal frequencies, the inter-decadal signal
range is the first to show a significant reduction in the atmospheric temperature
fluctuations. The range of variability at soil layer 1, in both cases, is much decreased
compared to the intra-annual case. The largest changes can only be found at soil
layer 5, with a maximum of approximately 30 % of reduction in both cases. The
largest effect of the thermodynamic buffering from the increased BBCP on the
near-surface atmospheric temperature can be seen at inter-centennial timescales,
with a significant reduction of the variability range of about 19 %. As such, this is as
large as the changes depicted in the subsurface layers 1–5 at those frequencies. A
significant reduction of soil layer 1 variability can only be found for those signals,
which likely connects to changes seen in the atmospheric temperature.

Figure 5.2 confirms that there is a buffering effect in the subsurface in the coupled
MPI-ESM. The BBCP-deepening affects subsurface temperature variability because
of the increased amplitude attenuation in the heat conduction process and governs
atmospheric temperature variability, predominantly at the lower frequency range
with small but significant changes in the range of 0.05 K. A major finding is that
the dynamic atmosphere does not seem to influence the subsurface temperature
variability damping but reversely receives feedback from the land, which leads to a
significant reduction in atmospheric temperature variability at and above decadal
timescales.

5.3 thermodynamic response near the land surface

Changes in internal variability in the simulations with a deep BBCP may not
necessarily cause differences in the model thermodynamic mean states. Hence, it
is worth investigating the near-surface thermodynamic response of the coupled
MPI-ESM to BBCP-depth changes, their potential feedbacks to the atmosphere, and
how the implementation of a dynamic atmosphere influences the subsurface thermal
state. As such, it needs to be confirmed that the relative subsurface cooling, seen
in the stand-alone JSBACH simulation (Chap. 4), persists in the coupled climate
system and is not balanced by the atmosphere. The following Sections 5.3.1–5.3.3
address the behavior and magnitude of land-atmosphere feedbacks in the MPI-ESM.
Motivated by the findings in Section 5.2, the thermodynamic states and coupling
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are assessed for different timescales of interest ranging from long-term centennial to
short-term seasonal periods.

5.3.1 Long-term decadal-to-centennial response

The MPI-ESM near-surface atmospheric and subsurface thermal state is displayed
and summarized in Figure 5.3 for the historical and SSP585 scenario periods (see
Chap. 2). Land area mean air and soil layer 1 temperatures in the deep simulation
produce a temperature increase of 5.5–6.5 K with respect to preindustrial conditions
(Fig. 5.3a) adjusting to the imposed radiative forcing of the scenarios. They show
a clear dependency on the forcings, as seen, for example, with the aerosol cooling
induced by volcanic eruptions at the end of the 20th century. There is an offset
between the respective air and global mean soil temperatures of about 0.3 K, which
stays constant throughout the course of the simulations. The temperatures of the
deep and the shallow MPI-ESM have different realizations of internal variability but
generally evolve without noticeable differences in their relative long-term trends.

MPI-ESM subsurface temperatures (Fig. 5.3c) show comparable long-term trends
to those simulated by the stand-alone JSBACH (Fig. 4.4). In the preindustrial state,
soil temperatures show no differences when increasing the BBCP. Under transient
climate conditions, the temperatures closer to the surface show a stronger response
to the forcing because of the attenuation and time lag of heat conduction when the
surface temperature variations propagate into the ground. Hence, layer 10 (274.07 m)
is already detached from surface changes and confirms the results of the stand-alone
JSBACH. However, the global land area temperature increase of MPI-ESM in the
21st century is lower than in the JSBACH by 0.6 K in SPP585, 0.3 K in SPP245 and
0.2 K in SSP126 (Fig. 5.3b,d). This indicates that there could indeed be a damping
of the atmosphere as an effect of the coupling. However, it should be noted that
direct comparisons between the coupled MPI-ESM and stand-alone JSBACH may be
treated with caution as the forcing scenarios are not strictly identical (see Chap. 2).

Absolute changes between the deep and the shallow MPI-ESM (Fig. 5.3e) are
determined from low-pass filtered time series of subsurface temperature differences
to eliminate the interference of high-frequency variability introduced by the atmo-
spheric dynamics. The mean temperature response to the transient climate forcing
at the surface can reach up to 0.7 K in SSP585, 0.35 K in SSP245 and 0,15 K in SSP126
of relative cooling at layer 5 at the end of the 21st century. Again here, the effects
of a deepened BBCP are slightly smaller in MPI-ESM than in JSBACH (Fig. 5.3b,f).
Nevertheless, the results confirm a non-negligible influence of the BBCP-deepening
in the coupled system. However, there is no noticeable transfer of the effect of
the subsurface thermodynamic mean state changes to the atmosphere on the low
frequencies in Figure 5.3a. From these time series, it is not to be ascertained whether
minimal long-term changes in the mean state exist or are masked by the relatively
large natural high-frequency variability of the atmospheric temperatures.
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Figure 5.3: MPI-ESM subsurface thermodynamic evolution and comparison to stand-
alone JSBACH with deep BBCP. a) Land-masked 2 m air and soil layer 1 temperatures [K]
for HIS and SSP585, c) deep model subsurface layers 1–12 temperatures [K], and e) low-pass
filtered (cutoff-frequency of 0.1 [yr�1]) soil temperature differences [K] between the deep
and shallow model. b) Stand-alone vs. coupled simulation layers 1–5 temperature anomalies
[K] of the last 30 years of the 21st century (e.g., gray shaded area in (a)) with respect to
1850–1859. d) Soil temperature [K] for each subsurface layer in the deep model between
JSBACH stand-alone (dashed lines) and coupled (solid lines) MPI-ESM of the last 30 years
(gray shaded area in (a) and (c)) for different 21-century scenarios. Shading refers to the
upper and lower decile range of the last 30 years of each simulation. f) Same as in (d) but
for soil temperature differences [K] between the deep and the shallow model configurations.
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The spatial patterns of the temperature differences are shown in Figure 5.4 for
2 m air temperatures and soil temperature layers 1, 3 and 5 for the historical and
different climate-change scenarios. For the near-surface atmospheric temperatures,
the spatial patterns arise inhomogeneously with global mean differences of around
0 K. Depending on the scenario, there are patches of significant changes over land
and over the ocean. For example, air temperatures in the SSP245 scenario are
significantly colder over the Antarctic Ocean and parts of the North Atlantic, while
areas of the northern Pacific air are warming. This is different for SSP126 and
SSP585, where the former shows significant warming over the Arctic Ocean, and the
latter produces significantly warmer air in the high northern latitudes. Other areas
are warming or cooling in all scenarios, but most of them are not significant. It is
interesting that no transitional pattern can be detected that would be related to an
intensification of the radiative forcing. Also, most of the significant differences occur
over the oceans. While changing the BBCP of the land component could certainly
influence the large-scale circulation patterns that may alter atmospheric conditions
outside of the land areas, it is surprising that so few significant changes in air
temperatures are found over land. This indicates that the changes are likely driven
by a different realization of variability in the system, which may be caused by the
modifications to the land BBCP to some extent. This is supported by the time series
in Figure 5.3a, where the temperature evolution differs in short periods, but the
mean air climate evolves similarly in both the shallow and the deep model. As seen
by the time series in Figure 5.3e, the differences increase with depth with a cooling
trend in all cases with a deeper BBCP. Similar to the results of JSBACH, the MPI-ESM
subsurface thermal state shows large area differences with a magnitude of ± 0.5 K
for the historical and weaker SSP126 forcing while exceeding -1.5 K relative cooling
for subsurface layer 5 in the SSP245 and SSP585 scenarios. Each distinctive surface
pattern of the respective scenario is preserved into depth with a net cooling offset
that increases with the intensity of the radiative forcing. At layer 5, the differences
are significant on a global scale. This also happens in the historical period, where
the magnitude of differences is the smallest.

The question is whether the changes in atmospheric temperature are induced
by the changes in soil stemming from the deepened BBCP or whether a different
realization of climate variability produces significant variations in the mean climate
pattern that propagate into the ground. Given that the subsurface thermal state
differences get smaller toward the surface (Figs. 5.3c and 5.4), it is likely that the
atmosphere dominates the spatial patterns of temperature changes in the subsurface,
whose magnitude is governed by differences in the subsurface heat propagation
related to the placement of the land BBCP. At the same time, it is clear that there
is some feedback of the land subsystem to the atmosphere that causes a different
realization of the mean climate and produces significant changes in the regional
patterns of air temperatures, considering the initial conditions for the shallow and
the deep model versions are identical in the top 5 layers. However, at low frequencies,
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this land-atmosphere feedback is difficult to be quantified due to the comparably
large magnitude of natural variability in the simulations analyzed herein.

5.3.2 Mid-term annual-to-decadal response

In an effort to estimate the magnitude of land-atmosphere feedbacks, the analysis
herein focuses on different events of forced variability on intermediate timescales
that may cause a distinguishable response in the thermal state of MPI-ESM. Such
conditions can be found around volcanic eruptions that can disrupt the global
mean climate over multiple years by emitting massive amounts of volcanic aerosols,
triggering a negative radiative forcing. Those events are associated with a relative
cooling of the global system that is detectable as a significant change in tempera-
tures against the background climate variability. The advantage of analyzing those
volcanic events is that they are events with identical forcing in the shallow and the
deep MPI-ESM simulations. They are implemented by prescribing increases of the
aerosol optical depth (AOD) as a proxy for the intensity of volcanic eruptions over the
historical period. In this, the discernible temperature response to the external AOD
forcing can be compared in the two model configurations at interannual timescales.

Figure 5.5 shows this comparison in a composite plot for the 5 preceding and
the 10 following years of 9 volcanic events in the historical period. An ensemble of
two simulations per BBCP configuration is used to make the results more robust,
resulting in a total of 18 volcanic events of various intensities to be analyzed for both
the shallow and deep MPI-ESM. Volcanic events are selected for a minimum AOD
of 0.01 (Fig. 5.5d). The composite shows differences in the temperature response of
the shallow and deep simulations for t0–t3 immediately after the volcanic events
(Fig. 5.5a). On average, over the 18 volcanic events, the deep model shows a weaker
absolute temperature response of a minimum of 0.16 K to the AOD forcing than the
shallow model with 0.22 K. At the same time, the deep model comes from a colder
mean state, increasing the differences between the shallow and deep model to about
0.2 K (Fig. 5.5c). Thus, the results indicate a relative buffering of air temperatures
of about 30 % of the triggered thermodynamic response. Both the response and
the differences between the model configurations decrease in deeper soil layers
and shift to later years due to the characteristics of the subsurface heat conduction
(Fig. 5.5b). The contamination of the response signal from overlapping volcanic
events is determined to be low, as seen from the gray dots in Figure 5.5a, which
shows that the AOD is generally low in the years after the selected events. The
intensity of the volcanic eruptions in the historical period appears to influence the
global mean climate for about 3–4 years before temperatures return to the mean
climate. The increase of both the shallow and deep model temperatures in the
composite after t3 is due to the warming trend of the historical period, which was
verified in separate simulations without greenhouse gas forcing (not shown).



5.3 thermodynamic response near the land surface 111

temp2-s
temp2-d

soilT1-s/d
soilT2-s/d
soilT3-s/d
soilT4-s/d
soilT5-s/d

a) b)AOD

temp2
soilT1

soilT2
soilT3

soilT4
soilT5

volcanic events (   )
Aerosol optical depth

c) d)

Te
m

pe
ra

tu
re

 a
no

m
al

y 
[K

]
Te

m
p.

 a
no

m
. d

iff
. [

K]

Years

0.06

0.04

0.02

AO
D

Figure 5.5: Buffering effect with volcanic eruptions. a) Ensemble mean composite for
the 5 preceding and the 10 following years of 2 m air temperature [K] and soil temperature
[K] layers 1–5 response to selected volcanic events (d, t0) in the historical period as a
comparison between the shallow (black) and deep (purple) model configurations The
composite is built from 18 volcanic events in two historical simulations. Shaded areas
indicate the maximum and minimum range of temperature responses in the shallow (gray)
and the deep (lavender) model versions. b) Dispersion of the 2 m air and soil temperatures
for layers 1–5 [K] at the time step of the minimum temperature after the volcanic events.
c) Relative temperature change from the previous year (i.e., derivative) for the deep and
the shallow model configurations in (a). d) Aerosol optical depth (AOD) over the historical
period 1850–2014 and selected events with AOD = 0.01 one year before the peak cooling
(blue points). Years of blues points in (d) correspond to t0 in (a) and (c).

From the composite of Figure 5.5, it is possible to estimate the strength of temper-
ature change from AOD forcing. A linear regression analysis is performed for the
18 selected volcanic events and their respective temperature response in the air and
subsurface layers (Fig. 5.6). The results confirm the strongest temperature feedback
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to occur for the atmospheric temperatures over land with a rate of -7.6 K/AOD and
-7.1 K/AOD for the shallow and deep model, respectively. The response rate de-
creases with depth to about -6.6 K/AOD and -3.4 K/AOD, respectively, at subsurface
layer 5. Differences between the models are more prominent in depth because of the
influence of the BBCP on the conductive regime (Ch. 3). At the surface, however, the
response rate is very similar. Figure 5.5 also shows that the temperature response
can be quite variable. For the 2 m air temperatures, for example, the response to the
same volcanic aerosol forcing in the two ensemble members can differ by up to 0.3–
0.4 K (Fig. 5.5, event numbers 7 and 9). However, results should be interpreted with
caution because those variations are in the same range as the absolute temperature
response in both the shallow and deep MPI-ESM.
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Figure 5.6: Differences in subsurface temperature response to volcanic eruptions.
2 m air and soil temperature [K] response to volcanic eruptions against changes in the
aerosol optical depth (AOD) in the two 2 HIS simulations with 18 volcanic events in total. As
the same forcing is used in the two ensemble members, there are 9 different eruption levels
(gray lines). Colored points show the temperature response for those volcanic eruptions.
Colored lines show the slope of a linear regression analysis. Hollow points indicate the
average temperature response to the average volcanic eruption intensity.
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The spatial response corresponding to the composite time steps in Figure 5.5 is
shown in Figure 5.7. Immediately after the volcanic events, where the AOD forcing
is strongest, global air temperatures show a sizeable decrease in the range of 0.5–
1.5 K in both model configurations. Particularly the NH is affected by that, with the
northern latitude continental areas and the Arctic showing the largest responses at
t2, weakening in the 3rd year at t3. In the year of maximum AOD, the differences
between the shallow and the deep model are evenly distributed with warmer and
colder patches globally and only a few significant changes over the extratropical
oceans. The patterns intensify at t2 with the largest and significant changes over the
continental areas of Eurasia and North America of between 1.0–1.5 K. Significant
changes can also be detected over some ocean areas, which persist at t3 when the
continental air temperature starts to disappear already. Figure 5.7 illustrates that the
local to regional atmospheric temperature response differences between the shallow
and deep MPI-ESM can be quite large compared to the global average over land.
However, only some of the continental regions show significance.

shallow t1-t0 deep t1-t0 deep-shallow t1-t0

shallow t2-t0 deep t2-t0 deep-shallow t2-t0

shallow t3-t0 deep t3-t0 deep-shallow t3-t0

a) b) c)

d) e) f)

g) h) i)

Figure 5.7: Spatial composite of temperature response to volcanic eruption intensity.
Ensemble mean (2 simulations with 18 volcanic events in total) 2 m air temperature composite
for the time steps t1 (a–c), t2 (d–f), and t3 (g–i) in years after the volcanic event in the historical
period (see Fig. 5.5a,d) as a reference to the year of the volcanic event t0 in the shallow (a, d,
g) and deep (b, e, h) model configurations and their differences (c, f, i). Stippling in (c), (f)
and (i) indicates significant differences with p<0.05.
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Similar to the temperature patterns in Figure 5.4, there is a possibility of internal
variability interfering in the analysis of Figures 5.5 and 5.7. Considering the relatively
weak volcanic aerosol forcing in the historical period, a 2 m air temperature response
difference of 0.2 K after volcanic events induced by a BBCP-deepening seems signifi-
cant. The spread of the air temperature response (Fig. 5.5a, shading) also indicates
that the shallow model shows a significant drop in temperatures at t1, while this
is not visible in the deep model response. Additionally, from the similarity of the
air temperature response rates in Figure 5.6, it could be concluded that relatively
weak events of volcanic aerosol emissions are sufficient to derive confident results
of the composite analysis presented herein. Even though an ensemble of a total of
18 volcanic eruptions is analyzed herein, it is worth considering such analysis with
stronger volcanic forcing, as is the case in Last-2K simulations. Although Figure
5.6 illustrates that there is a fairly linear behavior of the temperature response
to the intensity of the volcanic eruptions, which allows the composite analysis in
the historical period, the relatively larger emissions of volcanic aerosols trigger a
stronger temperature response that can be distinguished from the interference of
internal variability more reliably. Nevertheless, the composite analysis shows that
there is an interaction between the deep and the shallow simulation on inter-annual
timescales.

5.3.3 Short-term intra-annual response

Comparable temperature events as those imposed by volcanic events are seasonal
extremes temperatures. These occur much more regionally and on shorter timescales
but may grant more insight into the land-atmosphere coupling in simulations with
an increased BBCP. As such, one difficulty is that the seasonal extreme events are
not induced by external forcing, as is the case with the volcanic eruptions with a
synchronous global character, but instead result from internal variability. Hence,
the analysis cannot be made by comparing the temperature response of the deep
and shallow model at the same time steps. The solution presented in Figure 5.8a
is selecting a representative number of significant extreme events for winter and
summer from monthly mean temperature time series and average over their response
in a composite analysis over a continental area in Central Asia, as an example for a
mid-latitude continental region with a large annual cycle. The monthly mean 2 m
air temperatures show a large seasonal cycle with larger variability in the winter
temperatures than in the summer months. The selection process yields around 20
extreme events over the historical period for both summer and winter months in
the shallow and the deep model, respectively. The 3 preceding and the 5 following
months around the extreme cases are shown in the composite analysis in Figure
5.8b. The winter months at t0 are more extreme than the summer months in both
model configurations with a mean response of more than -7 K, while the extreme
summer months only reach up to 3 K over the average. Both the previous (t�1)
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Figure 5.8: Deep and shallow model relative temperature response to seasonal
extrema. a) 2 m air temperature in HIS (1850–2014) for the shallow and deep MPI-ESM over
Central Asia (85–95�E, 50–55�N) with selected significant (p<0.01) seasonal extrema for
summer (red points) and winter (blue points). b) Composite for the 3 preceding and the 6
following months of 2 m air temperature [K] for the selected seasonal extrema as anomalies
to the monthly mean of the respective month. c) Same as (b) as differences between the deep
and shallow configurations.
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and the following (t1) months contribute to the extremes at t0. After 3 months, the
seasonal events lose their extreme character as they enter a new season, where the
mean temperature response fluctuates around 0 K. For the winter extremes, the deep
model is warmer than the shallow model by about 1 K. While the shallow model
warms up quickly in the first months after the extreme, the deep model generally
takes longer to warm up with a transitional period over the following 2–3 months.
Differences between the shallow and the deep MPI-ESM at t1 are again in the order
of 1 K (Fig. 5.8c), indicating a buffered response of the deep compared to the shallow
BBCP configuration. In summer, the results are not as clear. At t0, the deep model
warms as much as the shallow one. However, it tends to be warmer before and
after the simulation, so that the relative change between the mean state and the
extreme is also decreased in the deep model in the summer months. The results
share features of the composite analysis of the volcanic events in Section 5.3.2, where
the selected events are comparable to temperature pulses on various timescales.
Although this result is robust when varying the size of this region (not shown),
it somewhat contradicts the findings in Figure 5.2, where no influence could be
found for the reduction of the range of internal variability on high-frequency values
such as seasonal extreme events. From Chapter 3, it is also evident that the shallow
5-layer model is deep enough to resolve intra-annual temperature signals, showing
no significant differences in the subsurface heat conduction with respect to the
12-layer deep model. It would be necessary to extend the analysis to other regions
with similar, as well as different site-specific characteristics to generally confirm
the results in Figure 5.8 and better understand the underlying local dynamics and
exploring differences between the global (Fig. 5.2) and local-to-regional (Fig. 5.8)
behavior.

5.4 earth system energy storage and distribution changes

Implementing a deeper BBCP in the land component of MPI-ESM seems to buffer
abrupt temperature changes either from external forcing or internal variability in the
near-surface atmosphere when the anomalies are large enough to be distinguishable
from background temperature variability. To some extent, these findings support
the proposition that soil thermodynamic changes due to BBCP-depth changes
produce feedback to the atmosphere. The question remains why such feedbacks are
only visible in intermediate-to-low frequencies. Generally, soil with higher thermal
inertia can act as a buffer by balancing these sudden air temperature changes.
However, it is not clear yet why, for example, a net relative cooling of the soil in
transient climate conditions does not seem to influence the atmospheric conditions
significantly. A possible answer that was mentioned in conjunction with Section
5.3.1 is that the atmospheric conditions only propagate through the soil from the top
downward. With the changes in heat conduction imposed by the deepened BBCP,
this would influence the soil thermodynamic state (i.e., relative cooling) but may
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not produce significant feedback to the atmosphere (e.g., Sect. 5.3.1 and Fig. 5.4).
Another possible explanation is explored in the following. It is based on the idea
that the atmosphere has comparably little heat capacity because of its low mass,
which may lead to temperature changes, and hence energy distribution, passing the
atmosphere without influencing its mean conditions.
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Figure 5.9: Simulated Earth energy balance and flux changes with deep BBCP. Simu-
lated global mean annual energy balance at the end of the 21st century (SSP585, 2084–2098).
Values near the arrows correspond to energy fluxes [Wm�2] with positive (negative) down-
ward (upward) fluxes. Values in brackets indicate the positive (green) and negative (red)
differences between the deep and the shallow MPI-ESM.

To provide reasoning for this proposed explanation and for the assessment of
the associated processes responsible for a redistribution of energy in the coupled
MPI-ESM, Figure 5.9 illustrates the basic fluxes for the Earth’s energy balance
through the atmosphere, ocean and land climate subsystems. Incoming short-wave
solar radiation in the shallow MPI-ESM at the top of the atmosphere (TOA) on
average over the 2084–2098 period of the SSP585 scenario simulation is 340 Wm�2.
Of those, 100 Wm�2 are directly reflected to space so that a net of 240 Wm�2 reaches
the Earth’s surface, of which 160 Wm�2 is absorbed. At the surface, the energy is
turned into long-wave thermal radiation that is emitted back to the atmosphere. The
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outgoing thermal energy is partially trapped by the atmospheric trace gases and
kept in this system so that 237 Wm�2 exits the TOA. Merely a net of 1.3 Wm�2 and
0.03 Wm�2 of energy are exchanged at the ocean and land surface, respectively.

Energy flux changes can be observed by introducing a deeper BBCP into MPI-
ESM (Fig. 5.9, brackets). There is an increase in the net solar incoming energy of
0.13 Wm�2 because less energy is reflected from the atmosphere. A decrease in
latent heat flux of 0.16 Wm�2 may have contributed to the net decrease of reflected
energy by influencing the formation of clouds that, in turn, alter the transparency
of the atmospheric window. The extra amount of energy that reaches the surface
is partitioned between the ocean and the land with an increase of downward heat
flux into the ocean of 0.30 Wm�2 and an increase in upward heat flux of the land of
-0.17 Wm�2. The effective changes in the surface thermal radiation are net-zero with
decreased thermal upward and increased thermal downward fluxes of 0.09 Wm�2.
The sensible heat flux at the surface is increased by -0.14 Wm�2, while the latent
heat flux is decreased, leading to a change in the outgoing thermal energy flux
at TOA of 0.2 Wm�2. When put into perspective, the relative changes are small
compared to their absolute values (Fig. 5.10a,b) and generally account for only a
fraction of a percent. The only energy flux change that stands out is that of the net
ground heat flux, which is increased by more than 450 % (250 %) in the SSP585 (HIS)
scenario. The deepening of the BBCP leads to an increase of land energy storage in
the deeper subsurface layers, analogous to the mechanism seen in the stand-alone
JSBACH (see Fig. 4.6). The heat content increase in the deep MPI-ESM over the
period 1986–2098 is 102.6 ZJ for SSP585, 67.5 ZJ for SSP245, and 46.0 ZJ for SSP126,
compared to the shallow MPI-ESM with 17.1 ZJ for SSP585, 10.4 ZJ for SSP245, and
5.2 ZJ for SSP126, which compares well with estimates of MacDougall et al. (2010).
This shows that the magnitude of the energy changes of -0.17 Wm�2 on average
equalling 0.8 ZJ per year over land areas in the subsurface is significant, even though
the values are comparably small to the absolute values, as well as in comparison to
the flux changes between the HIS and SSP585 scenario, which can be of the order of
10 Wm�2 (Fig. 5.10c).

Since the energy flux changes in the entire system are in the same order of
magnitude as the given significant changes in the land energy storage introduced
by the deepened BBCP, it is reasonable to assume that the land energy changes
cause a redistribution of the average energy uptake of the climate subsystems under
transient climate conditions. This may confirm long-term land-climate interactions
that could not be detected from near-surface atmospheric temperatures. Indeed, the
net-zero thermal heat flux at the surface may be an explanation for that (Fig. 5.9).
Similar to the increased upward heat flux from the land that means a warming of the
subsurface on average, the increased downward heat flux into the ocean indicates a
colder ocean in the deep MPI-ESM that has lost energy. It is reasonable to interpret
that the ocean releases energy and redistributes it into the system, mainly the land
and the cryosphere. The redistribution would be of the order of -3.4 ZJyr�1 for the
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Figure 5.10: Earth energy flux differences between deep and shallow MPI-ESM in
present and future climate. Simulated global mean annual energy fluxes and differences
[Wm�2]. a) Relative energy fluxes changes [%] between the deep and shallow MPI-ESM in
HIS (2000–2014, gray bars) and SSP585 (2084-2098, orange bars). b) Absolute energy fluxes
[Wm�2] in the deep (12L, red bars) and shallow (5L, black bars) MPI-ESM at the end of
the 21st century (2084–2098). The numbers next to the groups of bars show energy flux
differences between the deep and shallow model and correspond to the values values in
brackets shown in Figure 5.9. c) Energy fluxes [Wm�2] of the deep deep (12L, red bars) and
shallow (5L, black bars) MPI-ESM as differences between the end of the HIS (2000-2014) and
SSP585 (2084–2098) periods.

ocean, -0.3 ZJyr�1 for the atmosphere, 0.7 ZJyr�1 for the land, and 0.3 ZJyr�1 for the
cryosphere, with a net TOA energy increase of 2.1 ZJyr�1 averaged over 2084–2098
as well. Deepening the BBCP may influence the atmospheric processes in a way that
changes the energy balance of the subsystems, predominantly between the ocean
and the land. This leads to believe that for low-frequencies, the atmosphere with
its highly dynamic character is able to adjust to energy feedbacks from the land
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and pass it through to the other Earth’s subsystems because of its low capacity to
accumulate and maintain the energy exchange.

Since only the land energy flux is significantly altered, it is not clear whether
the induced changes for the other subsystems are significant because of the large
absolute values of energy fluxes at TOA and of the ocean energy budget. There is a
possibility that the ocean in the deep MPI-ESM is colder in general. Additionally, the
analysis is only a picture of the conditions at the end of the 21st century and does not
take into account temporal variations between HIS and SSP that can be as large as
10 Wm�2 (Fig. 5.10c). The absolute heat content change in all the subsystems is not
yet accounted for in the presented results. An allocation of the Earth’s system energy
budget could be useful for the interpretation of the magnitude of BBCP-depth
changes impacting the results, which is subject to further investigation.

5.5 discussion and conclusions

In the present chapter, a BBCP of about 1416.84 m has been introduced to the land
component of the coupled MPI-ESM, which is significantly deeper than the standard
CMIP6 version of the model using 9.83 m of land subsurface depth. The sensitivity
analysis has focused on land-climate interactions that are imposed by the BBCP-
depth changes. The results were evaluated in the frame of differences to identical
model modifications in the stand-alone JSBACH configuration but were directed
toward the interactions between the land and a dynamic atmosphere as a major
feature of difference between the simulations of the coupled and uncoupled climate
system. The use of the MPI-ESM allows for analyzing the response of the coupled
climate system to a more realistic representation of the land subsurface thermody-
namics, adding to previous literature that focused on analytical or uncoupled land
surface models. The sensitivity analysis addresses the thermodynamic response of
the land to changes in the subsurface BBCP-depth and their near-surface feedback
in transient climate change conditions. Additionally, an accounting of changes in
the global energy fluxes is considered in order to provide reasoning for the results
of the land-climate interactions. Only in this coupled environment, the influence of
the sensitivity analysis can be put into a conclusive frame with a more elaborative
picture of the magnitude of the influence of the given model modifications.

The results of the subsurface thermal convergence to equilibrium are very similar
to those in stand-alone JSBACH simulations and confirm the findings of Chapter 4
for the simulation of the coupled climate system. As such, the results also highlight
the need for longer spin-up simulations under stable climate conditions, which may
increase computational costs significantly, given that the coupled MPI-ESM is much
more expensive to run than the stand-alone JSBACH. Long convergence times can
be concluded for centennial-to-millennial simulations in which long-term surface
temperature variations can propagate to a significantly larger depth that are not
yet entirely in equilibrium due to the high thermal inertia of the land subsurface.
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It is therefore encouraging to find shared behavior in stand-alone and coupled
simulations of the land subsurface thermodynamics, as it opens opportunities to the
cheaper JSBACH obtain a subsurface thermal state in the stand-alone model that
provides an initial state for the coupled model while maintaining a detached BBCP.
However, a more effective way to decrease the time of convergence on a local scale
would be an improvement of the initial conditions to approach the mean climate
state from the beginning of the simulation. This would significantly decrease the
magnitude of adjustment and hence the convergence time.

Further, the deep MPI-ESM shows a sensitivity to the BBCP-depth changes with
relative cooling in the upper levels of the ground, which is caused by the changes in
heat conducting characteristics of the subsurface when warming surface climatic
conductions propagate into the soil. The results are very similar to those in the
stand-alone JSBACH, but show a weaker response of about 15 % overall to the
uncoupled model, likely a result of the use of different climate-change forcing
scenarios. Toward the surface, the temperature differences between the deep and
the shallow MPI-ESM decrease rapidly, which opens the question of whether there
is a feedback of the subsurface thermodynamic changes to the atmosphere. The
results discussed in Section 5.3 indicate that for low-frequencies, there is no visible
change in the mean state of the atmosphere that would be influenced by the changes
in the subsurface. It is likely that the atmosphere dominates the spatial patterns
of temperature changes that are governed by differences in heat propagating into
the ground related to the placement of the land bottom boundary, given that the
subsurface thermal state differences are decrease toward the surface.

Some feedback of the land subsystem to the atmosphere is expected, however,
which causes a different realization of the mean climate and produces significant
changes in regional air temperature patterns. On intra-annual to decadal timescales,
implementing a deeper BBCP seems to balance abrupt temperature changes in the
near-surface atmosphere, either from external forcing of volcanic events or from
internal variability in the form of regional seasonal extremes, when the anomalies
are large enough to be distinguishable from natural temperature variations. On
multi-decadal to centennial timescales, this has also been found to be true with the
analysis of the reduction of internal variability in the deep MPI-ESM. A response
difference of a couple of tenths of a degree on average over land would be considered
significant, allowing for the relatively weak anomalies found in the historical period.
The possibility of internal variability interfering in the analysis, as discussed in
Section 5.3, is little due to the fact that the buffering effect on the atmosphere
could be confirmed by considering a significant reduction of the range of internal
variability at and above decadal timescales.

Additionally, there is a significant increase in land heat content change over the
21st century due to the increase of available physical space for energy storage in the
subsurface. In line with the above-mentioned findings supporting that BBCP-depth
changes produce feedback to the atmosphere, it is remarkable that no significant
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influence could be detected in the long-term climate evolution. An accounting of
the changes in the global energy fluxes between the deep and the shallow model
delivers a possible explanation discussed in Section 5.4. There are alterations in the
amount of net incoming solar energy and the distribution of net energy fluxes and
the Earth’s surface. Together with a slightly smaller thermal outgoing energy at TOA,
the results indicate a colder ocean that is thought to distribute its energy mainly
into the land and the cryosphere. Yet, it is not entirely clear whether that is caused
by the input of energy into the land component since the heat flux changes are
not significant for most of the global energy budget because of their large absolute
values. It could be that the ocean state in the deep MPI-ESM is colder in general,
and the amount of energy fluxes is accounted for in the range of internal variability.
Nevertheless, the net-zero change of thermal energy fluxes at the Earth’s surface
points to the fact that the highly dynamic atmosphere is transmitting exchanges
between the land and the global energy budget without significantly changing its
own mean state because of its low capacity to accumulate and maintain heat. This
may explain why there is no visible response of the atmosphere to BBCP changes in
the land component of MPI-ESM in the low frequency mean state.

In general, a distinction has to be made between an active influence of the land
component on the atmospheric near-surface mean climate state and a passive com-
ponent that can act as a buffer by balancing sudden air temperature changes due to a
higher soil thermal inertia. While the former would produce a different mean climate
state, the latter could only influence the variability of the near-surface temperatures.
The buffering of atmospheric temperatures of the extent presented in this chapter
may be of importance for the reliability of simulating local to regional extreme
climates, such as droughts (Dai, 2011; IPCC, 2019), and their severity perceived in
MPI-ESM. Even though no apparent near-surface atmospheric temperature changes
as a result of BBCP-depth changes could be confirmed here, the changes in the mean
state are found to be significant in the land subsurface in MPI-ESM with almost
the same magnitude as in the stand-alone JSBACH. Those adjustments are impor-
tant in the frame of sensitivity of simulating soil thermodynamic and hydrological
processes and the representation of hydro-thermodynamic coupling, particularly
in regions that are most sensitive to climate heating, as analyzed and discussed in
Chapter 4. Detecting these changes to be of the same extent in coupled MPI-ESM
simulations highlights the deficiency of many current-generation climate models to
lack a more realistic representation of the subsurface thermodynamics and the con-
sequences this may have on simulating climate-relevant terrestrial transformations
under changing climate conditions.
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This thesis evaluates the impact of improved soil thermodynamics on climate change
simulations in current-generation stand-alone LSM and coupled ESM environments.
The representation of the terrestrial thermal and hydrological states in climate mod-
els is crucial to have a realistic simulation of the coupling between the atmosphere
and the litho-biosphere. One aspect of the subsurface thermodynamics that was
often neglected in the development of climate models over the years is the depth
of the land-model bottom boundary condition. Many current-generation climate
models have land models with a depth of about 10 m, which is too shallow, dis-
torts the subsurface energy storage and temperature distribution, and can have
implications for the representation of land-air interactions. Another aspect is the
representation of subsurface hydro-thermodynamic coupling that is crucial for the
interaction of the soil thermal and hydrological regimes, particularly important for
cold regions where subsurface freezing and thawing processes take place. Under
climate change conditions, these areas are prone to release substantial amounts of
carbon into the atmosphere from degrading permafrost soils. Properly representing
the associated individual physical processes is necessary since many state-of-the-art
LSMs still produce significantly different results. Therefore, a sensitivity analysis
is performed in this thesis that, on the one hand, increases the BBCP in a state-
of-the-art climate model from the standard 9.83 m to 1416.84 m, and on the other
hand, assesses the influence of introducing various physical modifications for the
representation of hydro-thermodynamic processes in climate projections of the 21st
century. Individual sections in each chapter have been devoted to summarizing the
main findings associated with the research questions posed in Section 1.6, but a
cumulative overview and discussion of the general conclusions of this thesis are
provided in this chapter, thus framing a broader perspective of the work.

The need for a deeper land bottom boundary. Previous literature has estab-
lished that heat conduction of low-frequency climate change variations from the
land surface into the ground is compromised by BBCPs located too close to the

123



124 conclusions

surface. Therefore it is suggested to increase the BBCP-depth in the land component
of current-generation climate models to depths derived from analytical heat conduc-
tion models. In this thesis, it is proposed that those estimates are inaccurate because
they either focus on annual to decadal timescales or rely entirely on an analytical
solution based on classic harmonic functions that both do not represent well the
projected long-term climate change as a result of anthropogenic GHG forcing over
the 20th and 21st centuries and have likely hampered consistent comparisons to
numerical solutions. An analytical framework is therefore developed here that takes
into account a more realistic climate representation of the surface boundary condi-
tions for the analytical heat conduction model. In this thesis, an agreement between
the analytical and the numerical frameworks is established. This allows for a confi-
dent and accurate estimate of required BBCP-depth for long-term climate-change
simulations. Progressively increasing the depth of the BBCP decreases the subsurface
temperature error that stems from insufficiently deep BBCPs until a depth of 170 m
that is considered the minimum requirement for the simulation of anthropogenic
climate change timescales. Furthermore, specific local conditions of soil textural
characteristics and soil thermal and hydrological states can influence soil thermal
properties so that even deeper BBCPs are required to achieve detachment from the
surface temperature variations. Those results are valuable for the climate modeling
community by promoting deeper BBCPs in current-generation climate models, pro-
viding accurate estimates for BBCP-depth requirements, and demonstrating the need
for a more realistic representation of the ground thermodynamic state and exchange.

LSM sensitivity to changes in soil physics. The knowledge gained from the
analytical assessment was put to practice in stand-alone historical and scenario
simulations with the JSBACH LSM. The stepwise changes in soil temperatures
and energy storage are analyzed when the model is progressively expanded from
a BBCP-depth of 9.83 m using 5 model layers to 1416.84 m with 12 model layers.
The deepening of the land model establishes a new terrestrial thermal state that
influences the near-surface soil climate when sufficient coupling between the thermal
and hydrological regimes is present. It could be confirmed that the deep 12 layer
configuration of the model is sufficiently deep to generate a bottom boundary
that is virtually detached from the surface temperature variations of the timescales
of interest in this thesis. Heat conduction has been shown to change with larger
amplitude attenuation and slightly larger phase shift in the deep BBCP model.
Consequently, a relative colder soil thermal state is found in projections of the
21st century that can be up to 1 K on a global average. The relative cooling, with
specifically larger anomalies in the high northern latitudes, indicates a potential
warm bias in too shallow LSMs in the order of magnitude assumed to be significant
for the simulation of dynamic subsurface processes. Additional to the relatively
colder model state in the upper meters of the subsurface, substantial changes in the
terrestrial energy storage were simulated under transient climate conditions. The
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physical space introduced below the shallow BBCP enables the model to distribute
and release the excess energy kept near the surface into the deeper subsurface. As
such, there is an exponential growth of heat content change when increasing the
BBCP-depth of the model, so that even a slight increase in the BBCP-depth has a
great effect on the energy storage capacity.

In addition, an assessment of the model sensitivity to water phase changes, snow
layering, dynamic conductivity, and heat capacity modeling is conducted. As such,
the model sensitivity to individual soil physical processes under conditions of a
deeper BBCP is explored, and an assessment of their contribution to changes in soil
temperature and moisture is presented. Since the energy and hydrological cycles
are closely related, considering different datasets to those prescribed and physics
options that are not standard in the CMIP6 version of the model, in line with the
BBCP-depth changes, allows for an assessment of the full hydro-thermodynamic
simulation in the JSBACH LSM by varying the storage space for energy and water
simultaneously. Large spatial cooling and warming patterns can be identified as a
response to the changes in the hydro-thermodynamics. Variations in soil tempera-
ture and moisture patterns were found to be highly sensitive to the modifications
implemented and could be explained by a nearly linear superposition of the single
mechanisms involved in the implementation of the hydro-thermodynamic coupling
under stable climate conditions. Results show the largest contribution stems from the
improved snow layering with respect to relative warming patterns from an enhanced
insulating effect that compensates relative cooling from water phase changes when
water freezes in the ground in cold regions. A surprisingly large relative cooling
contribution is also found in desert areas that stems from a moisture-dependent
consideration of the soil thermodynamic properties. Regional hydrology is mostly
affected by the reduction of liquid soil water when it freezes in cold environments
and from changes in the soil moisture residue space prescribed by the soil parameter
datasets. A feature that has not been addressed in the stand-alone simulations of
JSBACH used herein is the fact that the root depth in the soil parameter datasets
was not adjusted to the soil-water freezing. In reality, plants would not grow into the
frozen ground and keep their roots relatively shallow in discontinuous or sporadic
permafrost zones. In the model, however, implementing sudden soil freezing, where
the soil climatic conditions are cold enough, likely enters the root zone and causes
constant water stress on the plants as liquid water is missing to a larger extent than
the implementation of supercooled water would account for.

The sensitivity of subsurface temperatures and hydrology in JSBACH to the
representation of hydro-thermodynamic coupling is largest in regions with high sen-
sitivity to climate change, i.e., the high northern latitudes. This significantly affects
the simulation and projection of permafrost regions and their extent in the Northern
Hemisphere. Apart from other important warming-sensitive Arctic ecosystems, only
the simulation of permafrost is considered in the frame of this thesis, which pos-
sesses a large potential for positive climate feedback by releasing climate-relevant
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GHGs to the atmosphere, augmenting the positive radiative forcing that leads to
faster climate warming. Considering the amount of carbon estimated to be stored in
global permanently frozen soils, a proper representation of permafrost areas and
their extent is crucial for the simulation of climate-change scenarios. Particularly
with the Arctic regions experiencing accelerated changes over the last couple of
decades, a realistic simulation of these areas is crucial to depict subsystems with
potential positive feedback loops. Permafrost extent is simulated in two states that
differ by about 50 % in extent and show locally varying features with enhanced
variability. Simulations with HTC appear to capture observed discontinuous per-
mafrost areas extending further south than the continuous permafrost zone in the
standard JSBACH. The hydro-thermodynamic coupling also affects heat content
change under transient climate conditions with a sensitivity of the absolute heat
uptake in the high northern latitudes as high as the overall heat storage in the
shallow BBCP model. The sensitivity of the permafrost representation presented
herein to BBCP-depth changes and hydro-thermodynamic coupling translates to
roughly 20–30 years of uncertainty in the window of reaching critical tipping points
of the Arctic climate.

This thesis neither simulates the evolution of terrestrial carbon stock nor a dy-
namic vegetation response. Quantitative estimation of soil carbon fluxes is desirable,
but not done in the JSBACH-HTC version used herein, as the terrestrial vegetation
and soil carbon pools usually have a long time lag to climate changes of multiple
hundreds of years (e.g., Scholze et al., 2003; Sentman et al., 2011). Additionally, in
JSBACH-HTC, soil respiration is dependent on surface temperature and precipita-
tion rather than soil moisture and soil temperature. The former is defined by the
surface entirely, which is subject to surface forcing in the stand-alone simulation
setup and is unlikely to change realistically in the sensitivity analysis. Coupling with
the atmosphere is needed to ensure the dynamic surface condition and more realistic
coupling between land and atmosphere. However, a rough estimation of the changes
in the soil carbon release under climate warming conditions and its sensitivity to
the modifications in JSBACH presented herein can be based on other studies on
the permafrost-carbon climate feedback (e.g., Schuur et al., 2015). A qualitative
statement is possible considering the amount of carbon stock of 17·1014 kg CO2
equivalent at present (Tarnocai et al., 2009) stored in ⇠12·106 km2 of permafrost
land area. At the same time, 30 % of the carbon emissions stem from permafrost
areas in projections of the RCP8.5 forcing scenario by the time the simulated global
mean temperatures increase by 2�C (MacDougall et al., 2015). A release of this
carbon from the soil into the atmosphere fuels global climate warming by poten-
tially enhancing human-induced greenhouse gases by 22–40 % (Comyn-Platt et al.,
2018). With respect to the sensitivity of JSBACH-HTC in simulating permafrost areas
under different model configurations and soil parameter datasets, an uncertainty of
6.6·1014 kg of carbon release results from the spread in permafrost presented herein.
This accounts for 158 % and 57 % of the global carbon emission targets of the 2016
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Paris Agreement for 1.5�C and 2�C, respectively (IPCC, 2018, 2019). The net carbon
loss is expected to be less dramatic as there is also an increase in carbon uptake
due to Arctic greening (Berner et al., 2020; Keenan and Riley, 2018; Mohan, 2019).
However, the sensitivity of the results for the simulation of permafrost illustrates the
importance of a proper representation of high-latitude region soil physics. Hence,
the assessment presented in this thesis gives a perspective of the magnitude of
uncertainty that exists in current-generation climate models for the simulation of
climate-sensitive land surface processes.

Thermodynamic land-climate interaction. The sensitivity analysis was ex-
panded to the coupled MPI-ESM to assess the scope of the impact of the results
obtained by the stand-alone JSBACH analysis. The results provide information about
the magnitude of changes from the thermodynamic response to modifications in the
BBCP-depth and contribute to understanding the resulting land-climate feedbacks.
The subsurface thermodynamic response to a deeper BBCP-depth on MPI-ESM
emerges similar to that in the uncoupled model. This confirms the results obtained
in the first part of the analysis are valid in coupled climate simulations. Similarly, a
relative subsurface cooling and significant land energy uptake of 102.6 ZJ in transient
climate change simulations (SSP585) are obtained. The detection of these changes to
be of the same magnitude as in JSBACH underlines the lack of more realistic subsur-
face thermodynamics in current-generation climate models and the consequences
for simulating climate-relevant land surface transformations under changing climate
conditions. A large factor of uncertainty, which is not considered by future scenario
ESM simulations, is the presence of possible future volcanic events. The eruption of
Mount Pinatubo in 1991, for example, resulted in a reduction of the energy in the
Earth System by 56.4 ZJ (Pielke, 2003) due to the cooling effect of aerosol forcing
in the Earth’s energy balance. This is more energy than is expected to be stored in
the shallow land component of the shallow MPI-ESM in future simulations (Collins
et al., 2013). Thus a sizeable volcanic event could have a significant impact on the
balance of the Earth System, especially considering the likelihood at which those
large events occur in the period of one century. Furthermore, it gives a comparable
magnitude for the influence of soil energy on the overall energy budget.

Given that the near-surface thermal state differences between the deep and
the shallow models decrease toward the surface, it is likely that the atmosphere
governs the spatial patterns of temperature changes controlled by differences in
heat propagating into the ground related to the placement of the land bottom
boundary. However, a less clear answer could be identified for given feedbacks on
the land thermodynamic changes to the magnitude and patterns of near-surface
atmospheric temperatures. For low-frequency temperature signals at and above
decadal timescales, the internal variability of near-surface atmospheric temperatures
is reduced. This points to the existence of a buffering effect of the atmosphere that
was reported in the analysis of the stand-alone JSBACH and also found, to some
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extent, in the composite analyses of volcanic eruptions and seasonal extreme events
that indicate a dampening effect of the atmosphere for abrupt intra- and inter-annual
timescales. However, the robustness of these results needs to be further confirmed
in more comprehensive analyses, as particularly the local high-frequency buffering
effect seems to contradict the global analysis of the reduction of internal variability,
which exposes potential region-specific and characteristic behavior.

Apart from the impact on the range of internal variability, the BBCP-deepening
does not seem to impact the atmospheric mean climate state near the surface
significantly. At the same time, however, the global energy fluxes are altered in
the deep MPI-ESM. Significant alteration can only be found in the exchange of
energy in the subsurface that results from the increased energy content and leads
to an increased energy flux out of the overall warmer subsurface. This does not
discount the possibility that the energy flux changes in the rest of the Earth’s system
result from natural variations between the deep and the shallow MPI-ESM so that
the effects cannot be entirely attributed to the effect of increasing the land BBCP.
At the same time, a net-zero change is found in the thermal energy fluxes at the
Earth’s surface, which could explain the non-existing mean climate change of the
near-surface atmosphere. Therefore, the excess energy coming from the ground
would be partitioned into changes in the turbulent latent and sensible heat fluxes.
At the same time, advection transports the energetic changes away from the land
surface so that mean temperatures are not significantly impacted. It is discussed
in this thesis that this may be an effect of the redistribution of energy in the entire
system. Thereby, a colder ocean with its great heat storage would release energy
that is distributed into the land and therefore slightly changes the energy balance
at the top of the atmosphere. However, it could also not be dismissed that this
relative change in the ocean heat flux is due to a generally colder state of the ocean
in the deep MPI-ESM, which would leave an open question as to how the energy
content of the land could increase by 102.6 ZJ in the SSP585 scenario simulation,
given that there would be energy conservation in the simulated system. It could be
of help to consider the absolute energy content and the respective change under
transient climate conditions for the full climate system, which, at this point, is not
yet accounted for in this thesis and is subject to ongoing work.

Overall, a distinction between the effects seen in the coupled MPI-ESM with
deeper BBCP-depth in the land component can be identified for their impacts on the
land-climate interactions. The first is the passive component, where the deeper sub-
surface buffers abrupt pulses of surface temperature change on various timescales.
In this case, the increased thermal inertia of the land can balance extreme events
and should also be possible to counterbalance climatic shifts, such as anthropogenic
climate change, given that these changes can be considered to be a temperature
signal pulse on longer timescales. The atmospheric surface temperature patterns
entirely control the subsurface thermodynamic state, with differences only to be
seen from the differences in heat conduction into the ground from a relocation of
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the BBCP in the deep MPI-ESM. The buffering of atmospheric temperatures would
be of importance for the reliability of simulating local to regional extreme climates,
such as droughts (Dai, 2011; IPCC, 2019), and their severity perceived in MPI-ESM.
The second component is more active because it implies thermodynamic exchange
with the overlying atmosphere and thus with the rest of the climate system. This
effect can potentially change the mean state of the climate subsystems, even though
not necessarily the mean atmospheric climate near the land surface. It remains to be
seen to what extent this can be confirmed in future analysis for the energy budgets
of the full Earth system, which could bring closure to this thread of argumentation.

Hydro-thermodynamic coupling in MPI-ESM. A remaining piece of the sensitiv-
ity analysis presented in this thesis is the implementation of hydro-thermodynamic
coupling mechanisms into the coupled MPI-ESM. Unfortunately, this was not pos-
sible because of unreliable results and climate drifts (De Vrese, 2019; pers. comm.)
with the HTC-physics implemented into JSBACH by Ekici et al. (2014) when coupled
to the entire climate system. However, a new model version of JSBACH (JSBACH-
HTCp) was recently developed by De Vrese et al. (2021), enabling stable simulations
with active hydro-thermodynamic coupling. Therein, JSBACH was adapted to
improve the interaction between soil hydrology and vegetation, the treatment of
supercooled water, the representation of percolation and drainage (including the
effect of the soil ice content on the hydrological properties of the soil), and the
coupling between land surface and atmosphere. This is accomplished mainly by
adapting the formulations of transpiration and evaporation to take into account
the presence of near-surface soil ice. Additionally, it considers the ice-root-depth
interaction that was discussed above and therefore introduces more realistic model
performances for the simulation of high-latitude cold-region physical processes with
consequences for the consideration of GHGs, such as CO2 and methane, which was
evaluated in De Vrese and Brovkin (2021). In subsequent work that connects to the
analysis provided in this thesis, JSBACH-HTCp is intended to be used for a more
detailed exploration of nonlinearities in climate-sensitive Arctic ecosystems. Three
model setups (reference, dry Arctic, wet Arctic) will form the basis of an evaluation
of the cold-region climate in the Arctic and sub-Arctic regions and potentially in
high-altitude mountainous regions. It is already clear that the different model setups
lead to different thermodynamic and hydrological behaviors (e.g., drier or wetter
Arctic, subsurface energy storage, land surface energy fluxes) in simulations of
future climate-change scenarios. Early comparisons to observations (De Vrese, 2021;
pers. comm.) show that neither of these setups seems to be more realistic per se as
particularly the version JSBACH-HTC and JSBACH-HTCp compare well to various
but not all observational variables, respectively. However, introducing more realistic
soil physics, which is still relatively poorly represented in state-of-the-art LSMs (e.g.,
Burke et al., 2020), a priori, contributes to more realism in those simulations. It will
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be interesting to see the performance of these model simulations in the frame of the
thermodynamic changes of HTC and BBCP-depth changes reported in the thesis.

The analysis of the soil hydrology sensitivity to BBCP-depth, HTC and SPD
changes is vital for interpreting the upcoming results with JSBACH-HTCp. Even
though the focus of this thesis has been predominantly put toward the thermody-
namic effects in relation to the soil hydrological changes, efforts have been made
on a more detailed analysis focusing on the soil hydrology in JSBACH-REF and
JSBACH-HTC in the frame of ongoing threads of work (Pérez-Pérez et al., in prep;
García-Pereira et al., in prep.) intended to be published in the near future. These
results will contribute to the understanding of climate model uncertainty in the
simulation of soil thermodynamic and hydro-thermodynamic land surface processes
and will help develop further work branching from the results presented in this
thesis.
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This glossary defines some specific terms and acronyms as the author intends them
to be interpreted and understood in the frame of this thesis. This should aid the
comprehension of the text. Predominantly the terms addressed are those that are
specifically defined for this thesis, some of which are not of common use in the
wider literature.

Annual Heat Content Change (AHCC)
Annual Heat Content Change defines the average rate of heat uptake into a climate
subsystem (herein the terrestrial component). It breaks down the cumulative energy
fluxes over time into a comparable metric over various timescales and aids the
comprehension of the energy distribution under specific transient (for example
climate-change) conditions independent of the total energy budget of the respective
climate subsystem. {Chap. 4}

Classic Analytical model (CA)
The Classic Analytical model is used in the frame of the analytical analysis of heat
conduction from the Earth’s surface into the subsurface, where the imposed signal
experiences an exponential amplitude attenuation and a linear phase shift with
depth. It describes a simplified approach involving the assumption of full harmonic
signals propagating into the ground, where differences are only dependent on the
signal’s period length and the soil’s thermal diffusivity. Although any surface signals
can be decomposed into single harmonics of different frequencies, in this thesis an
adapted analytical approach (see EAA) is used to represent a global warming signal
using a single sinusoid. {Chap. 3}

Cumulative Heat Uptake (CHU)
Cumulative Heat Uptake refers to the heat uptake (herein of the terrestrial compo-
nent of the climate system) over a specific amount of time (herein the course of the
climate-change simulations). As such, it is defined as the change in energy content
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of the given climate subsystem between the beginning and the end of the corre-
sponding period of interest. Thus, it constitutes a metric to compare the cumulative
change in energy fluxes independent of the total energy budget of the respective
climate subsystem. {Chap. 4}

Dynamic thermal conductivity and heat capacity (DCC)
A dynamic calculation of thermal conductivity and heat capacity refers to the
moisture-dependent determination of soil thermal properties such as the thermal
conductivity and the heat capacity of the soil above the bedrock level and its imple-
mentation into the JSBACH land surface model (see also HTC; Ekici et al., 2014). The
latter two determine the soil thermal diffusivity, which plays a major role in the heat
conduction of energy from the surface into the subsurface. Some state-of-the-art
climate models consider moisture-independent soil thermal properties. However,
given that soil moisture is a highly variable component of the subsurface climate, its
consideration can contribute to improvements in the representation of surface and
subsurface climatic conditions and changes on various spatial and temporal scales.
Additionally, it supports a more realistic representation of interactions between
subsurface thermodynamics and hydrology in climate models. {Chaps. 2 and 4}

Effective Adapted Analytical model (EAA)
The Effective Adapted Analytical model refers to the adaptations to the classic
approach of heat conduction (see CA) made in this thesis to improve the represented
propagation of observed and projected long-term climate signals from the Earth’s
surface into the terrestrial subsurface. Here, it is used to derive more accurate
estimates for the required bottom boundary condition placement in state-of-the-art
climate models, where the considered period of the imposed surface conditions
plays a large role in the way the energy penetrates the subsurface. {Chap. 3}

Ecosystem
An ecosystem is a unit of living organisms and non-living environments that exert a
multiplicity of interactions between each other. In the frame of this thesis, ecosys-
tems are defined relatively broadly (e.g., Arctic ecosystems) to account for the sum
of functional organic and abiotic mechanisms that may be affected by changing
environmental conditions (i.e., climate change). However, those broad ecosystems
can incorporate a variety of sub-ecosystem that themselves may react to change with
opposing magnitudes on different spatial and temporal scales. {Chaps. 1, 4, and 6}

Ensemble
An ensemble in this thesis refers to a collection of model simulations. Often it refers
to simulations that sample a space of interest, for example, different initial condi-
tions, varying physical specifications or Earth System Models. Herein, an ensemble
rather includes model simulations that have the same modeling framework with
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either different bottom boundary depths or different physical options that can be
assessed with respect to their sensitivity (see Sensitivity) to the changes between the
individual simulation experiments. {Chap. 2}

Feedback
Generally referred to as ’climate feedback’, this thesis focuses predominantly on the
consequential or cascading interaction between climate subsystems or ecosystem
processes. As such, there are positive and negative feedbacks. Positive feedbacks
describe processes that reinforce themselves by their self-inflicted change and hence
inhibit the potential for instability. Negative feedbacks diminish perturbations in
the system until the changes come to a hold and thus have the potential to stabilize.
A prominent example that motivates and is discussed in this thesis is the positive
permafrost-carbon feedback. Those feedbacks are of particular interest in that they
can impose major changes in the climate system. {Chaps. 1, 4, and 6}

Forcing
The term ’forcing’ is used relatively loosely in the frame of this thesis and generally
refers to internal or external agents that cause changes in the climate (sub)system or
ecosystems - either as predefined boundary conditions or a dynamic component. In
most cases, it refers to the ’radiative forcing’ of the climate system quantified as a
metric for the strength of natural and anthropogenic emission of greenhouse gases
and aerosols into the atmosphere, volcanic eruptions, solar fluctuations, land-use
change and orbital variations. Note that this does not necessarily include the re-
sponse of the given system to the forcing agents. {Chap. 1}

Hydro-thermodynamic coupling (HTC)
Hydro-thermodynamic coupling describes the interaction between thermodynamics
and hydrology. Within this thesis, this concept is investigated with respect to the
land surface component of climate models, as some state-of-the-art models do not
include a full representation of the associated hydro-thermodynamic processes in
the land subsurface. Generally, the subsurface coupling processes involve latent
heat exchanges (see LHE) from water phase changes, evapotranspiration at the land
surface interface, and simultaneous vertical and lateral heat and water transport.
The mechanisms involved are expanded to the formulations of elaborate snow
layering (see SNOW) at the land surface, dynamic subsurface thermal properties
(see DCC) and implementation of supercooled water (see SCW) representation into
the JSBACH land surface model (Ekici et al., 2014). {Chaps. 1, 2 and 4}

Infinite-half space bottom boundary condition (INF)
The infinite-half space bottom boundary condition is imposed for the analytical cal-
culation of heat conduction of surface temperature signals into the land subsurface
(e.g., Carslaw and Jaeger, 1959) and poses the counterpart to the limited space case
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(see LIM). The ’half-space’ aspect of this approach refers to the fact that the analytical
heat conduction solution is driven by non-interactive surface boundary conditions.
While this infinity concept only exists in the analytical framework, climate models
can impose a bottom boundary condition deep enough to be considered quasi-
infinite when the simulated signal periods allow a full attenuation of the signal
amplitude before reaching the bottom boundary. A major problem discussed in
this thesis is that many state-of-the-art models have land model depths far from
being quasi-infinite and therefore argued to cause inaccuracy in the representation
of subsurface thermodynamics. {Chap. 3}

Latent Heat Exchange (LHE)
Latent Heat Exchange generally defines the release (consuming) of energy when
freezing/condensation (thawing/evaporation) of water/ice takes place. In the scope
of this thesis, LHE refers to the implementation of such processes into the JSBACH
land surface model (see also HTC; Ekici et al., 2014). The formulation of latent heat
exchange reflects the major part to ensure a more realistic coupling between the
subsurface thermodynamics and hydrology and has critical impacts on the state and
movement of heat and water throughout the soil column in land surface models.
{Chaps. 2 and 4}

Limited space bottom boundary condition (LIM)
The limited space bottom boundary condition refers to a depth limitation in the
analytical solution of heat conduction from the (usually land) surface into the subsur-
face. This limitation generally imposes a specific behavior of heat conduction when a
zero-heat flux condition is defined at the bottom boundary. Satisfying this condition
can distort the amplitude attenuation of surface temperature signals propagating
the ground, which leads to a misrepresentation of subsurface thermodynamics. The
limited space solution can become equal to its counterpart, the infinite-half space
solution (see INF), when the bottom boundary is set deep enough not to be affected
by the frequencies inhibited in the surface signal timescales. {Chap. 3}

Projection
A projection (climate projection herein) is the simulated response to an imposed
climate forcing scenario (see Scenarios), which generally refers to estimated pathways
of future natural and anthropogenic emissions of greenhouse gases and aerosols.
Projections are usually utilized in conjunction with climate models to simulate
the potential magnitude and effects of climate change under different assump-
tions of socio-economic and technological developments. Many conclusions of this
thesis are based on climate projections and their sensitivity to changes in the repre-
sentation of land surface model physical processes (see Sensitivity). {Chaps. 1, 2, and 6}
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Scenarios
Scenarios are defined as past or future pathways of changes in the climate system
according to prescribed radiative forcing strength and provide boundary conditions
usually used to drive climate (change) simulations (see Forcing and Projection). In
this thesis, different scenarios were utilized that span the pre-industrial period,
and the forcings represented in IPCC’s assessment reports AR5 and AR6 for future
climate change. {Chaps. 1 and 2}

Sensitivity
Sensitivity generally describes the responsiveness of a system to imposed change.
In the frame of this thesis, it is used to assess the magnitude of change of specific
aspects in model simulations of future climate change under different land surface
model physical representations. {Chaps. 1 and 6}

Supercooled water (SCW)
Supercooled water implementation refers to the representation of water that stays
liquid below the freezing point under specific conditions in the JSBACH land surface
model (see also HTC; Ekici et al., 2014). It contributes to the representation of water
in the land subsurface that may influence the interaction between water and en-
ergy and can be an important part of water availability for vegetation. {Chaps. 2 and 4}

5-layer snow model (SNOW)
The snow model modification in the JSBACH land surface model (see also HTC;
Ekici et al., 2014) defines an increase of the number of layers from the standard
single layer to five. This improves the thermal aspects of land-air interactions, par-
ticularly in winter, where the snow insulates the subsurface temperatures from
colder atmospheric temperatures, which has the potential to substantially alter the
subsurface thermal regime in cold-environment ecosystems. {Chaps. 2 and 4}

Temperature Error (TE)
The Temperature Error (TE) is a metric to quantify the misrepresentation of sub-
surface temperatures by subsurface regimes that have bottom boundary conditions
that are imposed too close to the surface for the simulated timescales of interest. TE
is defined as the root mean square error of spatially (vertical and time) integrated
differences between two temperature fields. It was originally introduced by Alexeev
et al. (2007). Its application was expanded in this thesis to assess the sufficiency of
bottom boundary depth placements in state-of-the-art climate models. {Chap. 3}

Uncertainty
Uncertainty describes a lack of knowledge that stems from missing information
or disagreement about what is known or even knowable. In this thesis, it mostly
refers to the lacking representation of physics in state-of-the-are land surface models,
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which results in a spread of model results derived from the sensitivity analyses
performed herein (see Sensitivity). The concept of uncertainty is highly relevant
for this thesis, as it assesses areas of research focus from a qualitative and quanti-
tative perspective and aids to put the focus on the simulated process that lackss
fundamental understanding, awareness of the climate modeling community, or
implementation strategies due to constraints of time or computational resources.
{Chaps. 1 and 6}
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