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pero creo que hemos aprendido a entendernos y trabajar bien en equipo, pese a
nuestras diferencias. Juntos podemos más. Gracias Elena y Jorge por compartir
conmigo tantos momentos buenos estos últimos años. Aunque estéis retirados
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paridas, no pod́ıa faltar en la salsa mi querido Sergi. Gracias por ser el t́ıo con
las opiniones más férreas del laboratorio. Haber compartido cientos de cafés y
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y ocurrencias. Nos lo hemos pasado muy bien juntos, y me llevo muy buenos
recuerdos. Estoy seguro de que seguiremos sumando viajes (espero que no Hack-
atones) a nuestra lista de vivencias compartidas. Lućıa TROPA, gracias por ser
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etapas de la vida desde que tengo uso de razón. Eres una inspiración tan grande
que es dif́ıcil imaginar que habŕıa sido de mı́ sin ti; si hoy soy casi doctor es en
gran parte gracias a ti. Marcos, gracias por ser mi confidente y amigo desde la
tierna pre-adolescencia. Hemos vivido tantas cosas juntos que me es muy dif́ıcil
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y Raúl. Gracias por compartir conmigo tantas fiestas del pueblo, viajes, y ex-
periencias memorables. Juntos nos hemos réıdo, hemos llorado (alguna que otra
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incondicional, tu presencia constante y tu apoyo en los momentos felices, pero
también en los dif́ıciles. Has sido mi mayor sostén a lo largo de este camino. Gra-
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Climate change sensitivity to the
thermodynamics and the hydrology of
the subsurface

Nowadays, the Earth is experiencing a fast climate change due to the emission
of greenhouse gases and aerosols resulting from human activity. The net e↵ect
of these emissions is a positive energy imbalance of about 1 W/m2, which has
resulted in a global warming of more than 1 oC since the mid-19th century.
This warming a↵ects the various components of the climate system (ocean, at-
mosphere, cryosphere, land surface, and biosphere) in di↵erent ways, leading to
changes in their respective states and interactions. Due to its lower thermal in-
ertia and static nature, the land surface has warmed more than the ocean, by
approximately 1.6 oC relative to the 1850–1900 mean. This intense warming im-
pacts on various key soil processes that are relevant in the interaction between the
atmosphere and the land surface and thus influence continental climate. Some
of these processes are related to soil moisture availability and are part of the
hydrological cycle, such as surface runo↵, infiltration, evaporation, or drainage.
Other processes have di↵erent kinds of nature: thermodynamic, like the soil tem-
perature variability and thermal propagation with depth; hydro-thermodynamic,
like permafrost thaw or desertification; biological, as soil respiration; or mechan-
ical, like erosion. This thesis focuses on the hydro-thermodynamic role of the
soil, its relevance to other terrestrial and atmospheric processes and its potential
feedback to global warming.

Aim of the study

The main objectives of this thesis are to expand the current understanding of
the processes that shape the hydro-thermodynamics of the soil and subsurface
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layers, and to analyze the sensitivity of climate change to modifications in these
processes. More specifically, the thesis aims at characterizing the transport and
storage of underground heat as a direct consequence of surface warming, with a
particular focus on its interaction with soil hydrology. This interaction is espe-
cially sensitive and relevant to the global climate in high-latitude regions, where
permafrost thaw has the potential to release large amounts of carbon-rich trace
gases, such as methane, thereby intensifying global warming. To achieve the ob-
jectives of this thesis, both observational data and climate simulations have been
employed. Observational soil monitoring data are often scarce and primarily lim-
ited to shallow depths, with deep observations being rare. By contrast, climate
models o↵er a continuous but simplified representation of soil thermodynamics,
which poses challenges in analyzing the impacts of climate change on soil ther-
modynamics and hydrology. The integration of these two approaches allows for
a more comprehensive and robust assessment of the objectives of this thesis.

Main results and conclusions

The first objective of this work is to analyze the observational thermodynamic
regime of the subsurface using a subsurface temperature database extending down
to 20 meters depth from a set of six weather stations in the Sierra de Guadarrama.
Heat conduction at these sites is characterized by evaluating the attenuation and
phase shift of the annual surface temperature wave with depth, rendering es-
timates of the thermal di↵usivity. The results illustrate the overall conductive
nature of the subsurface, with a quasi-linear increase in thermal di↵usivity with
depth, more intense in the transition between soil and bedrock. This increase
indicates that changes in the parent material composition produce variations in
thermal di↵usivity. In order to analyze these variations at shorter time scales
than the annual wave, a new spectral methodology is introduced. The spectral
methodology assesses the underground attenuation of the entire spectrum of har-
monics that conform the surface temperature signal. The analysis of temperature
series down to one meter depth revealed that seasonal soil moisture changes can
induce thermal di↵usivity changes, thus opening the possibility of estimating soil
moisture from temperature.

The analysis of subsurface hydro-thermodynamics at longer time scales re-
quires of climate model experiments. The representation of subsurface thermo-
dynamics in Land Surface Models (LSMs) that are part of the latest generation of
Earth System Models (ESMs) is based on the conductive hypothesis. However,
LSMs resolve heat propagation imposing a zero-flux bottom boundary condi-
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tion at a finite depth (bottom boundary condition placement, BBCP), rather
than treating the subsurface as semi-infinite, as in the real-world. This depth
is usually insu�cient, which results in an underestimation of the land heat up-
take and an overestimation of positive temperature trends with depth associated
with global warming. Previous works demonstrated that changes in the depth
of the BBCP do not impact surface temperature variability using standalone
LSM simulations. In this work, the validity of this statement is tested using two
fully-coupled simulations of the last two millennia (0–2100 CE) with the Max
Planck Institute Earth System Model (MPI-ESM), one with a BBCP at 10 m
and another at 1,400 m. The results show that changing the BBCP depth has
no impact on surface temperature variability in coupled simulations. This al-
lows for the use of surface temperatures as the upper boundary condition to
obtain corrected estimates of the land heat uptake from di↵erent data sources
(observational databases, reanalyses, ESMs) using a simple one-dimensional heat
conduction model. The estimates obtained show a clear dependence of the land
heat uptake on the BBCP depth. It is also demonstrated that this dependence
stems from a reduction in the ground heat flux, which in turn leads to an overes-
timation of the sensible and latent turbulent heat fluxes at a global scale and in
humid areas, respectively. Therefore, limiting the BBCP depth has implications
for the long-term surface energy balance under global warming.

Finally, this thesis seeks to understand the interaction between soil thermo-
dynamics and hydrology. This interaction is especially relevant for soils sub-
jected to phase changes in soil moisture, such as permafrost. For that purpose, a
set of experiments with di↵erent representations of the mean hydrological state,
depth, and discretization in the historical period and future warming scenarios
(MPIESM-PePE) is conducted using a modified version of the MPI-ESM with
a more realistic soil hydrology in permafrost regions. The results show a clear
impact of soil hydrology and BBCP depth in producing changes in future projec-
tions of permafrost extent loss and active layer subsidence with climate change.
Overall, the results of this thesis underscore the need to improve the representa-
tion of the subsurface hydro-thermodynamics in climate models.





Cambio climático: sensibilidad a la
termodinámica y la hidroloǵıa del
subsuelo

En la actualidad, la Tierra experimenta un proceso acelerado de cambio climático
provocado por la emisión de gases de efecto invernadero y aerosoles derivados de la
actividad humana. El efecto neto de estas emisiones es un desequilibrio energético
positivo de aproximadamente 1 W/m2, lo que ha dado lugar a un calentamiento
global superior a 1 oC desde mediados del siglo XIX. Este aumento de temper-
atura afecta de forma distinta a las distintas componentes del sistema climático
(océanos, atmósfera, criosfera, superficie terrestre y biosfera), alterando su estado
y sus interacciones. Como resultado de su menor inercia térmica y naturaleza
estática, la superficie terrestre se ha calentado más que los océanos, alcanzando
un aumento aproximado de 1,6 oC respecto al promedio de 1850–1900. Este ca-
lentamiento afecta a numerosos procesos fundamentales del suelo que influyen en
la interacción entre la atmósfera y la superficie terrestre, y por tanto, en el clima
continental. Algunos de estos procesos están relacionados con la humedad de suelo
y son parte del ciclo hidrológico, como la escorrent́ıa, infiltración, evaporación y
drenaje, mientras que otros tienen carácter termodinámico (como la propagación
de temperatura en profundidad), hidro-termodinámico (como el deshielo del per-
mafrost o la desertificación), biológico (como la respiración del suelo) o mecánico
(como la erosión). La presente tesis se centra en el papel hidro-termodinámico
del suelo, su relevancia para otros procesos terrestres y atmosféricos y su posible
retroalimentación del calentamiento global.
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Objetivos principales del estudio

Los principales objetivos de esta tesis son ampliar el conocimiento sobre los proce-
sos que regulan la hidro-termodinámica del subsuelo, y analizar cómo cambios en
estos procesos pueden afectar al clima. Se busca caracterizar cómo se transporta
y almacena el calor en el subsuelo como consecuencia directa del calentamiento
superficial, poniendo énfasis en su interacción con la hidroloǵıa del suelo. Este
v́ınculo es especialmente sensible y relevante en las regiones de altas latitudes,
donde el deshielo del permafrost podŕıa liberar grandes cantidades de gases de
efecto invernadero como el metano, intensificando el calentamiento global. Para
abordar estos objetivos, se han utilizado tanto datos observacionales como simu-
laciones climáticas. Los datos observacionales son escasos y suelen estar limitados
a medidas poco profundas, mientras que los modelos climáticos resuelven una ter-
modinámica del suelo muy simplificada, lo que dificulta el análisis de los efectos
del cambio climático en la hidro-termodinámica del suelo. La combinación de
ambas fuentes permite una evaluación más sólida y completa de los objetivos de
esta tesis.

Resultados principales y conclusiones

El primero objetivo de esta tesis es analizar el comportamiento térmico del sub-
suelo utilizando datos de temperatura de hasta 20 metros de profundidad de
seis estaciones meteorológicas de la Sierra de Guadarrama. Se determina la aten-
uación y el desfase de la onda anual con la profundidad, lo que permite estimar
la difusividad térmica del subsuelo. Se observa que el régimen termodinámico
dominante es la conducción, con una difusión térmica que aumenta casi lineal-
mente con la profundidad, especialmente en la transición entre el suelo y la roca
madre. Esta variación refleja cambios en la composición del material. Para estu-
diar estos cambios a escalas temporales más cortas que el ciclo anual, se introduce
una nueva metodoloǵıa espectral capaz de analizar cómo se atenúan las distintas
frecuencias de temperatura en el subsuelo. Este análisis, aplicado a series de tem-
peratura de hasta un metro de profundidad, muestra que los cambios estacionales
en la humedad del suelo también pueden modificar su difusividad térmica, lo que
abre la posibilidad de estimar la humedad del suelo a partir de datos de su tem-
peratura.

El análisis de la hidro-termodinámica del subsuelo a escalas de tiempo más
largas requiere de simulaciones climáticas. Los Modelos de Superficie Terrestre
(LSMs), integrados en los Modelos del Sistema Tierra (ESMs), simulan la con-
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ducción de calor imponiendo una condición de contorno de flujo cero a cierta
profundidad (“profundidad de frontera inferior” o BBCP). Sin embargo, esta
condición de contorno se establece a una profundidad insuficiente, resultando en
una subestimación de la captación de calor por la tierra, y una sobreestimación
del calentamiento en profundidad debido al cambio climático. Aunque estudios
anteriores muestran que modificar esta profundidad no afecta a la temperatura
superficial haciendo uso de simulaciones de suelo desacopladas, esta tesis lo veri-
fica mediante dos simulaciones acopladas del periodo 0—2100 d.C. con el modelo
climático del Instituto Max Planck (MPI-ESM), una con BBCP a 10 m y otra
a 1.400 m. Los resultados confirman que la profundidad del BBCP no altera
la variabilidad de la temperatura superficial, lo que permite usar las temperat-
uras de superficie como condición de contorno para estimar de manera más pre-
cisa la captación de calor del suelo de distintas fuentes de datos (observaciones,
reanálisis, ESMs) haciendo uso de un modelo unidimensional de conducción de
calor. Los resultados revelan que dicha captación depende significativamente de
la profundidad del BBCP. Además, una profundidad insuficiente de la BBCP
reduce el flujo de calor hacia el subsuelo, generando una sobreestimación de los
flujos turbulentos de calor latente y sensible en áreas húmedas y a escala global,
respectivamente. Por tanto, limitar la profundidad de la BBCP afecta al balance
energético a largo plazo en el contexto del calentamiento global.

Por último, la tesis busca caracterizar cómo la termodinámica del suelo se
relaciona con la hidroloǵıa. Esta interacción es especialmente relevante en suelos
donde se producen cambios de fase de la humedad, como el permafrost. Para
ello, se realiza un conjunto de simulaciones del priodo histórico y escenarios de
calentamiento futuro (MPIESM-PePE) que incluye diferentes combinaciones de
estado h́ıdrico medio, profundidad del BBCP y resolución vertical utilizando una
versión modificada del modelo MPI-ESM con una hidroloǵıa del suelo más realista
en zonas de permafrost. Los resultados muestran que tanto la representación de
la hidroloǵıa como la profundidad del BBCP impactan significativamente sobre
la pérdida de permafrost y la subsidencia de la capa activa en proyecciones de
cambio climático futuro. En general, los resultados de esta tesis subrayan la
necesidad de mejorar la representación de la hidro-termodinámica del subsuelo
en los modelos climáticos.
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Chapter 1

Introduction

This chapter lays the foundations for understanding the motivations of this thesis
and the relevance of the results and potential implications derived from them.
First, a brief description of the relevance of land surface and subsurface thermo-
dynamics and hydrology in the current state and future evolution of the climate
system is presented in Section 1.1. To understand the role of the land surface
within climate, it is important to understand the mechanisms ruling the Earth’s
and surface energy balance. Section 1.2 revisits the basic concepts of climate sci-
ence and their connection to the land surface. The interest in subsurface heat
transfer stems from research in the context of paleoclimate reconstruction of the
last millenium. Specifically, Section 1.3 provides the reader with a short history
of borehole climatology and how this branch of climate science helped to put the
frame for a better understanding of land surface and subsurface thermodynamics.

However, climate reconstruction is obviously not the only motivation for study-
ing the underground heat transfer. As the human action is producing a positive
terrestrial energy imbalance, assessing the thermal response of the di↵erent cli-
mate components is key for characterizing the extent and implications for other
physical and biological processes dependent on temperature. Therefore, the ther-
mal regime of the surface and subsurface and its monitoring from observational
data are addressed in Section 1.4.

The analysis of the subsurface thermal regime at longer timescales requires the
use of climate models. However, state-of-the-art climate models include a simpli-
fied representation of how heat propagation with depth operates. The representa-
tion of the subsurface heat propagation by climate models and its limitations are
described by Section 1.5. One of the main consequences of this oversimplification
of the subsurface thermal regime in climate models is a constraint in land heat
uptake, which is described and discussed in Section 1.6. Moreover, the simplifica-
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tion of land surface processes in climate models is not limited to thermodynamics,
but also to hydrology. The interaction between thermodynamics and hydrology
is especially relevant for the Arctic soils, which contain large fractions of per-
mafrost. Section 1.7 discusses the existing modeling gap in permafrost dynamics
and the challenges associated with realistically representing its hydrological state
and evolution under the ongoing Arctic warming conditions. Finally, Section 1.8
presents the structure and the major research questions that motivate this work.
Overall, this chapter constructs a framework that addresses the importance of
the hydro-thermodynamics of the ground surface and subsurface for the climate
system and how it responds to anthropogenic climate change conditions.

1.1 The land surface in a changing climate

Scientific evidence suggests that life first evolved in the Earth’s primitive oceans
around 3.5 billion years ago (Schopf, 1993), 1 billion years after our planet’s for-
mation (Halliday and Canup, 2023). Plants started to spread over the continents
around 400 million years ago (Le Hir et al., 2011), but human life did not begin
in Africa until 2–2.5 million years ago (Antón, 2012), comparatively not so long
ago. Since then, the human evolution up to our days has been inevitably tied to
the land surface. The land surface, i.e., the emerged part of the continents, is the
basis of the terrestrial microbial, plant and animal life, which ultimately includes
humans. Its vast extension, of around 149 million km2 (a 29.2 % of the Earth’s
surface), and diversity in mineral, freshwater, and organic resources served as
the key foundation and livelihood for the establishment and development of the
human civilization.

However, our intensive and extensive exploitation of the overland resources
since the Industrial Revolution (Vitousek et al., 1997) has triggered an unprece-
dented environmental crisis in human history (Chen et al., 2021); this crisis is
multi-fold. The massive consumption of organic resources, i.e., plant and ani-
mal stocks, has led to a considerable loss in biodiversity (Butchart et al., 2010;
Pereira et al., 2012), and ultimately to the extinction of thousands of species
(Ceballos and Ehrlich, 2023). The overexploitation of rivers, lakes, aquifers, and
other freshwater sources has provoked the depletion of multiple emerged wa-
ter bodies (e.g., the Aral Sea, Gaybullaev et al., 2012), surface erosion (Svoray,
2022), and an increase in human migrations linked to the scarcity and unfair
distribution of water resources (Stoler et al., 2022). Land use land cover (LULC)
changes since the beginning of the Industrial Revolution resulting from the con-
struction of urban settlements, factories, and farms, or the sowing and growing of
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crops have drastically reduced the forested surface area (Hu et al., 2021; Winkler
et al., 2021), a key climate regulator (Bonan, 2008) and the main environment for
many ecosystems that are now in danger (Forzieri et al., 2022). Furthermore, our
farming and industrial activities have released immeasurable quantities of pollu-
tants that contaminate the air, soil, and subsurface running waters and aquifers,
reaching lakes, rivers and eventually the seas and oceans (Kondratyev et al., 2004;
Gioia et al., 2011). The combination of the previous factors is producing a global
change that is drastically reshaping the planet we inhabit. Nevertheless, perhaps
the most dramatic and potentially disruptive consequence of the human action
is climate change (Park, 2015; Chen et al., 2021).

The agriculture, farming, construction, transportation, and industry, among
other human activities, are intensive in fossil energy resources (Lamb et al., 2022).
The combustion of fossil fuels has released massive amounts of carbon rich gases
into the atmosphere. These gases (Section 1.2) have the capability of boosting the
planet’s natural greenhouse e↵ect, i.e., the absorption and subsequent release of
long-wave radiation emitted by the surface, and are hence known as greenhouse
gases (GHGs). Last estimates by Friedlingstein et al. (2022) quantify GHG emis-
sions to be of 455 ± 25 GtC in 1850–2020, increasing carbon dioxide, methane,
and nitrous oxide pre-industrial concentrations from 284.3 ppm, 808.2 ppb, and
273.0 ppb (Meinshausen et al., 2017), to 412.5 ppm, 1879.2 ppb, and 333.0 ppb by
2020 (Blunden and Boyer, 2021), respectively. GHGs have atmospheric lifetimes
that span from a few years (methane) to hundreds of years (carbon dioxide),
contributing to both short-term and long-term global warming (Canadell et al.,
2021). As a result of the anthropogenically enhanced greenhouse e↵ect, global
mean near-surface air temperature has increased by 1.09 [0.95 to 1.10] �C since
the end of the 19th century (Chen et al., 2021; Gulev et al., 2021). This warming
has been significantly larger over land than over the ocean, with temperature
values in 2011–2020 being 1.59 [1.34 to 1.83] �C and 0.88 [0.68 to 1.01] �C higher
than 1850–1900, respectively (Chen et al., 2021).

Like the other components of the climate system, the land surface is vulner-
able to current climate change. Warming of the land surface and near-surface
soil has an impact on its biogeochemical activity (Soong et al., 2021), enhancing
the metabolic activity of microorganisms, mineral weathering, and decomposition
of soil organic matter (Schlesinger and Emily, 2013). It also a↵ects soil hydrol-
ogy (Krakauer et al., 2013) and increases soil respiration (Zhang et al., 2016;
Pries et al., 2017), contributing to an acceleration of the terrestrial carbon cycle
(Bond-Lamberty and Thomson, 2010; Pries et al., 2017). Soil warming has also
relevant impacts on high latitude regions, where permafrost thaw due to warm-
ing can produce changes in soil hydrology (Andresen et al., 2020; Burke et al.,
2020), compromising the structural stability of the terrain. This can eventually
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lead to the subsurface collapse (Abbott and Jones, 2015; Pegoraro et al., 2021),
posing risks to infrastructure (Rotta Loria, 2023) and reshaping landscapes. Ad-
ditionally, permafrost triggers the release of pollutants (e.g., Schaefer et al., 2020)
and reactivates the microbial decomposition of large fossil carbon deposits stored
within the permafrost (Turetsky et al., 2019). This microbial activity releases
carbon into the atmosphere in the form of methane and carbon dioxide, further
enhancing global warming (e.g., Burke et al., 2013; de Vrese et al., 2023).

1.2 The climate system and the energy balance: the role of
the land surface

Understanding the land surface responses to climate change requires stepping
back to the broader framework in which they occur: the Earth’s climate system.
The Earth’s climate is the result of the energy balance between the incoming
and reflected shortwave solar radiation and the net long-wave radiation emitted
by the planet itself (Peixóto and Oort, 1984). The Earth is primarily warmed by
the incoming solar short-wave radiation. A fraction of the downward radiation
(around a 30 %, Goode et al., 2001; Loeb et al., 2009) is reflected back to the
space during its path through the atmosphere and at the surface, which is known
as the albedo e↵ect. The rest is absorbed by the di↵erent climate components,
i.e., the atmosphere, the cryosphere, the ocean, and the land surface. The Earth
behaves as a grey body, hence emitting long-wave radiation proportionally to the
fourth power of its surface temperature, according to the Stefan-Boltzmann law
(Boltzmann, 1884). In order to keep the energy balance, the Earth must radiate
back the energy away at the same rate. In a planet without atmosphere, the in-
coming solar, and the outgoing short- and long-wave radiation components would
determine the energy equilibrium at the surface. However, the Earth is enveloped
by a gaseous atmosphere rich in trace gases like carbon dioxide, methane, and
water vapor, which absorb a considerable fraction of the outgoing long-wave radi-
ation emitted by the surface and re-emit it back to the surface. This produces the
natural greenhouse e↵ect, which modulates climate variability, preventing large
diurnal and seasonal surface temperature variations (Hansen et al., 1995; Stjern
et al., 2020) and increasing the atmospheric and ground surface temperatures to
a range compatible with life (Serreze, 2010).

The Earth’s energy state is shaped by a series of mechanisms that have the
ability to regulate the incoming and outgoing energy of the system, known as
climate forcings. These include those of natural origin, such as volcanic aerosols
and solar radiation changes, or the anthropogenic emissions of GHGs, ozone and
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aerosols. The climate system responds to these forcings at various temporal and
spatial scales, producing global or regional changes in temperature, precipitation,
and weather patterns. For instance, major volcanic eruptions cool the planet over
annual to inter-annual timescales due to aerosol injection in the stratosphere
(Robock, 2000; Stenchikov et al., 2009; Jungclaus et al., 2010; Myhre et al.,
2013), while GHG increases a↵ect the energy balance over decades to centuries
and longer timescales (Frölicher et al., 2014; Frölicher and Paynter, 2015). These
e↵ects interact with internal variability, i.e., natural stochastic fluctuations in the
climate system, which also shape regional weather and extreme events (Rahmstorf
and Coumou, 2011; Seneviratne et al., 2021).

At the ground surface, the energy balance is determined by the net incoming
radiation and the turbulent heat fluxes: the Sensible Heat Flux (SHF), controlled
by the surface temperature, and the Latent Heat Flux (LHF), which is driven
by water phase changes. The remainder of this balance is the Ground Heat Flux
(GHF), which drives the subsurface heat propagation. The downward or upward
GHF entails the uptake or release of energy stored underground, respectively
(Huang, 2006; Sadeghi et al., 2021; Garćıa-Garćıa et al., 2023). The surface tur-
bulent fluxes regulate the evapotranspiration (Wang and Dickinson, 2012), which
in turn a↵ects the formation of clouds, altering the ratio of incoming and out-
going long-wave radiation and changing the albedo (Stephens, 2005; Gettelman
and Sherwood, 2016). Additionally, changes in the LULC and the snow cover
also modify the albedo, causing relative warming or cooling that a↵ects the near-
surface weather and climate (Melo-Aguilar et al., 2018). Since land surface acts
as the lower boundary condition for the atmosphere, changes in the surface fluxes
have the potential to influence the general atmospheric circulation and weather
patterns (Pielke, 2001; Laird and Kristovich, 2002), changing the occurrence and
distribution of precipitation, wind, and temperature extremes at di↵erent tem-
poral and spatial scales (Rahmstorf and Coumou, 2011; Seneviratne et al., 2021).
This, in turn, a↵ects soil temperature and moisture conditions (Miralles et al.,
2019; Garćıa-Garćıa et al., 2023), subsequently shaping the surface fluxes and
land heat uptake (Cuesta-Valero et al., 2016, 2023; Steinert et al., 2024).

Although the physical processes governing the land surface and subsurface
hydrology and thermodynamics are well-understood, they remain poorly repre-
sented in the latest generation of climate models. Biases in the representation
of the subsurface heat transfer can have remarkable e↵ects on near-surface land
thermodynamic and hydrological processes and their interactions, e.g., the overes-
timation of soil temperatures with warming (González-Rouco et al., 2021; Steinert
et al., 2021b). This overestimation is especially concerning in high-latitude re-
gions, since it leads to enhanced permafrost degradation (Hermoso de Mendoza
et al., 2020; Steinert et al., 2021b; de Vrese et al., 2023; Nitzbon et al., 2023;
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Steinert et al., 2023). In turn, the hydro-thermodynamic state of the soil plays
a great role in key aspects such as the Earth’s carbon cycle (Bond-Lamberty
and Thomson, 2010; Abbott and Jones, 2015; Pries et al., 2017; Turetsky et al.,
2019), the soil water availability (Andresen et al., 2020; de Vrese et al., 2023),
and the characteristics of the ground surface and canopy (Niu and Yang, 2004;
Hoek van Dijke et al., 2020; Mu et al., 2021), all of which a↵ect regional and
global climates (Jung et al., 2010; Green et al., 2017). The soil temperature is
also relevant for agriculture, since it influences root and plant growths (Kaspar
and Bland, 1992) as well as crop productivity (Hu et al., 2024). Additional to
the impacts underground, a poorly resolved subsurface hydrology can modify the
surface heat fluxes, subsequently impacting on surface temperatures (Ban-Weiss
et al., 2011), which can modify soil respiration (Zhang et al., 2016; Pries et al.,
2017) and moisture levels (Krakauer et al., 2013), and lead to soil temperature
extremes (Miralles et al., 2019; Garćıa-Garćıa et al., 2023). The extent of these
e↵ects depends on factors such as regional climate interaction with land cover
(Pitman et al., 2009; Pongratz et al., 2010; Green et al., 2017; O et al., 2022),
and soil properties (Steinert et al., 2021b). In conclusion, a proper understand-
ing of land surface and subsurface thermodynamics and hydrology is essential for
accurately representing land-atmosphere interactions across di↵erent spatial and
temporal scales (Forster et al., 2021), and for assessing the potential feedback
processes of the land surface and subsurface on climate change.

1.3 A bit of history: borehole temperature reconstruction
and the understanding of subsurface heat propagation

The understanding of the mechanisms underlying the energy transfer below the
ground surface into the terrestrial crust came by the hand of the borehole clima-
tology (González-Rouco et al., 2009). At the beginning of the 20th century, Lane
(1923) and later Birch (1948) noted that the ground surface temperature (GST)
signal penetrated into the subsurface when attempting to derive geothermal heat
flow estimates from borehole data. These studies considered this surface-driven
signal as noise hindering the calculation of long-term geothermal heat flow val-
ues, and therefore, an undesirable perturbation that had to be filtered out. It
was not until the second half of the 20th century when the GST penetration into
the terrestrial crust was found to have a potential application in past climate
reconstruction of the Common Era (CE), a topic gaining attention at that time
as climate researchers attempted to frame the current anthropogenically-driven
climate change in the context of the preindustrial climate variability (Smerdon
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and Pollack, 2016). A pioneer study by Cermak (1971) demonstrated that the
past GST time evolution could be recovered from subsurface vertical temperature
profiles logged in boreholes (i.e., borehole temperature profiles, BTPs) using the
heat conduction law (Carslaw and Jaeger, 1959):

@T

@t
(z, t) = 

@
2
T

@z2
(z, t), (1.1)

which describes the dependence of temperature, T , on depth, z, and time, t. This
dependence is controlled by the thermal di↵usivity of the medium, . Equation
1.1 is a partial di↵erential equation with no direct analytical solution, so Cermak
(1971) made some assumptions to simplify its resolution: (1) the terrestrial crust
is a half-infinite space, (2) the thermal di↵usivity is constant with depth, (3)
there are not additional heat sources or sinks, and (4) horizontal heat conductive
transfer as well as (5) advection and (6) latent heat exchanges are negligible.
Additionally, it was considered that GST di↵erences consist of a series of K

time step temperature changes. Hence, each time step produces a temperature
change in the subsurface, �Tk, that is added to changes from previous time steps
(Mareschal and Beltrami, 1992). Under these conditions, the resolution of the
heat conduction law (Eq. 1.1) for BTPs is reduced to resolving a linear matrix
equation of the form T(zi)=AijTs(tj), where T(zi) represents the BTP values
and Ts(tj) the past GST evolution (i.e., �Tk), and Aij is a coe�cient matrix
given by the expression:
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where the erfc is the complementary error function. The past GST evolution
(Ts) can be obtained by inverting the coe�cient matrix (A), i.e., Ts=A�1T.
In practice, the borehole inversion is most of the times an overdetermined sys-
tem of equations (i.e., more equations than unknowns), so its resolution is based
on eigenvalue decomposition methods such as the Singular Value Decomposition
(Mareschal and Beltrami, 1992; Jaume-Santero et al., 2016; Cuesta-Valero et al.,
2021b), or Bayesian Inversion methodologies (Hopcroft et al., 2007; Groenke
et al., 2024). The limitations of the di↵erent BTP inversion techniques and their
associated uncertainties are out of the scope of this thesis, but are treated by
Mareschal and Beltrami (1992), González-Rouco et al. (2009), Hopcroft et al.
(2009), and Melo-Aguilar et al. (2020).

Borehole temperature reconstructions are part of a broad catalogue of proxy-
based (i.e., indirect or surrogate sources of climate observation) temperature
reconstructions of the CE, which include information derived from tree rings,
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speleothems, lake and ocean basin sediments, coral reefs, or written documen-
tary climate records, among others (Jones et al., 2009; Masson-Delmotte et al.,
2013; Smerdon and Pollack, 2016). Furthermore, BTPs have been applied to es-
timating the land heat storage since the pre-industrial era resulting from global
warming (Mareschal and Beltrami, 1992; Huang et al., 2000; Beltrami et al., 2002;
Cuesta-Valero et al., 2021b, 2023, see Section 1.6). These estimates are the only
observational source of global land heat uptake prior to the 2000s (Cuesta-Valero
et al., 2025), and the uncertainties associated with the temporal and spatial sam-
pling of borehole logs and other methodological issues have been assessed using
climate models as a surrogate reality (González-Rouco et al., 2006; Melo-Aguilar
et al., 2020). Climate simulations (e.g., MacDougall et al., 2008; Cuesta-Valero
et al., 2016) have also been used to provide independent estimates of land heat
uptake. However, limitations in their representation of subsurface thermodynam-
ics (Section 1.5) led them to underestimate the observational values (Section 1.6).
To understand this discrepancy between model simulations and observations, a
deeper look into the physical mechanisms driving land surface and subsurface
temperature variability and heat propagation is now necessary.

1.4 The subsurface heat propagation: operating
mechanisms and associated uncertainties

The land surface and the atmosphere are intimately connected (Section 1.2).
They interact by exchanging mass, momentum, and heat through the turbulent
fluxes, which operate at diverse spatial and timescales (Mauder et al., 2020).
However, this interaction does not always entail the full coupling of their re-
spective thermal states. There is a series of physical and biological factors that
disrupt the thermal connection between the near-surface air and the ground sur-
face, acting as barriers that produce either colder or warmer GSTs vs surface air
temperatures (SATs) at daily to seasonal scales. The main cause of SAT–GST
decoupling is snow cover (Sokratov and Barry, 2002; Bartlett et al., 2005; Zhang,
2005; Melo-Aguilar et al., 2018). The snow has a very low thermal conductivity
(0.25 WK�1m�1, Sturm et al., 1997), so it operates as a very e↵ective insulator of
the ground surface, preventing GSTs from dropping as a response to severely cold
SATs in wintertime across large areas of mid- and high-latitudes of the Northern
Hemisphere (NH, Zhang et al., 2018). Another factor producing ground-air ther-
mal decoupling is the evaporative cooling of the ground surface (Ban-Weiss et al.,
2011; Garćıa-Garćıa et al., 2023). This mechanism is prominent in the tropics and
in mid-latitude wet areas in summer, such as the coastal regions and the west
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basins of the Atlantic and Pacific oceans. Evaporative cooling hinders the diurnal
GST increase as a response to the incoming short wave radiation via the emission
of LHF. Therefore, by contrast to the snow insulation, the evaporative cooling
e↵ect produces colder GSTs than SATs. Even though both mechanisms play a
remarkable role in SAT–GST coupling in large regions at seasonal scales, their
long-term e↵ect has been indicated by climate model experiments to be very lim-
ited and constant with time (Melo-Aguilar et al., 2018). Global variations of the
SAT–GST coupling might occur ought to seasonal variations in snow cover, near-
surface soil moisture, or LULC changes associated with global warming (Mann
and Schmidt, 2003; Garćıa-Garćıa et al., 2016; Melo-Aguilar et al., 2018; Yuan
et al., 2021).

Several observational (Sokratov and Barry, 2002; Bartlett et al., 2005; Melo-
Aguilar et al., 2022; Zhang et al., 2018) and modeling studies (Cook et al., 2008;
Melo-Aguilar et al., 2018; Krinner et al., 2018; Garćıa-Garćıa et al., 2019) have
reported the existence and onset of the snow insulation e↵ect. However, only a
few studies have assessed the seasonal behaviour of the snow cap and the snow
insulation e↵ect in mountainous areas, and more specifically in the Mediterranean
region. This thesis analyzes the snow seasonality and its impact on SAT–GST
coupling at four monitoring stations located in the Sierra de Guadarrama, a
mountainous range located in the central part of the Iberian Peninsula (Chapter
3, Garćıa-Pereira et al., 2024a).
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Figure 1.1: SAT, GST, and subsurface temperature anomalies at hourly resolution (K) with
respect to the annual mean at Cotos.

The underground propagation of GST variations determine the thermal state
and variability of the subsurface, acting as a boundary condition. The conti-
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nental land subsurface constitutes the solid component of the climate system.
It conforms the shallowest part of the terrestrial crust, and consists of two dif-
ferentiated vertical sections: the soil and the bedrock. The soil is a thin layer,
usually no deeper than 10 m (Shangguan et al., 2017), composed by sediments
and eroded fragments of rocks and minerals blended with organic matter and
water, which depending on the temperature can be in form of soil moisture or
ice. The soil is porous, heterogeneous, and comprehends a series of layers with
di↵erent compositions known as soil horizons (de Vries, 1963). The material in
soil horizons is progressively more compacted and consolidated with depth. The
bedrock is the hard and mostly impermeable rock located beneath the soil. It is
more homogeneous and dense than the soil. Since both soil and bedrock are over-
all solid, heat conduction is their primary mode of heat transfer. Heat conduction
(Section 1.3) is controlled by the heat conduction law (Eq. 1.1). If it is assumed
that the subsurface is an homogeneous solid medium with no horizontal temper-
ature gradients, no internal heat production, and the GST is regarded as a sum
of sinusoidal harmonics of di↵erent amplitude and frequency, the underground
temperatures can be expressed following Carslaw and Jaeger (1959):

T (z, t) = T0 +
NX

i=1

Aie
�z

p
⇡fi/ cos(2⇡fit� z

p
⇡fi/), (1.3)

where z represents the subsurface depth; t the time; fi, and Ai the frequency,
and amplitude at the ground surface of the ith harmonic, respectively; T (z, t)
the subsurface temperature at depth z and time t;  the thermal di↵usivity of
the subsurface; and T0 the mean GST. Equation 1.3 evidences the exponential
amplitude attenuation (i.e., signal decay) and linear phase shift that GST har-
monics experience when they penetrate into depth. Both mechanisms are a direct
function of the frequency of the oscillation, and depend on the thermal di↵usiv-
ity of the subsurface. This parameter is a physical property determined by the
mineral and organic composition of the materials conforming the subsurface, and
varies with depth due to vertical di↵erences in this composition (Garćıa-Pereira
et al., 2024a), porosity, or variations in soil moisture content (Melo-Aguilar et al.,
2022; Garćıa-Pereira et al., 2024a). As a consequence of the heat conduction law
(Eq. 1.2 and 1.3), the higher frequency GST harmonics propagate faster, but are
also more rapidly filtered out and only detectable near the surface. By contrast,
the penetration of low frequency changes takes longer but progresses deeper into
the subsurface. For instance, the daily cycle hardly reaches a depth of 50 cm,
while the annual cycle propagates down to 15 m (Putnam and Chapman, 1996).
In conclusion, the subsurface acts as a low-pass filter, where the intensity of the
filtering decreases for higher thermal di↵usivity values.
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Figure 1.2: Conductive propagation of a synthetic GST signal underground. (a) Ground surface
and subsurface temperature variability (in K) at di↵erent depths (see legend) of a 2000-year-
long synthetic temperature series composed by a sum of sinusoidal harmonics of amplitude 1 K
and periods of 1/12, 1, 5, 10, 30, 100, 200, 500, and 1000 years. The GST sinusoidal waves are in
phase. The thermal di↵usivity of the subsurface is  = 106 m2s�1 (b) Amplitude periodogram
of the temperature series in (a). Note that the x-axis is logarithmic. (c) Analytical amplitude
attenuation (shown as amplitudes in K) and (d) phase shift (years) with depth of the single
sinusoidal thermal waves with di↵erent period lengths (see legend) composing the GST in (a).
Phase shift values in (d) whose amplitude is less than 5 % GST’s amplitude (grey vertical line
in c) are plotted with white fill. Adapted from Pollack and Huang (2000).
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The nature of amplitude attenuation and phase shift of temperature harmon-
ics with depth as a result of heat conduction is portrayed in Fig. 1.1 (Garćıa-
Pereira et al., 2024a), which shows the hourly temperature evolution at di↵erent
subsurface depths at Cotos. This monitoring station, located at the Sierra de
Guadarrama (Spain), belongs to the Guadarrama Monitoring Network (GuM-
Net∗; Vegas-Cañas et al., 2020). It can be noted that, as the signal propagates
with depth, the high-frequency variations seen in the SAT and GST time series
(e.g., daily fluctuations; shading in Fig. 1.1) are progressively damped and be-
come almost completely absent at a depth of 0.5 m. By contrast, the annual cycle
is still detectable within the upper 10 m, but fully attenuated at 20 m depth.
Furthermore, the phase shift with depth can be observed by tracking the displace-
ment in time of the annual maxima and minima of temperature at every level.
Such mechanisms are also evident in Fig. 1.2, which represents the underground
propagation of a synthetic GST signal of 2000 years length composed by a sum
of harmonics with an amplitude of 1 K and periods of 1 month and 1, 5, 10,
30, 100, 200, 500, and 1000 years. This propagation is controlled by the thermal
di↵usivity, which was fixed at a constant value of 10�6 m2s�1, in the range of the
observed values for the mineral components commonly conforming the bedrock.
As the GST signal penetrates into depth, the highest frequency oscillations are
rapidly attenuated, so that at 20 m only decadal and lower frequency temperature
variations are still visible (Fig. 1.2a). The spectral composition of the GST sig-
nal and its attenuation is clearly shown by the amplitude periodograms (Brigham
and Morrow, 1967) at di↵erent depths in Fig. 1.2b. Even though some extent of
spectral leakage disrupts the interpretation of Fig. 1.2b for the lowest frequency
spikes, it can be noted that the harmonics with periods of 1000 to 100 years
still show a detectable signal at 100 m depth. This is also depicted by Fig. 1.2c,
which illustrates the underground attenuation of the di↵erent harmonics in Fig.
1.2a,b. Figure 1.2c evidences the exponential nature of this attenuation, and how
it increases with the frequency of the harmonic. Thus, less than a 5 % of the
temperature amplitude at the ground surface for the harmonics of 1 month, 1,
5, 10, 30, 100, 200, 500, and 1000 years is still present below 4, 11, 23, 32, 53,
96, 136, 214, and 302 m depths, respectively. Figure 1.2d shows the phase shift
of the harmonics in Fig. 1.2a–c, illustrating their linear relation of it with depth
described by the solution in Eq. 1.3. Although the higher frequency harmonics
shift comparatively more (in rad), their period is also smaller, so the result of
computing the phase shift in time units (years in this case) is a greater phase
shift of the long-term signals. For instance, the 1000-year GST harmonic is shifted
around 157 years at 100 m, whereas the 100-year cycle only 49 years. This means

∗ www.ucm.es/gumnet/
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that it takes around 49 years for the 100-year GST harmonic and 157 years for
the 1000-year GST harmonic to propagate to a subsurface depth of 100 meters.

In the idealized example in Fig. 1.2, heat propagation fully occurs by downward
conduction of the GST signal in an homogeneous mean (i.e., with a fixed ther-
mal di↵usivity). However, subsurface temperatures recorded both in near-surface
and deep subsurface BTP logs have shown that other heat transfer mechanisms
can also influence the temperature distribution below the surface. This is the
case of vertical and horizontal subsurface fluid movements (hydraulic advection,
Diao et al., 2004; Ferguson, 2015) variations in the conditions of the terrain
(surface erosion or burial, e.g., thermokarst; Pegoraro et al., 2021) or air and
water convection through the soil (and to a lesser extent bedrock) pores (Gao
et al., 2008; Tong et al., 2017). These mechanisms can overrule heat conduc-
tion when determining the temperature variations with depth, especially in areas
with vertical and horizontal groundwater movements due to a high permeability
of the bedrock (Olofsson, 1994). Moreover, changes in the soil moisture content
have the capability to modify the near-surface properties (Ochsner et al., 2001;
Melo-Aguilar et al., 2022), where the soil is less consolidated and porous. Higher
values of the soil moisture content lead to higher thermal di↵usivity and con-
ductivity values (Sorour et al., 1990; Arkhangelskaya and Lukyashchenko, 2018;
Dai et al., 2019), enhancing temperature propagation in the first meter of soil
(Melo-Aguilar et al., 2022). Although all these mechanisms can disrupt the con-
ductive thermal regime, there is evidence that conductive heat transport of the
surface temperature variations dominates the distribution of temperature within
the subsurface (González-Rouco et al., 2009). This evidence mainly stems from
near-surface (usually down to 1 m) soil temperature observational data mon-
itored at meteorological stations with soil instrumental in the U.S. (Smerdon
et al., 2004; Bartlett et al., 2006; Bell et al., 2013), Canada (Qian et al., 2011),
the Russian Arctic (Sherstyukov and Sherstyukov, 2015), Europe (Cermak et al.,
2014; Demetrescu et al., 2007; Melo-Aguilar et al., 2022; Petersen, 2022; Dorau
et al., 2022), Australia (Knight et al., 2018), and China (Zhang et al., 2016). In
most of the cases, soil temperature data have been used to assess the downward
propagation of the recent SAT trends (e.g., Zhang et al., 2016; Petersen, 2022), or
to yield estimates of the apparent thermal di↵usivity of the column targeting the
amplitude attenuation and phase shift of the annual cycle with depth (e.g., Smer-
don et al., 2003, 2004; Melo-Aguilar et al., 2022). However, the number of sites
with this kind of data is still really scarce and, in most of the cases, the temporal
extension of the series is limited, insu�cient to evaluate the long-term response
of the subsurface to the surface warming. Moreover, only a few sites count also
on a continuously monitoring installation of subsurface temperatures below 10 m
(e.g., the Sporilov Observatory in Prague, Cermak et al., 2014; Fargo, Smerdon
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et al., 2003), so the understanding of the propagation of subsurface tempera-
tures in the soil-bedrock transition is insu�ciently documented. In this thesis,
subsurface temperature data coming from six sites in the Sierra de Guadarrama
(Garćıa-Pereira et al., 2024a) is employed to expand previous knowledge regard-
ing the temperature propagation into the subsurface. All of the sites count on
continuously monitored near-surface temperature time series at di↵erent depths
in 1-meter-deep trenches, and four of them also include deep subsurface temper-
ature measurements down to 20 m. Chapter 3 contains a thorough analysis of
the conductive regime using this data, characterizing the vertical and temporal
variations of the apparent thermal di↵usivity and their potential connection to
changes in the parent material and soil moisture content.

1.5 The representation of the subsurface heat propagation
in climate models

Given the scarcity of observational subsurface temperature records, complemen-
tary sources of information are essential to assess the thermodynamic and hy-
drological mechanisms governing soil and bedrock dynamics, and its response to
temperature changes at the ground surface. This is especially concerning in the
current context of global warming, since soil temperature increase as a response
to ground surface warming has multiple alarming consequences already described
in Section 1.1. The latest generation of climate models, the Earth System Mod-
els (ESMs, Eyring et al., 2016), avert the temporal and spatial limitations of the
observations by resolving a detailed representation of the climate system at an
evenly distributed spatial grid and time frame. The ESMs represent the highest
level of realism and complexity at the hierarchy of computational models utilized
to represent the climate system (Flato, 2011; Randall et al., 2018, , see Fig 1.3a).
This hierarchy also includes, sorted from a simpler to a more complex resolution
of the climate system, the Energy Balance Models (EBMs, e.g., Crowley, 2000),
the Earth system Models of Intermediate Complexity (EMICs, Claussen et al.,
2002; Weber, 2010), the General Circulation Models (GCMs, e.g., Kasahara and
Washington, 1967; Giorgetta et al., 2018), and the Atmosphere-Ocean Coupled
General Circulation Models (AOGCMs or CGCMs, e.g., Manabe et al., 1991;
Voss and Mikolajewicz, 2001).

At a first stage of the climate modeling evolution (González-Rouco et al.,
2024), EBMs (Budyko, 1969; Sellers, 1969) were developed to assess the response
of the climate system, usually in terms of the surface temperature, to changes in
the radiative balance. The EBMs do not resolve the two- or three-dimensional
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Figure 1.3: Evolution of climate modeling. (Top) Degree of detail in physical description (X-
axis), number of processes (Y-axis), and level of integration (Z-axis) of various numerical models
used in climate studies: Energy Balance Models (EBMs, green ellipsoid), Earth system Models
of Intermediate Complexity (EMICs, blue sphere), and Earth System Models (ESMs, red ellip-
soid). Adapted from Claussen et al. (2002). (Bottom) Physical, chemical, and biogeochemical
components incorporated into climate models over the last 120 years. Note that the number
and nature of climate-relevant processes implemented in models have accelerated over the last
30 years (obtained from Hayhoe et al., 2017).

spatial response of the system, but provide a single-point or latitudinal picture
of it. The EBMs were superseded by a set of more complex models capable to
resolve the conservation of mass, momentum, and energy ruling the di↵erent
climate components and their interactions, in a three-dimensional grid, usually
known as global climate models (Randall et al., 2007). The less sophisticated in
terms of the amount of physics included and spatial resolution are the EMICs
(Claussen et al., 2002), which account for the key processes needed to resolve
the climate response to changes in the external forcing (i.e., the hydrological cy-
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cle, orography, atmospheric and oceanic circulations, and dynamic response of
ice sheets). A more thorough description of the physics ruling the atmospheric
circulation was brought by the GCMs, lately superseded by the AOGCMs (e.g.,
González-Rouco et al., 2003), which resolve the atmospheric circulation coupled
with the ocean dynamics. In the last decades, the representation of the climate
system has been substantially improved to progressively include all the climate
components and simulate the complex interaction between them, finally leading
to the ESMs (Fig. 1.3a). The state-of-the-art generation of ESMs, participating
in the Coupled Model Intercomparison Project Phase 5 (CMIP5, Taylor et al.,
2012), and 6 (CMIP6, Eyring et al., 2016), resolve the internal dynamics and
interaction between the atmosphere, ocean, land, and cryosphere, accounting for
many aspects of the system not regarded so far, such as the atmospheric chemistry
and aerosols, land surface interactions including soil and vegetation, land and sea
ice, and an interactive carbon cycle and/or biogeochemistry (Fig. 1.3b). The reso-
lution of the current ESMs is usually broad, of around 200 (100) km over the land
(ocean) surface in their low-resolution versions (Eyring et al., 2016), and 50 (25)
in their high-resolution (Haarsma et al., 2016). This entails that some physical
processes are simplified, parametrized, or even ignored (von Storch, 2010; Palmer
and Stevens, 2019). Even though ESMs are only a representation of the real cli-
mate system (Oreskes et al., 1994), they are the most suitable tool to study the
influence of natural and anthropogenic variations on the Earth’s climate system
(Hegerl and Zwiers, 2011; Duan et al., 2019) and their corresponding impacts on
global ecosystems (Bonan and Doney, 2018) and socio-economic activities (e.g.,
Burke et al., 2015; Hsiang et al., 2017).

Within Earth System Models (ESMs), the Land Surface Models (LSMs) are re-
sponsible for simulating the internal dynamics of the land surface and subsurface,
as well as their coupling to the other climate components, i.e., the atmosphere and
biosphere (Blyth et al., 2021). LSMs were originally conceived to serve as a bot-
tom boundary of the atmosphere in meteorological prediction, by supplying the
atmospheric models with conditions for the energy, water, and momentum fluxes
at the ground surface (Manabe, 1969). Since those early developments, LSMs
have significantly grown in both scope and complexity (Pitman, 2003; Fisher and
Koven, 2020). Nowadays, LSMs resolve a wide range of processes occurring at
the land surface that contribute to the land-atmosphere interaction, such as the
surface energy balance, the snow dynamics, or the organic layer evolution (e.g.,
Ekici et al., 2014). They also account for the land-vegetation mutual dependen-
cies, which include the plant physiology, the vegetation responses to disturbances
produced by LULC changes or wildfires, or the near-surface carbon, and nitrogen
cycles (e.g., Fisher et al., 2019). Moreover, LSMs comprehensively simulate the
subsurface by resolving the main mechanisms of the soil thermodynamics, hydrol-
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ogy, and biogeochemistry, such as the underground heat conduction and water
transport (e.g., Guimberteau et al., 2018; Lawrence et al., 2019; Reick et al.,
2021), or the movement and decomposition of the underground organic matter
deposits (e.g., Burke et al., 2017).

Several of the previously mentioned processes play a critical role in determining
the thermodynamic and hydrological states of the subsurface, like the insulating
e↵ects of the organic layer (Lawrence and Slater, 2008; Lawrence et al., 2008;
Chadburn et al., 2015) and snow cover (Ekici et al., 2014), the phase changes
of soil moisture to ice when temperatures fall below freezing (Ekici et al., 2014;
Sapriza-Azuri et al., 2018; Steinert et al., 2021b), the dynamic calculation of soil
thermal properties (Wang et al., 2016; Sapriza-Azuri et al., 2018; Steinert et al.,
2021b), or the propagation of heat down to the bottom layer of the model. At
this depth, the conservation of energy is ensured prescribing a zero-flux bottom
boundary condition for the heat, so no energy losses or gains can occur. This
is the so-called zero-flux bottom boundary condition placement (often referred
to as BBCP, or simply LSM depth; Alexeev et al., 2007; González-Rouco et al.,
2009; Hermoso de Mendoza et al., 2020; Steinert et al., 2021a).

Indeed, a key limitation of LSMs when resolving the downward thermal prop-
agation of the GST variability arises from the prescription of too shallow BBCP
depths. Due to the high computational cost of ESMs, subsurface processes are
simplified by discretizing the soil profile into a finite number of vertical layers.
Hence, the solution of the heat conduction equation for a vertical half-infinite
space given by Eq. 1.2 (Carslaw and Jaeger, 1959) does not apply in LSMs. In
contrast, vertical heat conduction is solved imposing a zero-flux bottom bound-
ary condition at a certain depth, which halts the deeper penetration of heat and
subsequently thwarts the resolution of a temperature profile beyond this depth.
Historically, the downward propagation of GST variations by heat conduction
into the deep soil and bedrock was neglected (Pitman, 2003; Fisher and Koven,
2020), as the temperature signal due to land-atmosphere interactions relevant on
meteorological timescales (hours to days) penetrate only a few tens of centimeters
(Tong et al., 2017). Overall, the majority of ESMs participating in the CMIP5
(Taylor et al., 2012) and CMIP6 (Eyring et al., 2016) use a BBCP located at 3
to 10 m in their LSMs, with a few exceptions using the Community Land Model
(CLM, BBCP at approx. 40 m, Lawrence et al., 2019). These depths are insu�-
cient to correctly resolve the underground propagation of the surface temperature
changes and long-term warming trend, with consequences for the near-surface
temperature variability (e.g., Hermoso de Mendoza et al., 2020; González-Rouco
et al., 2021; Steinert et al., 2021a), the land heat uptake resulting from the ter-
restrial energy partitioning of the positive energy imbalance (e.g, Cuesta-Valero
et al., 2016; Garćıa-Pereira et al., 2024b; Steinert et al., 2024), or the correct
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representation of the permafrost active layer and extent (e.g., Ekici et al., 2014;
Chadburn et al., 2015; Burke et al., 2020; Steinert et al., 2021b, 2023).

1.6 Land heat uptake in the terrestrial energy budget

The e↵ects of the di↵erent climate forcings compensate one another if there ex-
ists a state of energy balance, resulting in a long-term stable climate (Section
1.2). However, if the intensity of one or more forcing factors changes, an energy
imbalance occurs, subsequently triggering a change in the Earth’s climate condi-
tions, or climate change. Prior to the nineteenth century, the governing forcing
factors were of natural origin. For instance, climate fluctuations at centennial
timescales during the CE were mainly driven by changes in the solar and vol-
canic forcings (Fernández-Donado et al., 2013; 2k Consortium, 2013; Sigl et al.,
2015). At a wider time frame, changes in the energy balance are dominated by
periodic fluctuations in the orbital parameters (eccentricity, axial tilt, and preces-
sion) first defined by Milutin Milankovitch (Milankovitch cycles, Milankovitch,
1941; Ganopolski, 2024). An illustrative example is the Quaternary period (the
past 2.6 million years), during which the climate system underwent a succession
of glacial and interglacial stages driven by changes in the orbital forcing (Hays
et al., 1976; Paillard, 2015). However, since the 19th century, natural forcing
variations have been overshadowed by the intensification of anthropogenic forc-
ing due to unprecedented carbon emissions (Zeebe et al., 2016). The enhanced
greenhouse e↵ect due to the anthropogenic emission of GHGs has produced a
positive energy imbalance at the top of the atmosphere. This additional input
of energy is partitioned among the di↵erent climate components. This partition-
ing is often denoted as the terrestrial energy budget (Forster et al., 2021; von
Schuckmann et al., 2020, 2023). In the last five decades, the land stored around
6 % (4.3–6.6 %, 21 ± 2 ZJ) of the terrestrial energy surplus, as derived from ob-
servational estimates (von Schuckmann et al., 2020; Cuesta-Valero et al., 2021a,
2023), being the second largest contributor after the ocean (ca. 90 %, 324 ± 8
ZJ, Levitus et al., 2012; Abraham et al., 2013; von Schuckmann et al., 2020).
The massive ocean energy absorption is mainly caused by its large heat capacity
(Brewer and Peltzer, 2019), and its e�cient meridional and vertical transport of
heat due to the surface currents and the thermohaline circulation (Hansen et al.,
2005; Forster et al., 2021; von Schuckmann et al., 2020, 2023).

Regardless of whether the amount of heat absorbed by land is comparatively
small, climate models should realistically represent it within the terrestrial en-
ergy budget. State-of-the-art ESMs participating in the CMIP5 quantify the land
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contribution to be roughly 2 % (Cuesta-Valero et al., 2021a), underestimating
observational results that suggest values around 6 % (Forster et al., 2021; von
Schuckmann et al., 2023). This underestimation of land heat uptake in ESMs
can alter the surface energy balance (Mottaghy and Rath, 2006; Garćıa-Garćıa
et al., 2023), with impacts on soil hydrology (Krakauer et al., 2013), particularly
in permafrost regions (Andresen et al., 2020). The amount of energy absorbed
by land and how it is distributed is also relevant for other soil processes, such as
respiration or productivity (Pries et al., 2017), and for its biogeochemical activity
(Soong et al., 2021). Furthermore, a correct representation of the terrestrial en-
ergy budget helps in understanding the interactions between the di↵erent climate
components and shaping the climate change influences on near-surface climate
(Forster et al., 2021).

Observational land heat uptake estimates have been derived from BTP log col-
lections (Mareschal and Beltrami, 1992; Huang et al., 2000; Beltrami et al., 2002;
Cuesta-Valero et al., 2021b, 2023). BTPs record transient temperature perturba-
tions relative to the steady geothermal gradient. Assuming that the subsurface
acts as a half-infinite fully conductive medium (Carslaw and Jaeger, 1959, see
Section 1.3), BTPs provide information about the land heat uptake up to their
logging date (Cuesta-Valero et al., 2021b). BTP logs are scarce and show uneven
distributions of sampling dates and locations, as well as variable vertical resolu-
tion and depths. These factors have some impact on resulting estimates of land
heat uptake (Beltrami et al., 2015; Melo-Aguilar et al., 2018, 2020). Nevertheless,
estimates derived from BTPs are, so far, the only observational source of informa-
tion to quantify the land contribution to terrestrial energy budget for the entire
industrial era (Forster et al., 2021; von Schuckmann et al., 2023; Cuesta-Valero
et al., 2025).

State-of-the-art ESMs have been incapable of properly reproducing observa-
tional land heat uptake estimates. Their limited capability to store energy stems
from imposing a BBCP in their LSMs (Section 1.5), usually at 10 m or even closer
to the surface (Cuesta-Valero et al., 2016; Garćıa-Pereira et al., 2024b; Steinert
et al., 2024). These depths are insu�cient to account for the heat available to be
stored in the subsurface during the industrial period, rendering them inadequate
for estimating long-term heat storage (MacDougall et al., 2008; González-Rouco
et al., 2009; Cuesta-Valero et al., 2016; González-Rouco et al., 2021). Moreover,
the physical boundary for heat penetration imposed by the zero-flux BBCP biases
the subsurface temperature variability near the BBCP, limiting the amplitude
attenuation of the temperature harmonics (Smerdon and Stieglitz, 2006) and,
therefore, overestimating the temperature variability (Alexeev et al., 2007; Stein-
ert et al., 2021a). To ensure the full decoupling between the BBCP and the ground
surface for climate simulations of the industrial era, the BBCP must be located
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at least at 170 m (Steinert et al., 2021a). For longer-term simulations spanning
multi-centennial or millennial timescales, like the ones developed within the Pa-
leoclimate Modelling Intercomparison Project (PMIP, Kageyama et al., 2018),
ESMs should include deeper BBCP depths to accommodate longer lasting and
deeper subsurface energy transfer (Smerdon and Stieglitz, 2006; Alexeev et al.,
2007; Steinert et al., 2021a).

Some simulation-based e↵orts have been devoted to deriving unbiased esti-
mates of land heat uptake using deepened LSMs. Standalone one-dimensional
half-infinite space heat conduction forward models (González-Rouco et al., 2006,
2009) were used to yield artificial global mean surface temperature histories and
land heat uptake estimates, forced by either observational-based SAT (Huang,
2006) or simulated GST data (Stevens et al., 2007; MacDougall et al., 2008). More
recently, modifications of the BBCP depth (Hermoso de Mendoza et al., 2020;
González-Rouco et al., 2021) and soil hydrology (Steinert et al., 2021b) have been
introduced into LSMs in standalone mode, and their impact on heat uptake and
subsurface temperature variability extensively discussed. However, the impact of
these LSM changes has not yet been explored within a fully-coupled ESM. In
Chapter 4, the impacts on temperature variability and land heat uptake of in-
cluding a deeper LSM in long-term fully-coupled (i.e., the LSM coupled with the
rest of climate components) ESM simulations are analyzed (Garćıa-Pereira et al.,
2024b). Moreover, the physical mechanisms operating at the ground surface lead-
ing to di↵erent values of the land heat uptake are explored (Garćıa-Pereira et al.,
2025b) and connected to the BBCP depth using an ensemble of standalone LSM
simulations with di↵erent depths (González-Rouco et al., 2021) in Chapter 5.

1.7 Interactions between subsurface thermodynamics and
hydrology: relevance for high-latitude permafrost soils

Soil temperature increase and land heat uptake occur globally as a response to
the energy imbalance at the surface (Sections 1.2 and 1.6). However, this warming
is spatially heterogeneous. Since the late 19th century, global mean near-surface
air temperature has risen by 1.1 �C (Gulev et al., 2021), with the Arctic warm-
ing more than twice this amount (2.3 �C, Gulev et al., 2021) due to Arctic
amplification (Rantanen et al., 2022). The intensified soil warming in these NH
high-latitude regions is particularly concerning since they encompass large areas
of perennially frozen soils, or permafrost (Turetsky et al., 2019). The intense and
continuous surface warming is propagated to the soil and causes permafrost thaw,
which produces its progressive degradation and eventual loss. Since permafrost
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soils store vast deposits of organic matter, its thaw make them susceptible to
microbial decomposition. This activity releases massive amounts of GHGs into
the atmosphere (Turetsky et al., 2019), mostly methane (under anaerobic con-
ditions, Knoblauch et al., 2017), and carbon dioxide (aerobic conditions, Chen
et al., 2021). With an estimated 1,100 petagrams of carbon (PgC) stored in near-
surface permafrost soils (Hugelius et al., 2014), this carbon release intensifies the
greenhouse e↵ect, creating a positive feedback that accelerates global warming
(the permafrost carbon-climate feedback, Burke et al., 2013; Schuur et al., 2022).
However, permafrost thaw does not only have implications at a global scale,
but it also has remarkable regional impacts. Permafrost degradation produces
soil compression and subsidence of the a↵ected areas and the emersion of water
bodies (Vonk et al., 2015), which pose structural risks for infrastructures in the
Arctic (Hjort et al., 2018). Moreover, triggers contamination problems derived
from mercury release to the atmosphere and soil waters (Schaefer et al., 2020).
A good understanding of soil dynamics of permafrost areas is therefore crucial to
foreseeing the global consequences of their degradation and evaluating the risks
for the Arctic population and ecosystems (Parmesan et al., 2022).

The state of permafrost has been monitored on relatively scarce and inhomo-
geneously distributed sites across the Arctic. These sparse measures have been
aggregated so as to create observational products that allow for the study of
the state of permafrost at a global scale. Some of these observational initia-
tives have targeted specific variables, as is the case of the Circumpolar Active
Layer Monitoring Network (CALM, Brown et al., 2000), which assesses the long-
term response of the active layer thickness (ALT), i.e., the maximum permafrost
thawed depth in summer. In addition, other networks, e.g., the Global Terrestrial
Network for Permafrost (GTN-P, Biskaborn et al., 2015), monitor a wider range
of variables, including permafrost temperatures at di↵erent levels. Despite their
great value, these observational products o↵er a limited representation of per-
mafrost areas due to the poor temporal and spatial sampling (Biskaborn et al.,
2019), and the uncertainty associated with the thermal and hydrological proper-
ties of the terrain (Heuvelink, 2018). Hence, despite the relevance of permafrost
for the climate system, a continuous and spatially even detection of permafrost
presence is still limited at the global scale (Brown et al., 2002; Obu et al., 2019).

As with the estimation of land heat uptake (Section 1.6), state-of-the-art ESMs
avert the spatial and temporal heterogeneity of permafrost observations. ESMs
allow for assessing the thermodynamic and hydrological response of permafrost-
a↵ected areas to the combination of natural and anthropogenic forcing. Near-
surface temperatures and soil moisture resolved by LSMs within ESMs are sub-
sequently used to derive estimates of PE and ALT evolutions (Burke et al., 2020;
Steinert et al., 2023). ESM simulations from the CMIP5 and CMIP6 agree on a
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severe decrease of PE and deepening of ALT in the industrial era (Koven et al.,
2013; Burke et al., 2020; Steinert et al., 2023). However, there is considerable
multi-model variability in the results, with di↵erences in PE decrease and mean
ALT deepening estimates that reach ca. 10 million km2 (Steinert et al., 2023)
and 2 m (Burke et al., 2020) by the end of the 21st century, respectively. These
discrepancies are mainly due to the di↵erent climate sensitivity of the ESMs and
the di↵erent modeling of soil hydrology and thermodynamics by their LSMs,
which are particularly relevant for Arctic regions (Slater and Lawrence, 2013).
The representation of di↵erent processes related to surface and soil hydrology
in the Arctic, such as snow insulation (Cook et al., 2008; Krinner et al., 2018;
Mudryk et al., 2020; Menard et al., 2021; Zhu et al., 2021), the inclusion/omission
of organic matter and moss insulation e↵ects (Walvoord and Kurylyk, 2016),
surface runo↵ (Abdelhamed et al., 2023), or vertical drainage impedance in the
presence of ice (Andresen et al., 2020), can lead to relative wetter or drier per-
mafrost states (de Vrese et al., 2023). The hydrological state of permafrost sub-
sequently a↵ects the soil moisture availability and water cycle evolutions under
future warming Shared Socioeconomic Pathway scenarios (SSPs, 2015–2100, An-
dresen et al., 2020). Moreover, a more realistic representation of these processes
within LSMs can lead to estimates of ALT and PE that are closer to the latest
observational estimates (Chadburn et al., 2015), or help identify and understand
biases and uncertainties ESMs have when representing permafrost dynamics. On
the other hand, the prescription of insu�ciently deep BBCPs leads to overes-
timating soil temperature trends (see Section 1.4, González-Rouco et al., 2021;
Steinert et al., 2021b), which are especially intense in NH high latitudes. These
temperature biases yield an overestimation of ALT deepening and PE loss with
warming, being more remarkable for the deep permafrost (Hermoso de Mendoza
et al., 2020; Garćıa-Pereira et al., 2025a). This limitation in LSMs, namely the
prescription of overly shallow BBCP depths, is especially sensitive for assess-
ing the vulnerability of large areas in Alaska and Siberia underlain by yedoma,
deep organic-rich permafrost formed in the Pleistocene that contains up to an
additional amount of about 400 PgC (Schuur et al., 2022).

Previous studies have explored the impacts of a better representation of certain
thermodynamic and hydrological features of the LSM on PE and ALT in stan-
dalone LSM simulations (Ekici et al., 2014; Chadburn et al., 2015; Hermoso de
Mendoza et al., 2020; Yokohata et al., 2020; Steinert et al., 2021b). Chapter 6 ex-
amines for the first time the potential role of Arctic soil wetness, soil depth, and
layer discretization in driving changes in simulated permafrost temperature vari-
ability, PE loss, and ALT deepening in the industrial period using fully-coupled
ESM simulations (Garćıa-Pereira et al., 2025a).
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1.8 Motivation of this thesis

The thermodynamic and hydrological states of the ground surface and subsur-
face contribute to determining the climate over land. Mass, heat, and momentum
transfer via turbulent heat fluxes define the land-air interactions and mutual de-
pendencies at di↵erent temporal and spatial scales. In a stable climate, there
are no changes in the external forcing and these fluxes are equilibrated in the
long-term, so there is a surface energy balance. However, this balance has been
perturbed since the last half of the 19th century due to the anthropogenically
enhanced greenhouse e↵ect, which induces a positive energy imbalance that is
partitioned between the di↵erent climate components. Land heat uptake, which
is a consequence of the positive energy imbalance at the ground surface, is produc-
ing a soil temperature increase. Soil warming is concerning for climate stability,
since it triggers permafrost and the subsequent activation of the organic matter
microbial decomposition in NH high latitudes. It also enhances soil respiration.
In both processes land acts as a net source of carbon and, therefore, positive feed-
back on global warming. Therefore, understanding the underground heat transfer
of surface temperature trends (Section 1.8.1), quantifying the contribution of the
land heat uptake in the terrestrial energy partitioning (Section 1.8.2) and the
uncertainties associated with estimating it from ESMs (Section 1.8.2, 1.8.3), as
well as assessing the degradation of the Arctic permafrost due to global warm-
ing (Section 1.8.4) are important scientific questions that allow for exploring the
climate change sensitivity to subsurface physical processes.

1.8.1 Characterizing the underground thermal regime

from subsurface temperature observations

Observational subsurface temperature records are essential to understand the
real-world mechanisms ruling the underground heat transfer, and the associated
uncertainties. Previous literature has reported that underground heat transfer oc-
curs mainly by conduction (Section 1.4). However, changes in the material, soil
moisture content, or soil moisture thawing/freezing processes have the potential
to disrupt the conductive regime, altering the downward propagation of GST
changes. The relative importance of these processes has not been widely stud-
ied, since observational subsurface temperature data are globally scarce and time
limited (Section 1.4). This is especially concerning in high latitude and mountain
areas, where the presence of a seasonal snow cap and the near-surface soil freez-
ing might disrupt the conductive thermal regime. Moreover, monitoring stations
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having continuous time series usually measure shallow subsurface temperatures,
many of them in the first meter of the soil. Deep subsurface data, reaching the
bedrock, are exceptional. This hinders the study of heat transfer variations due to
changes in the material. Additional data sources are essential to assess the ther-
modynamic and hydrological mechanisms governing soil and bedrock dynamics,
and its response to temperature changes at the ground surface.

Thermodynamic and hydrological drivers of the soil and bedrock

thermal regimes in central Spain (Garćıa-Pereira et al., 2024a) com-
plements the existing evidence by analyzing the thermodynamic structure of the
soil at various locations in the Sierra de Guadarrama, a high-altitude mountain
range in Central Spain. To do so, data coming from four stations that belong
to the monitoring network GuMNet (Cotos, CTS; Hoyas, HYS; Raso del Pino
I, RSI; Herreŕıa, HRR) and two from AEMET (Spanish Meteorological O�ce;
Puerto de Navacerrada, NVC; Segovia, SGV) are used. GuMNet stations have
relatively short series (2015–2021) of trench soil temperature and moisture data
to a depth of 1 meter and borehole temperature data to a depth of 20 me-
ters, whereas AEMET stations provide comparatively longer series (1989–2018)
but only of trench temperatures. The underground propagation of temperature is
characterized by assuming that heat transport occurs purely through conduction,
disregarding transport by advection or radiation. Apparent thermal di↵usivity
values, the soil parameter controlling the velocity and intensity of the conductive
propagation, are obtained based on the attenuation of amplitude and phase shift
of the annual cycle with depth. Apparent thermal di↵usivity is studied for the full
subsurface column available (20 m for GuMNet and 1 m for AEMET sites), and
layer-by-layer, which permits to detect vertical variations of this parameter with
depth. Additionally, the amplitude attenuation of the annual cycle methodology
is extended to analyze the entire temperature spectral domain, which allows for
an evaluation of temporal changes in soil thermal di↵usivity near the ground sur-
face, and its potential connection with soil moisture changes. This line of research
is extensively addressed in Chapter 3.

1.8.2 Estimating land heat uptake in the industrial period

from di↵erent data sources

As already discussed, the anthropogenic greenhouse e↵ect is producing a positive
energy imbalance. How this extra energy input is partitioned between the di↵er-
ent climate components is a long-standing question in climate research, and has
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been studied using both observational and modeling data sources (Section 1.6).
The latest observational estimates point at the ocean as the most prominent sink
of the radiative imbalance, which absorbed around 90 % of the energy surplus
in the last five decades. The second greatest contributor to the terrestrial energy
partitioning is the land. The latest observational estimates based on borehole
data quantify the land contribution to be 6 % in the last five decades, more than
the contribution of the atmosphere and cryosphere together (4 %). Nevertheless,
other studies based on state-of-the-art ESMs scale this figure down to 2 %. This
underestimation stems from LSMs having a too shallow representation of the
subsurface, which severely constrains the land heat uptake simulated by ESMs.

First comprehensive assessment of industrial-era land heat uptake

from multiple sources (Garćıa-Pereira et al., 2024b) addresses this dis-
crepancy studying the impacts of deepening the BBCP on ground surface and
subsurface long-term temperature variability and land heat uptake in fully-
coupled experiments. Two forced simulations of the past 2000 years (P2k) with
the Max Planck Institute ESM (MPI-ESM) using deep and shallow LSM versions
are compared. Chapter 4 shows that the deep P2k simulation captures about 4
times more heat than the standard shallow in the historical period, and well
above the estimates provided by other ESMs. However, deepening the MPI-ESM
BBCP does not a↵ect the simulated temperature at the ground surface. As a con-
sequence, it is shown that the land heat uptake values of ESMs with shallow LSM
components can be corrected considering their simulated surface temperatures
and propagating them with a standalone heat conduction forward model. This
methodology is extended to all available GST sources, including observational
data, reanalyses, and the latest CMIP6 simulations. All these complementary
land heat uptake estimates contribute to gain confidence in the relevance of the
BBCP depth to correctly represent the thermal response of the terrestrial sub-
surface within ESMs. Moreover, the corrected estimates can be used as a metric
to determine the climate sensitivity of di↵erent data sources.

1.8.3 Assessing why shallow BBCP depths limit land heat

uptake and its potential explanation at the ground

surface

State-of-the art ESMs have been proved incapable of correctly representing sub-
surface temperature variability and trends and land heat uptake associated to
ground surface warming. ESMs imposing too shallow BBCPs limit land heat up-
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take and its contribution to the terrestrial energy partitioning, while producing
an overestimation of temperature variability with depth (Sections 1.5 and 1.8.2).
Although this temperature bias with depth is well established in the literature,
neither temperature variability or trend di↵erences have been found so far at
the ground surface for both standalone LSM simulations or fully-coupled experi-
ments. The omission of the geothermal flux in LSM thermal schemes could be a
plausible explanation for this discrepancy. However, its value is stable at geolog-
ical timescales, so it does not modify the energy balance at the ground surface
at multi-decadal or centennial timescales.

Insu�cient soil depth constrains ground heat flux in Land Surface

Models (Garćıa-Pereira et al., 2025b) demonstrates that variations in the
BBCP depth lead to changes in the GHF, which in turn drive the di↵erences in
land heat uptake portrayed by state-of-the-art ESMs. This conclusion is derived
from a set of standalone simulations using the LSM of the MPI-ESM, JSBACH,
with varying BBCP depths. Furthermore, this work investigates whether the
disruption of the heat conductive regime caused by imposing the BBCP plausibly
explains the constrained GHF. To test this, GHF estimates are derived using the
one-dimensional heat conduction forward model introduced in Chapter 4, forced
with GSTs from JSBACH simulations with di↵erent BBCP depths. Additionally,
the influence of varying GHF values on the surface energy balance across di↵erent
hydro-climates is explored. The most relevant results and insights given by this
work are presented in Chapter 5 of this thesis.

1.8.4 Evaluating permafrost sensitivity to climate change

under di↵erent configurations of the subsurface

thermo-hydrodynamics

Global warming is particularly intense and sensitive in Arctic regions, which en-
compass large areas of perennially frozen soils (Sections 1.1 and 1.6). Permafrost
degradation with warming enhances the release of substantial amounts of carbon
into the atmosphere, which in turn boosts global warming. However, the increas-
ing temperature is not the only factor a↵ecting permafrost degradation. Water
availability changes a↵ecting the Arctic, induced by changes in the global weather
patterns, considerably a↵ect the soil moisture and ice presence and subsequently
the thermal structure in permafrost regions. The interaction between soil hydrol-
ogy and thermodynamics is still poorly represented by most of the state-of-the-art
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LSMs within ESMs in terms of the BBCP depth, vertical resolution, and coupling
between hydrology and thermodynamics.

Permafrost sensitivity to changes in soil hydro-thermodynamics in

historical and scenario simulations with a modified version of the

MPI-ESM (Garćıa-Pereira et al., 2025a) explores the response of the MPI-
ESM in historical and future scenario simulations to changes in the hydrological
and thermodynamic features of JSBACH in permafrost-a↵ected regions. Several
processes determining the coupling between soil hydrology and thermodynamics
that are still not included in the standard CMIP6 version of the MPI-ESM are
implemented in permafrost areas. This comprises the allowance for soil moisture
phase changes (i.e., soil freezing and thawing below or above the melting point,
respectively), the dynamic calculation of soil thermal parameters, or the inclusion
of a multi-layer snow scheme. An ensemble of experiments with the MPI-ESM,
the MPI-ESM Permafrost Physics Ensemble (MPIESM-PePE), was performed.
The MPIESM-PePE includes simulations combining three di↵erent vertical dis-
cretizations, along with three configurations that generate comparatively drier
(DRY) or wetter (WET) conditions with respect to the reference version of the
MPI-ESM (REF) in permafrost regions. Results show that deepening JSBACH
reduces the intensity of soil warming in permafrost regions, reducing the deep
permafrost degradation and constraining the active layer thickening by the end
of the 21st century in high radiative forcing scenarios. Nevertheless, the largest
impacts on permafrost extent and active layer thickness are produced by the sen-
sitivity to hydrological settings, which yield diverging soil moisture and warming
conditions during the 21st century. An analysis and discussion of the main results
of this work is presented in Chapter 6 of this thesis.





Chapter 2

Subsurface data sources: observations
and model simulations

The subsurface heat propagation and its interaction with soil hydrology and bio-
geochemistry have been widely studied making use of in-situ observations (Sec-
tions 1.4 and 1.5). However, observational data are limited in their vertical and
spatial coverage, and in most of the cases also temporally constrained. ESM sim-
ulations, although physically limited (Section 1.6), provide a continuous spatio-
temporal representation of the soil thermal and hydrological structure, being a
very useful complementary source of information for land surface and subsurface
climate studies. This chapter describes the data sets employed in this thesis, both
instrumental records and model experiments. Section 2.1 presents an ensemble of
instrumental subsurface temperature records obtained at six sites in the area of
the Sierra de Guadarrama, in central Spain. The compilation process, a general
description of the available data, and the quality control procedure applied to
the data are explained. Section 2.2 describes the main features of the ESM used
in this thesis, the MPI-ESM, and its LSM, JSBACH. The MPI-ESM has been
extensively used herein to assess various issues related to the response of land sur-
face and subsurface to surface climate: temperature variability (Chapters 4 and
5); land heat uptake (Chapter 4); ground heat flux and surface energy balance
(Chapter 5); as well as permafrost active layer thickness and extent (Chapter
6). Section 2.2 includes a description of the standard MPI-ESM and JSBACH
physics, the modifications done to JSBACH to obtain a deeper representation of
the BBCP, and the thermo-hydrodynamic features and setups introduced to the
model in Arctic areas. Finally, Section 2.3 briefly presents complementary data
sources that contributed to the analyses done in this thesis.

29
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Table 2.1: Name, code, coordinates (longitude, latitude), altitude, and time span of available
subsurface temperature data at both the GuMNet and AEMET observational sites.

Name Code Lon. (�) Lat. (�) Alt. (m a.s.l.) Time span
GuMNet

Herreŕıa HRR -4.136 40.582 920 2016.06.11 to 2021.03.31
Raso del Pino I RPI -3.969 40.874 1803 2017.07.19 to 2020.01.11
Cotos CTS -3.961 40.825 1873 2015.09.16 to 2021.03.31
Hoyas HYS -3.955 40.834 2019 2015.10.03 to 2021.03.31

AEMET
Segovia SGV -4.118 40.945 1005 1989.01.01 to 2012.07.31
P. de Navacerrada NVC -4.011 40.793 1894 1998.06.01 to 2018.12.31

2.1 Observational subsurface data in Sierra de Guadarrama

The observational subsurface data analyzed in Chapter 3 consist of temperature
time series from six locations distributed over the Sierra de Guadarrama. Table
2.1 includes a more detailed description of the name, code, geographical position,
and date range of available data of each location. The Sierra de Guadarrama is
part of the Sistema Central, a mountain system that splits the Spanish Central
Plateau into a southeastern side, with altitudes of around 600 m a.s.l. (above sea
level), and a northwestern side, of higher elevation (ca. 750 m a.s.l.). Elevations in
the sierra span from 900 at the foothills to ca. 2200—2400 m a.s.l. at the summits.
Two sites, NVC and SGV, belong to AEMET, and the rest are part of GuMNet.
The latter was created in 2014 with the aim of gaining further insights into climate
variability in mountain environments in central Spain (Vegas-Cañas et al., 2020).
GuMNet consists of 10 atmosphere and subsurface monitoring stations, which
cover a vertical gradient ranging from 900 to 2200 m a.s.l., spreading over the
mountainous terrain of the Sierra de Guadarrama. In this work, four stations
were selected that provide information on atmospheric variables and subsurface
temperatures (Fig. 2.1a). In all the cases, vegetation cover at the sites consists of
short grass that changes minimally during the year. No site has trees or shrubs
within the fenced perimeter of the monitoring station.

The subsurface thermal regime is monitored by two di↵erent arrangements.
Near-surface soil temperatures are measured at various levels in trenches (TRCHs;
Fig. 2.1b) at all the sites. TRCHs are excavations forming a slope in which the
frontal wall was used to analyze the vertical structure of soil horizons (Brady
and Weil, 2017) and to insert soil temperature reflectometer sensors down to a
depth of about 1 m. TRCHs were refilled with the previously extracted material.
Deeper temperatures in the soil and bedrock are monitored within cased bore-
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Figure 2.1: (a) Subsurface data availability over the area of the Sierra de Guadarrama used
in this work. The map in the inset (left upper corner) points out the location of the Sierra de
Guadarrama in the Iberian Peninsula. The extension covered by the map in (a) is represented
by the orange-shaded area in the inset. (Right) Conceptual sketches of subsurface equipment for
1 m TRCHs (b), 2 m (c), and 20 m BRHs (d). The same distribution of subsurface temperature
(referred to as ST in the figure) sensor depths is carried out at every site (c, d). Sensors in
TRCHs are unevenly placed within the first meter of the ground at di↵erent sites. Pale yellow
(grey) background color refers to soil (bedrock) in all panels. The transition depth between soil
and bedrock (blurred area in d) is only intended for illustration and takes place at di↵erent
depths for each site. Colors and shapes of the symbols are also illustrative. In addition to
subsurface temperature data, all the stations provide SAT measurements as well as soil moisture
content (referred to as SH in the figure) in the TRCHs.

holes (BRHs). They consist of a small diameter (ca. 76 mm) cylindrical drill in
depth where a casing was inserted and afterward filled up with a silicone gel. Tem-
peratures therein are measured with calibrated platinum resistance thermometers
embedded inside the casing (Fig. 2.1c,d). For the sake of having a finer vertical
resolution in the soil near the surface and some level of redundancy, two BRHs
were installed at these sites: a deep one going down to 20 m (BRH 20 m in Fig.
2.1 and Table 2.2) and a shallow one of 2 m (BRH 2 m in Fig. 2.1). Table 2.2
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Figure 2.2: Subsurface mineral composition of the BRH cores extracted when drilling at CTS,
HYS, RPI, and HRR. The top soil layer (red) covers approximately the first soil meter at every
site, whilst sediments (brown) depth varies from one site to the other. Bedrock (magenta)
underneath is of gneiss or granite, normally weathered at the top. In the case of CTS, some
photos of the material at di↵erent depths are also included for illustration.

provides a detailed list of the depths at which subsurface temperature sensors
were installed. Levels with malfunctioning sensors are marked with a dash.

During the BRH drilling process at the GuMNet sites, the extracted cores
were preserved. They were subsequently sampled and characterized. The result
is shown in Fig. 2.2, where the limits between the soil, sediment, and rock layers
were determined. The superficial soil layer is made up of di↵erent soil horizons
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Table 2.2: Depths corresponding to the available individual temperature series in the TRCHs
and BRHs at each of the sites used in this work (see Table 2.1 for codes). Dash indicates missing
data due to sensor malfunction.

Soil temperature sensor depths (m)
TRCH 1 m BRH 2 m BRH 20 m

CTS HYS RPI HRR NVC SGV CTS HYS RPI HRR CTS HYS RPI HRR
0.10 0.20 0.20 0.20 0.05 0.05 GST GST GST GST 1.50 1.50 1.50 1.50
0.65 0.50 0.45 0.50 0.10 0.10 0.05 - 0.05 - 2.00 2.00 2.00 2.00
1.00 0.75 0.80 1.00 0.20 0.20 0.10 - 0.10 0.10 3.00 - 3.00 3.00

0.50 0.50 0.20 0.20 - 0.20 5.00 5.00 5.00 5.00
1.00 1.00 0.50 0.50 0.50 0.50 7.50 - 7.50 7.50

1.00 1.00 1.00 1.00 10.00 10.00 10.00 10.00
1.50 1.50 1.50 1.50 - 15.00 15.00 15.00
2.00 2.00 2.00 2.00 20.00 20.00 20.00 -

(Brady and Weil, 2017) containing an O and/or A horizon (i.e., topsoil) followed
by E and/or B (i.e., subsoil) and several C (i.e., parent material) horizons that
reach a depth of approximately 1 m. The underlying sediment layer contains
eroded material of loose debris rocks that have accumulated at the corresponding
locations. The CTS, HYS, and RPI profiles are located over gneiss rock and HRR
on granite rock. In all the profiles, the upper layers have weathered bedrock, and
with depth this bedrock is unweathered and compact. This information was used
in Chapter 3 to compare changes in apparent thermal di↵usivity to changes in
mineral composition and textures with depth.

Subsurface temperature measurements are taken at a 10-minute time resolu-
tion at every GuMNet station. As a first step prior to the analysis carried out
in this work, subsurface data were subjected to quality-control and resampling
procedures. AEMET stations, NVC and SGV, were independently processed and
resampled to daily resolution as described in Melo-Aguilar et al. (2022). The
quality control of GuMNet sites focused first on removing data outliers. Since
subsurface temperature sensors are connected in series in both BRHs and TRCHs
(see Fig. 2.1b–d), erroneous extreme values are most often recorded at all levels
simultaneously. Thus, to avoid discarding values that might be correct meteoro-
logical extremes, this correction was applied for both BRHs and TRCHs using the
deepest time series to detect the erroneous values. The lowermost level was used
because it shows the lowest temperature variability due to conductive damping
of the surface signal. This reduces the range of high-frequency variability in the
series except for the erroneous data, which makes non-reliable outliers easier to
detect (Fig. 2.3). First, outliers flagged as physically implausible were removed,
i.e., values falling below 230 K or exceeding 350 K. The detection of outliers
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Figure 2.3: Example of errors in BRH 2 m at CTS in the year 2017. The 10-minute GST
observations (grey) and those of temperatures for seven levels below the surface are shown.
Time series are shifted an o↵set equivalent to 10 K and ticks are included every 5 K for clearer
visualization. The value of 270 K is shown for all levels as a reference. The olive color band at
the bottom represents the level of 230 K for the 2 m depth temperature time series, used to
determine nonphysical values. The segment of the level of 1.5 m pointed by the arrow indicates
a shift in the mean temperature value. Time values after the shift are subsequently eliminated.

below 230 K can be considered redundant since the next step would have de-
tected all the values lying beneath this threshold. Second, the remaining spikes
were flagged and discarded. Spikes were detected by calculating the sequential
di↵erences of each value minus its preceding one and screening the values in the
interval, where Q1, Q3, and IQR are the first and third quartiles and the in-
terquartile range of the distribution of temperature di↵erences (Tukey, 1977).
Time steps whose di↵erence values were missing or outside of the screening in-
terval were removed. Figure 2.3 shows an example of such spike screening for the
BRH 2 m at CTS. The outliers depict coinciding failures at all the levels. The
procedure is very conservative as the bottom levels have very low temperature
variability and all spikes are identified and removed at each level. Note the de-
crease in high-frequency variability with subsurface depth, which is consistent
with a heat conduction process (Section 1.4). Once outliers were removed, time
series were subjected to a one-by-one inspection, and periods with clear drifts or
strong changes in variability were manually removed (check Table 2.3 for a list
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of removed periods at CTS and HYS). Figure 2.3 also shows an example of one
such period for the 1.5 m depth temperatures at CTS (green arrow).

Table 2.3: Record of periods discarded at CTS and HYS for the analysis subsequently performed
in this work. Records are sorted by log depths (descending) and span from the dates indicated
up to the present.

Code Sensor Depth (m) Timespan (from)
CTS BRH 2 m 1.5 2017.09.11

BRH 20 m 3.0 2019.05.21
BRH 20 m 2.0 2019.04.09
BRH 20 m 1.5 2018.08.19

HYS BRH 2 m 2.0 2018.08.31
BRH 2 m 1.5 2018.09.14
BRH 2 m 1.0 2017.09.21
BRH 20 m 2.0 2019.11.03

After applying the aforementioned quality-control procedures, the GuMNet
series were resampled at hourly resolution, which filtered out noisy intra-hourly
variability unnecessary for the subsequent analysis of the data. This was attained
by calculating pseudo-hourly time series, which was carried out with a nearest-
neighbor resampling technique (Brandsma and Können, 2006) by selecting the
10-minute data closest to the hour. Finally, the resulting series were averaged
to obtain daily mean subsurface temperatures that were subsequently used to
analyze the propagation of the annual cycle.

In addition to subsurface temperature data, all the stations include SAT mea-
surements as well as soil moisture content within the trench-monitoring levels.
SAT is recorded at 2 m above the ground surface at all the sites using a temper-
ature probe encapsulated within a shield. Snow cover data are also available at
CTS, HYS, and RPI (see the codes in Table 2.1). Snow depth is measured with
an ultrasonic snow depth sensor that captures the distance to the surface. Depth
values are obtained from the subtraction of the surface level measured from the
reference ground surface level value. These additional data were used to explore
potential drivers of the SAT–GST seasonal decoupling and temporal changes in
soil apparent thermal di↵usivity at some sites.
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2.2 Simulated subsurface data: the MPI-ESM and its land
component JSBACH

The state-of-the-art ESM used for the analyses in Chapters 4, 5, and 6 of this the-
sis is the Max Planck Institute for Meteorology (MPI-M) Earth System Model,
version 1.2, in low resolution (MPI-ESM1.2-LR or simply MPI-ESM, Mauritsen
et al., 2019). The MPI-ESM is the reference ESM of the MPI-M and one of the
members contributing to the CMIP6 (Eyring et al., 2016), and therefore to the
results presented in the Intergovernmental Panel on Climate Change Assessment
Report 6 (IPCC AR6, Masson-Delmotte et al., 2021). The MPI-ESM consists of
the atmosphere model ECHAM6.3 (ECHAM, Stevens et al., 2013), and the ocean
model MPIOM1.6 (MPIOM, Jungclaus et al., 2013). The MPIOM includes the
resolution of the ocean biogeochemistry by the HAMOCC module (Ilyina et al.,
2013). The LSM used by the MPI-ESM is the JSBACH3.2 (JSBACH, Reick et al.,
2021), which includes the simulation of subsurface thermodynamics as well as
the land-based part of the hydrological cycle. JSBACH is directly connected to
ECHAM through the surface exchange of mass, momentum, and heat. ECHAM
and MPIOM are communicated by the OASIS3-MCT coupler (Craig et al., 2017).
Therefore, in fully-coupled experiments, the four components resolved by the
MPI-ESM work in pairs (MPIOM & HAMOCC and ECHAM & JSBACH) cou-
pled by OASIS3-MCT. This coupling occurs once a day of simulation, while the
individual time step length is 45, 7.5, and 30 minutes of simulation for MPIOM,
ECHAM, and JSBACH, respectively. Even though the reference simulations with
the MPI-ESM participating in the CMIP6 are conducted in fully-coupled mode
(Maher et al., 2019), its four components can also be run o✏ine or standing alone,
which allows for more specific analysis on the physical processes that generate
ocean, atmosphere, or land surface and subsurface climate variability (Mansfield
et al., 2023). In both fully-coupled or standalone modes, the MPI-ESM can be
run at multiple spatial resolutions. In the low-resolution “LR” setup used in this
thesis, the ECHAM resolution is T63/L95 and MPIOM is GR1.5/L40, which
corresponds to a 1.875o (1.5o) grid cell width over land (the ocean).

The land component of the MPI-ESM, JSBACH, resolves a simplified repre-
sentation of the thermodynamic, hydrological, and biogeochemical processes that
determine the land surface, soil, and bedrock conservation of mass, momentum,
and heat. Conservation of mass involves the capture, release and transport of soil
carbon, nitrogen, and moisture. In fully-coupled MPI-ESM simulations, the hy-
drological interaction between JSBACH and ECHAM occurs as a result of a water
balance between precipitation, runo↵, evapotranspiration, and soil moisture stor-
age at the ground surface. The carbon and nitrogen cycles can be prescribed fixed
or interactive with ECHAM, via land-air exchanges due to carbon and nitrogen
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Figure 2.4: Main land surface and soil features of the JSBACH standard version. (a) Three-
dimensional sketch of a JSBACH grid box. The mid-layer depth values for the default 5-layer
(5L) vertical discretization, with a BBCP placed at 9.83 m (”shallow”), are given on the left
part of the y-axis. These values are also shown for the 12-layer ”deep” discretization, with
the BBCP at 1416.84 m. Adapted from González-Rouco et al. (2021) (b) Soil types used by
JSBACH according to the FAO classification by Dunne and Willmott (1996): sand, sandy-loam,
loam, mixture of loam and clay, and clay. Di↵erent soil thermal and hydraulic properties are
prescribed based on these soil types. (c) Idealized illustration of the land cover type tiling of
a grid box in Southern China. In this example, 3 out of 11 tiles would be covered by PFT3

(tropical deciduous trees), 4 by PFT10 (raingreen shrubs), 2 by PFT14 (pasture), and 1 by
PFT18 (swamp). See Reick et al. (2021) for an exhaustive description on the di↵erent soil types
and PFTs implemented in JSBACH.
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pools. The thermodynamic interaction between JSBACH and ECHAM is ruled
by the surface energy balance, by which changes in the surface net radiation are
balanced out by the turbulent (sensible and latent) and ground heat fluxes, and
changes in the surface temperature (see Chapter 5). In standalone simulations,
the surface energy and water balances are determined by atmospheric boundary
conditions (temperature, precipitation, wind speed, etc.) coming from ECHAM
or MPI-ESM simulations, or other data sources. Any feedback from the land sur-
face to the atmosphere is overruled by the atmospheric conditions prescribed in
the next time step.

The relative contribution of the di↵erent mass and heat fluxes at a grid box
scale depends on the land surface conditions and soil properties in both stan-
dalone JSBACH and fully-coupled MPI-ESM simulations. For the computation
of the land surface conditions, JSBACH divides every grid box into smaller units
or ’tiles’, which account for the subgrid scale heterogeneity. Each tile in each
grid box is associated with only one land cover type, which can be either a plant
functional type (PFT; e.g., tropical evergreen forest, coniferous deciduous trees),
bare soil (deserts) or glacier.

Table 2.4: Volumetric heat capacity (Cv) and thermal di↵usivity () for the di↵erent soil types
used in JSBACH. These types correspond to the five soil classes defined by the FAO (see Fig
2.4b). In the absence of snow, these values are used to resolve the subsurface thermodynamics.
Thermal conductivity (�) is computed as �=Cv . Snow presence modified soil thermal param-
eters (see Section 2.2.1). The weighted global mean (without considering snow) is also provided
(last column in bold).

Soil type
Sand

Sandy
Loam

Loam
Clay Snow

Global
(Unit) Loam & Clay (w/o snow)
Cv (106 Jm�3K�1) 1.93 2.10 2.25 2.36 2.48 0.64 2.22
 (10�7 m2s�1) 8.70 8.00 7.40 7.10 6.70 4.90 7.90

The surface conditions are modified when there is snow, which modifies the
surface albedo. Furthermore, surface and soil thermal conditions are further in-
fluenced by the insulating properties of the snow cover. The reference version of
JSBACH solves a single-layer or ’bucket’ snow scheme (Fig. 2.4a) with a fix value
of the thermal conductivity (0.31 Wm�1K�1) and volumetric heat capacity (6.35
105 Jm�3K�1, see Table 2.4). As the snow accumulates and thickens, JSBACH
modifies the thermal properties of the upper soil layers depending on the snow
depth (Reick et al., 2021). In practice, this means that the snow layer functions
as if it were embedded into the soil column, shifting the active thermal interface
deeper into the ground. This resolution of the snow by JSBACH e↵ectively insu-
lates the near-surface ground from SAT variations (snow insulation e↵ect, Cook
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et al., 2008; Krinner et al., 2018), with the top of the snow layer acting as the
top of the soil model (Schulz et al., 2001), and the bottom acting as a boundary
condition for the underground transfer of heat and water. Under snow-free condi-
tions, soil properties, such as soil thermal conductivity, volumetric heat capacity,
and porosity, can be either prescribed by initial files, or computed dynamically.
In the standard configuration of JSBACH used in this thesis, the soil properties
take constant values according to the five soil types defined by the Food and
Agriculture Organization (FAO, Dunne and Willmott, 1996, Fig. 2.4b, see also
Table 2.4 for consulting the exact values). The number of tiles is fixed to 11 (Fig.
2.4c).

Table 2.5: Number, mid-layer depth, bottom layer depth, and thickness of each layer in the
JSBACH vertical discretizations used in Chapters 4 (fully-coupled P2k+s and d experiments),
and 5 (standalone JSBACH experiments) of this thesis (see also Fig. 2.4).

Layer

number

Mid-layer

depth (m)

Bottom layer

depth (m)

Thickness

(m)

1 0.03 0.06 0.06

2 0.19 0.32 0.26

3 0.78 1.32 1.00

4 2.68 4.13 2.81

5 6.98 9.83 5.70

6 15.71 21.59 11.76

7 33.35 45.11 23.52

8 68.42 91.73 46.62

9 137.70 183.66 91.93

10 274.07 364.47 180.81

11 542.06 719.64 355.17

12 1068.24 1416.84 697.20

The initial files do not only prescribe the JSBACH soil properties (when non-
dynamic), but also the subsurface vertical structure. In the standard configura-
tion of JSBACH, the subsurface heat transport is resolved down to a zero-flux
BBCP at 9.83 m (Fig. 2.4a), which is also the maximum depth that the soil can
reach. Water transport is resolved down to the soil-bedrock limit, which varies
from 0.10 to 12.45 m depending on the local features and is prescribed by the
JSBACH initial files. For grid boxes with greater soil than BBCP depth values,
the full vertical profile is constituted by soil and the hydrology is solved just
down to the BBCP depth (Fig. 2.4a). The subsurface is discretized in five layers
that are increasingly thick with depth and extend down to the BBCP at 9.83
m. This vertical discretization will be denoted as ”shallow” in this thesis (Fig.



40 2 Subsurface data sources: observations and model simulations

Table 2.6: Overview of the simulations used in this thesis. Name of the ensemble, number of
members, vertical discretization, hydrological configuration and reference for the standalone
simulations with JSBACH, and fully-coupled simulations with the MPI-ESM, used in Chapter
5, as well as in Chapters 4 and 6, respectively.

Ch. Ensemble
N. of LSM vertical Hydrology

Reference
members discretization configuration

4 MPI-ESM P2k+ 2
5L (s), 12L (d)

REF Garćıa-Pereira et al. (2024b)
(Table 2.5)

5 JSBACH 8
5L to 12L

REF
González-Rouco et al. (2021)

(Table 2.5) Garćıa-Pereira et al. (2025b)

6 MPIESM-PePE 9
5L, 11L, 18L REF

Garćıa-Pereira et al. (2025a)
(Table 2.7) WET, DRY

2.4a). A more detailed description on the mid-layer and bottom layer depths and
thickness of every layer is provided by Fig. 2.4a and Table 2.5. JSBACH only
considers vertical heat conduction for the resolution of the subsurface thermody-
namics, thus neglecting the contribution of advection and horizontal di↵usion of
heat (Carslaw and Jaeger, 1959), and the warming e↵ect of the geothermal flow
(Lucazeau, 2019). Water transport occurs by vertical di↵usion and percolation,
with no horizontal flow nor hydrological communication between contiguous grid
boxes. Moreover, JSBACH does not consider soil water phase changes at freezing,
which entails it is not capable to reproduce permafrost dynamics. This limita-
tion was addressed by Ekici et al. (2014) and Steinert et al. (2021b) in JSBACH
standalone simulations, and extended to MPI-ESM fully-coupled simulations in
this thesis (see Section 2.2.2 and Chapter 6).

A brief overview of the simulations used in each chapter, along with the cor-
responding modifications made to JSBACH thermal vertical discretization and
hydrology, is provided in Table 2.6. This compendium serves as a reference for
understanding the di↵erences in the thermodynamic setups and hydrological con-
figurations across the experiments described in Sections 2.2.1 and 2.2.2.

2.2.1 Simulated subsurface data: deepening the MPI-ESM

in climate simulations of the Common Era

As it was already discussed in Section 1.5, the prescription of shallow BBCPs
when resolving the underground heat conduction in LSMs is a limiting factor in
state-of-the-art ESM simulations. This is the case for the MPI-ESM (González-
Rouco et al., 2021; Steinert et al., 2021b; Garćıa-Pereira et al., 2024b; Steinert
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et al., 2024), whose LSM, JSBACH, imposes a BBCP at 9.83 m depth, resulting
in a biased representation of the subsurface temperature profile and an underesti-
mation of the land heat uptake at decadal and longer term scales (Steinert et al.,
2021a). To put this BBCP depth in context, JSBACH is not even deep enough to
correctly resolve the downward propagation of the annual cycle, which penetrates
down to 15 to 20 m depending on the thermal di↵usivity (see Section 1.4). Thus,
the standard configuration of the MPI-ESM is not suitable to properly simulate
the subsurface response to the industrial warming.

In order to explore the impacts on climate variability of imposing a deeper
BBCP in standalone LSM simulations, González-Rouco et al. (2021) developed
a vertically extended discretization of JSBACH. They conducted an ensemble of
eight historical (1850–2005) and Representative Concentration Pathway (RCP)
8.5 W/m2 scenario (RCP8.5, 2006–2100) simulations with increasingly deeper
positions of the BBCP, progressively extending the JSBACH vertical scheme
from 5 to 12 layers (see Table 2.5). To achieve a moderate increase of the thick-
ness values with depth while having a higher vertical resolution near the surface,
González-Rouco et al. (2021) used an exponential law (Oleson et al., 2013) of the
form zi = a(eb(i�b)+ c), with i being the layer number, a = 0.334, b = 0.674, and
c = -1.450. Since this law produces small deviations from the standard shallow
JSBACH depth values of the upper 5 layers, values of layer 1–5 in the new ver-
tical discretizations are left unchanged, and the law is only applied to derive the
depths of layer 6–12. An exhaustive analysis on surface and subsurface tempera-
ture variability and change and land heat uptake in the di↵erent discretizations
is presented by González-Rouco et al. (2021). This thesis uses this ensemble of
standalone JSBACH simulations to explore the ground surface physical mecha-
nisms explaining the dependence of the land heat uptake with the BBCP depth.
The methodology and results of this study are presented in Chapter 5.

To evaluate whether the subsurface temperature variability changes reported
by González-Rouco et al. (2021) impact on SAT, land heat uptake, and terres-
trial energy budget, Steinert et al. (2024) conducted a fully-coupled MPI-ESM
simulation covering the industrial period (1850—2100) under di↵erent SSP sce-
narios. The simulation used a 12-layer vertical scheme with a BBCP at 1416.84
m. This discretization (”deep” hereafter) ensures that the bottom subsurface
layer is detached from the ground surface, i.e., is irresponsive to GST changes,
at multi-centennial and millennial scales. This thesis extends the evaluation by
Steinert et al. (2024) to long-term scales by presenting the first full forcing ESM
simulation covering the past two millennia (Past2k, 0–1850), the historical pe-
riod (1850–2014), and the 21st future warming in the lowest and highest radiative
emission scenarios (SSP1-2.6 and SSP5-8.5, respectively, 2015–2100) including a
deep LSM vertical discretization in fully-coupled mode. The interval encompass-
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Figure 2.5: Yearly global mean SAT and subsurface (see levels in the color legend) temperature
variability in the P2k+d simulation. Temperatures in year 180 of the P2k+ CE-Control run are
used as initial conditions for the P2k+d simulation in year 1 CE. The Past2k, historical, and SSP
scenario are separated by vertical bars. The evolution of temperature data in the CE-Control
and SSP1-2.6 scenarios are given in clear colors. Apart from the global mean temperatures, the
yearly evolution of the GHG concentration, volcanic aerosol optical depth and solar spectral
irradiance are also depicted as standardized anomalies (no units) to have a rough estimation of
the forcing.

ing 0–2100 CE is denoted hereafter as P2k+. The ground surface and subsurface
temperature variability and land heat uptake of the P2k+ deep (P2k+d) sim-
ulation presented herein is compared in Chapter 4 to a previous P2k+ experi-
ment with the standard shallow version (P2k+s) of the MPI-ESM. The P2k+s
simulation is the MPI-M contribution to PMIP4 (van Dijk et al., 2022). Both
experiments follow the PMIP4 tier-3 forcing protocol defined by Jungclaus et al.
(2017), which is an extension of tier-1 past1000 forcing to the past so as to
cover the whole CE. In summary, yearly changes of the volcanic forcing (Toohey
and Sigl, 2017), solar spectral irradiance (Vieira et al., 2011), orbital parameters
(Berger, 1978), and greenhouse gases (Meinshausen et al., 2017) were considered.
LULC was prescribed constant until 850, and changes according to reconstructed
land-use and anthropogenic land-cover data thereafter (Hurtt et al., 2020). To
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depart from a climate equilibrium state by the beginning of the CE, the P2k+d
simulation was restarted from a 1000-year-long control simulation with an equili-
brated deep subsurface and constant conditions of year 0 CE (CE-Control). The
CE-Control run was subsequently restarted from a spin-down MPI-ESM simula-
tion to year 0 CE conditions, initialized from pre-industrial control (piControl)
conditions.

The P2k+d yearly global mean SAT and temperature at the 12 subsurface
layers is represented in Fig. 2.5. The standard anomalies of the volcanic, solar,
and GHG forcings are also portrayed. There is a clear short-term drop in SAT
and near-surface soil temperatures as a response to the major volcanic eruptions
of the CE, which is due to the reduced incoming solar radiation produced by a
large injection of aerosols into the stratosphere (see Section 1.2). Furthermore,
the accumulative e↵ect of volcanic together with changes in solar activity pro-
duce long-term temperature variability, with relatively warm periods (e.g., the
maximum of the Medieval Climate Anomaly, MCA, around the 12th century)
succeeded by clearly colder stages (e.g., the end of the Little Ice Age, LIA, in the
18th and early 19th century). The preindustrial forced variability is overshad-
owed by the strong industrial warming since the 20th century associated with
a large increase in the GHGs concentration. This concentration peaks around
2050 in the low radiative emission, SSP1-2.6, so does temperature. In case of the
SSP5-8.5, both the GHG concentration and temperature trends skyrocket, with
SAT and near-surface global mean temperatures being up to 6 K warmer than
in the pre-industrial period. As mentioned above, having a P2k+d simulation
permits a wider analysis of the impacts of changing the BBCP on short- and
long-term temperature variability, both as a response to the low preindustrial
and to the intense GHG forcing of the Anthropocene. Also, a long millennial
P2k+d experiment provides realistic, i.e., consistent with external forcing, prein-
dustrial initial conditions for subsurface temperatures down to the bottom layer
in 1850, which is essential to avoid biases when assessing the industrial land heat
uptake and terrestrial energy imbalance. All these analyses and the comparison
to the P2k+s simulations are extensively addressed in Chapter 4. In addition
to the P2k+ experiments, Chapter 4 also considers an ensemble of 30 historical
and SSP5-8.5 simulations (hereafter denoted as 30ENS) run with the MPI-ESM.
The experiments use the same model version as P2k+s and serve the purpose of
tackling the uncertainties in SAT, GST, and subsurface temperature variability
and land heat uptake due to internal variability.
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Figure 2.6: HTCp changes applied to JSBACH standard version. (a) NH (45–90ºN) land per-
mafrost a↵ected areas (shaded light blue) in the late historical period (Hugelius et al., 2013,
2014), which are taken as the mask where the HTCp physics are implemented. Outside the
area portrayed by the permafrost mask in (a), the REF (Fig. 2.4a) configuration of JSBACH
is used. (b) Conceptual sketch showing the features and the intensity (arrow size) of di↵erent
thermodynamic and hydrological processes for HTCp DRY (red) and WET (blue) configura-
tions.

2.2.2 Simulated subsurface data: improved resolution of

the thermo-hydrodynamics in permafrost areas

The standard version of JSBACH (Fig. 2.4a) does not include any coupling pro-
cesses between soil thermodynamics and hydrology, which prevents soil ice from
forming under freezing conditions. This limitation was addressed by Ekici et al.
(2014) and Steinert et al. (2021b) by incorporating the occurrence of water phase
changes with temperature, and the dynamic calculation of soil thermal proper-
ties in previous versions of JSBACH. However, these changes were run only in
standalone LSM simulations. A modified version of JSBACH allowing for hydro-
thermodynamic soil coupling in permafrost regions (HTCp hereafter, Fig. 2.6b)
was introduced by de Vrese and Brovkin (2021) and de Vrese et al. (2023) and is
used in this work in fully-coupled ESM simulations. The HTCp physics are only
active across the areas covered by the mask shown in Fig. 2.6a (Hugelius et al.,
2013, 2014), which represents the observed early 21st century PE. Furthermore,
the JSBACH standard vertical scheme of five layers (5L) with a soil depth of 9.83
m was deepened and refined near the surface. An enhanced vertical resolution ac-
counts for a better representation of thermo-hydrodynamical processes near the
surface (Chadburn et al., 2015). Further, a more realistic deeper soil depth per-
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Table 2.7: Number, mid-layer depth, bottom layer depth, and thickness of each layer in the three
JSBACH vertical discretizations used in Chapter 6 of this thesis. Note that 5L corresponds to
the vertical structure in the standard JSBACH version, and 11L and 18L correspond to the
vertical resolution enhancement and extension introduced in this work (see also Fig. 2.6b).

Layer

number

Mid-layer

depth (m)

Bottom layer

depth (m)

Thickness

(m)

5L
1 0.03 0.06 0.06

2 0.19 0.32 0.26

3 0.78 1.32 1.00

4 2.68 4.13 2.81

5 6.98 9.83 5.70

11L / 18L
1 0.03 0.06 0.06

2 0.18 0.30 0.24

3 0.42 0.54 0.24

4 0.66 0.78 0.24

5 0.92 1.06 0.28

6 1.21 1.36 0.30

7 1.59 1.82 0.46

8 2.14 2.46 0.64

9 3.03 3.60 1.14

10 4.67 5.74 2.14

11 7.86 9.98 4.24

12 14.33 18.68 8.70

13 27.66 36.64 17.96

14 55.42 74.20 37.56

15 113.49 152.78 78.58

16 235.28 317.78 165.00

17 490.91 664.04 346.26

18 1027.76 1391.48 727.44

mits an unbiased representation of subsurface temperature variability and land
heat uptake (González-Rouco et al., 2021; Steinert et al., 2021a). Thus, two new
vertical layering schemes are introduced: an 11-layer (11L) scheme with a BBCP
depth of 9.98 m, and a deepened 18-layer (18L) scheme with a BBCP depth of
1391.48 m (Fig. 2.4a). The 11L scheme substitutes the original 5L discretization
by enhancing the vertical resolution while keeping the same BBCP depth. The
18L scheme shares the top 11 layers with the 11L scheme and adds seven addi-
tional layers to reach a depth of 1391.48 m. Imposing such a deep zero-flux BBCP
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guarantees that the bottom layer temperature is detached from surface temper-
ature variations at multi-centennial and millennial simulations (Garćıa-Pereira
et al., 2024b). A detailed description of the layer depth and thickness values of
5L, 11L, and 18L schemes can be found in Table 2.7 and Fig. 2.4a. The design of
the layering follows an exponential function of the form zi = aexp[b(i�b)+c]+d

(Oleson et al., 2013; González-Rouco et al., 2021), similar to the discretization
already described in Section 2.2.1. In this case, the coe�cients a, b, c, and d were
set to 0.00198, 0.743, 83.77, and 0.0585, respectively. These values aimed at repre-
senting a BBCP depth for the 5L and 11L configurations that was virtually equal
while keeping a thickness of 0.03 m for the first soil layer. The same coe�cients
were used to estimate the thickness of layers 12–18 for the 18L configuration
(Table 2.7).

A more realistic feature in HTCp in comparison with JSBACH is that both
the soil water phase and thermal properties vary with temperature and moisture
content, respectively. This allows for the existence of ice in Arctic soils, which is
not represented by JSBACH. Other new hydrological features included comprise
interactions between soil hydrology and vegetation, which considers the repre-
sentation of the organic layer insulation, the allowance for supercooled water, a
finer representation of percolation and drainage by accounting for the e↵ect of
soil ice impedance, and an improved multi-layer snow scheme. Additionally, a
wetland scheme was introduced, so surface ponding a↵ection on soil properties is
accounted for. A thorough description of these changes can be found in de Vrese
et al. (2023).

Moreover, the HTCp allows for controlling some of the hydrological processes
involved in the surface and near-surface soil water cycle within the permafrost
areas (Fig. 2.6a). Two combinations of parameters (hereafter referred to as con-
figurations) based on de Vrese et al. (2023) were used to generate two subsets
of experiments with relatively drier or wetter states of the Arctic, which will be
labeled as DRY and WET, respectively. The DRY configuration (red labels and
arrows in Fig. 2.6b) exhibits weak local moisture recycling due to low infiltration
rates and drainage resistance. Consequently, the near-surface permafrost degra-
dation results in progressively drier soils under this configuration. By contrast,
the WET configuration (blue, Fig. 2.6b) assumes favorable infiltration coupled
with high drainage resistance, leading to moist soils. An intense local moisture
recycling is also fostered by imposing a low resistance to evapotranspiration.
Outside of the permafrost mask (Fig. 2.6a), the soil physics correspond to those
used in the standard configuration of JSBACH (Fig. 2.4a). This configuration
will be referred to as REF hereafter, to distinguish it from the WET and DRY
variants. In addition to two sets of DRY and WET simulations with di↵erent
vertical discretizations, a third set of experiments was conducted using the REF
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Figure 2.7: Experimental setup of the MPIESM-PePE. Scheme of preindustrial control (PIC,
black), historical (HIS, yellow), and 21st century climate change Shared Socioeconomic Pathway
forcing scenario (SSP1-1.9, SSP2-4.5, and SSP5-8.5, red arrows) simulations for each of the
REF, WET, and DRY configurations of the MPIESM-PePE. This sequence was also run with
di↵erent vertical discretizations of 5, 11, and 18 layers (5L, 11L, and 18L, respectively); see Table
2.7 and Fig. 2.6b. PIC is conducted with conditions of 1850 for 50 years. The historical run
(HIS) is started at year 50 of PIC for the three vertical discretizations. To speed up subsurface
temperature equilibrium in the vertical column for the 18L simulations, a prior preindustrial
control (prePIC) phase of 100 years is run. The subsurface temperature mean for the last 50
years at the 12th layer for the prePIC is used to restart temperatures at layers 13th to 18th in
the 18L configuration (see Table 2.7 and text for the details).

physics globally. This served as a benchmark to evaluate the e↵ects of applying
the WET and DRY configurations across the permafrost domain.

Combining the three configurations of the hydro-thermodynamics (the HTCp
WET and DRY, and the JSBACH REF) and the three vertical discretizations
of the subsurface (5L, 11L, and 18L) yields a total number of nine experiments,
which constitute the MPI-ESM Permafrost Physics Ensemble (MPIESM-PePE
hereafter). All the MPIESM-PePE simulations extend from 1850 to 2100. The
study focuses on assessing the combined impact of the di↵erent configurations
and vertical discretizations on permafrost-related variables under industrial forc-
ing conditions. The experiment setup follows the scheme in Fig. 2.7. In all the
simulations the ocean component was initialized from a long-term ocean simu-
lation restart that had been stabilized to preindustrial conditions. Each 5L and
11L MPIESM-PePE experiment was run first in a piControl (PIC) phase of 50
years, which simulates a climate state compatible with the external forcing in
1850 and provides initial conditions for the historical runs (HIS; 1850 to 2014).
These runs are subsequently continued into the 21st climate change stage under
di↵erent radiative forcing scenarios (SSP1-1.9, SSP2-4.5, and SSP5-8.5, O’Neill
et al., 2016), following the standard forcings of CMIP6 (Eyring et al., 2016). How-
ever, subsurface temperatures at the deepest layers of the 18L simulations do not
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have enough time to transit to a new equilibrium state within a 50-year-long PIC
(González-Rouco et al., 2021). Therefore, a pre-piControl (prePIC) phase of 100
years is run before PIC for the 18L experiments to equilibrate the subsurface
vertical structure. To speed up temperature convergence, the mean subsurface
temperature of the last 50 years of prePIC of layer 12 (ST12) is imposed as the
initial condition for the deepest layers (ST13 to ST18) in the 18L PIC simulations.
The rest of the STs are just continued from the last timestep in prePIC.

A thorough evaluation on the impacts of changing both the subsurface vertical
discretization and configuration in MPIESM-PePE for ground and near-surface
temperature variability, ALT, and PE is provided in Chapter 6.

2.3 Additional sources of subsurface climate information

2.3.1 CMIP6 simulations and subproducts

GST and subsurface temperature data of historical period and SSP5-8.5 scenario
simulations from the available CMIP6 ESMs (Eyring et al., 2016, see Table 2.8)
were used in Chapter 5 to derive estimates of the land heat uptake. This added up
to 36 simulations stemming from 22 di↵erent ESMs and some model variants, 38
if accounting for P2k+ simulations (Section 2.2.1) since 1850. The temperature
at the first soil layer was used as GST. Only the first ensemble member was
selected for every specific ESM. In the case of the 30ENS (Section 2.2.1), only
the first member was considered for the analyses hereafter and is referred to
as MPI-ESM1.2-LR in Table 2.8. Some features of the LSM of every CMIP6
ESM, such as the number of soil layers, BBCP depth, and horizontal resolution
can be found in Table 2.8. It is noteworthy that most CMIP6 ESMs include
BBCP depths lower than 14 m, which is not su�cient to properly represent the
propagation of the temperature annual cycle into the soil column (Section 1.4).
Only 14 out of 38 members impose a BBCP depth below 40 m, still shallower than
the 170 m BBCP depth recommended to correctly simulate the propagation of
the centennial climate change signal (González-Rouco et al., 2021; Steinert et al.,
2021a). Thus, land heat uptake estimates for CMIP6 simulations are derived both
by integrating the LSM subsurface temperatures and by using a half-infinite
standalone heat conduction forward model. The comparison of both methods
serves to sort out the role of the BBCP on limiting the land heat uptake. This is
explained in detail in Chapter 4.
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Apart from GST and subsurface temperature data, PE estimates by Steinert
et al. (2023) derived from CMIP6 data in the industrial period are used in Chap-
ter 6. The time evolution of the PE under two permafrost definitions, TTOP
and ZAA (see Section 6.1), for 34 CMIP6 historical and SSP5-8.5 experiments
are compared with the nine simulations of the MPIESM-PePE. This comparison
allows for evaluating how extreme WET and DRY configurations are in represent-
ing PE, thus disentangling the potential role of Arctic soil hydrology in reshaping
permafrost degradation.

2.3.2 Reanalysis and observational datasets

Global mean temperatures at the ground surface over land coming from 7 global
reanalyses and 5 gridded observational databases have also been used (Table 2.9)
in Chapter 4 to derive land heat uptake estimates. GST data were used from
6 of the sources (see Table 2.9), whilst SAT was taken as a surrogate of the
GST evolution when GST was not available (6 data sources, see Table 2.9). This
substitution leans on the assumption that SAT and GST are strongly coupled
in long-term scales (Melo-Aguilar et al., 2018). All sources cover the whole 20th
century, except for ERA5-Land, NCEP1, and JRA55. Further, all of them except
LMRv2.1 cover the first decade of the 21st century. These datasets will allow
for obtaining land heat uptake estimates complementary to BTP-based values
(Beltrami, 2002; Cuesta-Valero et al., 2021b, 2023; von Schuckmann et al., 2023).

Gridded observations were used also in Chapter 6 to evaluate the results from
the MPIESM-PePE. PE observational data come from the Permafrost Climate
Research Data Package version 3 of the European Space Agency Climate Change
Initiative database (ESApCCIv3). ESApCCIv3 provides NH (north of 30º) grid-
ded global maps of permafrost mean annual SAT, GST, and subsurface temper-
ature, ALT, and PE at yearly resolution for the period 1997–2018. The database
is generated by using a thermal permafrost model (CryoGrid, Westermann et al.,
2023), with a BBCP depth of 100 m, driven and constrained by satellite data.
Both Moderate Resolution Imaging Spectroradiometer (MODIS, Justice et al.,
2002) land surface temperature data coming from the Terra satellite and ERA5
reanalysis data are assimilated for this purpose. Furthermore, to enhance accu-
racy, ensemble methods are employed, providing not only permafrost probabilities
but also measures of uncertainty. A more technical description of the assimila-
tion and modeling procedures to create the ESApCCIv3 database can be found
in Obu et al. (2021).





Chapter 3

Thermodynamic and hydrological drivers
of the subsurface: an observational study
in Central Spain∗

In situ continuous observations of subsurface temperature and moisture vari-
ability at multiple vertical levels are fundamental for characterizing the physical
mechanisms governing underground heat and water transport and their inter-
actions. This chapter presents an assessment of the main thermodynamic and
hydrological mechanisms driving observational subsurface temperature variabil-
ity, based on an ensemble of four short and deep and two long and shallow records
from the Sierra de Guadarrama (Section 2.1).

The first part of the assessment (Section 3.2.1) explores the coupling between
SAT and GST across di↵erent timescales. The second part focuses on the sub-
surface propagation of GST variations driven by heat conduction. The intensity
and speed of this propagation are controlled by the apparent thermal di↵usivity,
which is assessed by evaluating the amplitude attenuation and phase shift of the
annual cycle (Section 3.2.2). Variations in thermal di↵usivity due to the parent
material and depth are then analyzed through vertical profile measurements. Fi-
nally, the annual-cycle methodology is extended to analyze the attenuation of the
entire frequency spectrum, which allows for yielding short-term thermal di↵usiv-
ity changes and their potential relationship with soil moisture variations (Section
3.2.3).

∗ The main contents of the chapter are included in the published research article:
Garćıa-Pereira, F., J. F. González-Rouco, T. Schmid, C. Melo-Aguilar, C. Vegas-Cañas, N.
J. Steinert, P. J. Roldán-Gómez, F. J. Cuesta-Valero, A. Garćıa- Garćıa, H. Beltrami, and P. de
Vrese, 2024: Thermodynamic and hydrological drivers of the soil and bedrock thermal regimes
in central Spain. SOIL, 10, 1–21, DOI: 10.5194/soil-10-1-2024.
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3.1 Methods

The SAT–GST seasonal coupling was explored by quantifying the o↵set and cor-
relation of seasonal (December-January-February, DJF; June-July-August, JJA)
and annual temperatures at 2 m above the ground surface with GSTs taken from
the top level temperatures in the BRH 2 m set up. The estimates were obtained
from the complete time span of available data at each site (Tables 3.1 and 3.2).

Furthermore, the subsurface temperature distribution was analysed by as-
suming that GST perturbations are propagated downwards by heat conduction.
Considering that every level is at a thermal equilibrium state, horizontal heat
transport may be neglected. Thus, the problem is reduced to resolve the one-
dimensional time-dependent heat conduction equation (Eq. 1.1). If GST is as-
sumed to follow a sinusoidal (e.g., annual) cycle, subsurface temperatures at any
depth z can be derived as follows (Hurley and Wiltshire, 1993; Smerdon and
Stieglitz, 2006):

T (z, t) = T0 +A0e
�z

p
⇡fa/ cos(2⇡fat� z

p
⇡fa/), (3.1)

where T0 and A0 are the mean temperature and wave amplitude of the annual
cycle at the ground surface, respectively, fa is the frequency of the annual cycle,
and  is the thermal di↵usivity, which is a direct function of thermal conductivity
(�), and inverse of density (⇢) and heat capacity (c), i.e.,  = �/⇢c. Equation
3.1 shows that the annual cycle amplitude is attenuated and phase shifted with
depth. The amplitude attenuation is exponential and the phase shift is linear with
depth and dependent on the thermal di↵usivity, i.e., increasing this parameter
produces both a greater amplitude attenuation and phase shift (see Section 1.4).

Amplitude and phase values of the annual cycle at every level were obtained
by least-squares fitting subsurface temperature series at a daily resolution to an
annual-period sinusoidal wave. Then, a linear regression analysis on the annual
cycle amplitude (phase shift) values with depth was applied to yield estimates
of the apparent thermal di↵usivity of the subsurface, since the resulting slope
is equal to

p
⇡fa/ in Equation 3.1. Amplitude and phase shift values coming

from every installation (TRCH 1 m, BRH 2 m, and BRH 20 m) were indepen-
dently adjusted and normalized to prevent any disruption due to blending data
from di↵erent sources when assessing heat propagation from ground surface to
20 m depth. Normalization was achieved by dividing the amplitude values of the
annual cycle at every level by the amplitude value at the ground surface, and
by subtracting the phase shift value at the ground surface from the phase shift
values of the annual cycle at every level. The values at the ground surface were
obtained through a linear regression adjustment. Once normalized, all amplitude
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and phase shift values were brought together and linearly adjusted to obtain a
single estimate of thermal di↵usivity for the whole subsurface profile at every
station. A similar methodological approach based on the analysis of the annual
cycle has been widely used in the literature (e.g., Smerdon et al., 2004; Pollack
et al., 2005; González-Rouco et al., 2009) and it will be referred to as the Classic
Analytical approach, CA hereafter. This CA framework was also used to esti-
mate changes in apparent thermal di↵usivity with depth, either by considering
changes between pairs of subsurface levels or identifying depths where significant
changes in apparent thermal di↵usivity occur. This was achieved using a two-
phase regression analysis (Solow, 1987, 1995; Melo-Aguilar et al., 2018), which
determines whether there is a change point for which linear fits to the segments
before and after the change point significantly improve the results compared to
a linear fit to the complete curve.

Beyond the regular nature of the annual cycle, GST variability encloses per-
turbations at di↵erent frequencies. If GST is considered as a sum of temperature
harmonics, each harmonic is also propagated with depth following Carslaw and
Jaeger (1959):

T (z, t) = T0 +
NX

i=1

A0e
�z

p
⇡fi/ cos(2⇡fi � z

p
⇡fi/), (3.2)

where fi is the frequency of each wave component in a spectral decomposition,
as yielded by a Fourier periodogram (Brigham and Morrow, 1967). Equation
3.2 shows amplitude attenuation and phase shift are frequency-dependent. More
precisely, amplitude attenuation grows exponentially with frequency, i.e., high-
frequency harmonics decay increasingly faster with depth, whilst low-frequency
perturbations can penetrate deeper into the subsurface. For instance, the daily
cycle hardly reaches a depth of 50 cm, while the annual cycle propagates down to
15 m (e.g., Putnam and Chapman, 1996, or Fig. 1.1). The temperature spectral
attenuation with depth can be expressed as:

⇣ =
p

Pz(!)/PGST (!) = e
�z

p
⇡f/ (3.3)

where PGST (!) and Pz(!) are the spectral power densities of GST and that at
a given level z, respectively:

Pz(!) =
1

Ns

�����

NX

t=1

T (z, t)e�i!t

�����

2

, with ! = 2⇡f (3.4)

where Ns is the temporal resolution of the temperature time signal at z, T (z, t),
f is the frequency and ! is the angular frequency of the di↵erent wave compo-
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nents of T (z, t). In order to minimize the undesirable e↵ect of Gibbs’ noise at
high frequencies, the spectral power density was calculated making use of Welch’s
modified periodogram (Stoica and Moses, 1997). Because the periodogram cal-
culation requires evenly spaced data, data gaps were previously filled by linear
interpolation. As the spectral attenuation must follow an exponential relation-
ship with frequency, the spectral amplitude attenuation curves attained from the
analysis of Equation 3.3 were subsequently linearized (i.e., taking the natural log-
arithm) and linearly fitted by least-squares to the values obtained at all available
depths:

(ln⇣)2 =
⇡z

2


f (3.5)

Estimates for the apparent thermal di↵usivity of the soil layer in between the
ground surface and level z can be retrieved by dividing ⇡z

2 by the regression
line slope, ⇡z2/, in Equation 3.5. To prevent poor signal-to-noise ratios at high
frequencies from biasing the analysis, amplitude attenuation values at frequen-
cies higher than the corresponding e-fold decay cut-o↵ frequency (i.e., spectral
harmonics attenuated more than e times) were filtered out at every level. To
determine this frequency at every site and level, near-surface soil thermal dif-
fusivity values coming from the CA are used. However, it is possible to use a
physically plausible prior thermal di↵usivity value (ca. 10�6 m2s�1) to calcu-
late this frequency, leading to very similar results and thus making the e-fold
frequency calculation independent from the CA.

The alternative approach to the CA described above will be referred to as
the Spectral Method (SpM) from now on. Whereas the CA needs at least a
few years of data to provide reliable fits of the annual cycle to subsequently
retrieve the apparent thermal di↵usivity, the SpM can be applied to data at
shorter time intervals. That makes it suitable to analyze short time series, which
is the case of some of the time series presented in this work. Consequently, the
SpM was used in this work to retrieve apparent thermal di↵usivity values in the
first meter of the soil at every station. These values were then compared to the
estimates coming from the CA to assess the robustness of the results from both
methods. Furthermore, the SpM allows some insight into short-term changes in
soil apparent thermal di↵usivity and its potential relation with changes in snow
cover and soil moisture content.
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3.2 Results

3.2.1 Temperature variability at the ground surface

In order to illustrate the amplitude attenuation and shift with depth, Fig. 3.1
compiles all the subsurface temperature series at hourly resolution coming from
BRH 20 m, BRH 2 m, and TRCH 1 m at HRR; SAT is also represented to
illustrate the coupling at the surface. A first inspection reveals that the only
regular temperature variation at all levels, both in timing and magnitude, is
the annual cycle. The daily cycle, while regular in occurrence, changes a lot in
magnitude due to weather conditions and seasonality. The annual cycle is the
most prominent at the ground surface (ca. 9 K amplitude) despite the fact that
both SAT and GST also show remarkable daily temperature variations (ca. 4 K
amplitude). It is noteworthy how the annual cycle decreases in amplitude with
depth to be imperceptible at 15 m, where annual temperature variations are
of the same order as the accuracy of the sensor, i.e., 0.1 K. Furthermore, the
increasing lag in the occurrence of temperature maxima in summer and minima
in winter are indicative of the phase shift due to conductive propagation of the
temperature variations. Both phenomena can be inferred either by observing the
subsurface temperature series or the sinusoidal curves adjusted to an annual cycle
(blue dashed lines). Moreover, SAT and GST daily variabilities are similar during
the year except in winter, when GST variability is smaller in comparison with
SAT. For the other soil levels, warm or cold anomalies that last a few weeks are
propagated only in the first meter of the soil.

The long-term mean temperatures with depth for CTS, HYS, RPI, and HRR
are shown in Fig. 3.2. The annual vertical mean temperature of the profile, which
is observed below the depth at which the annual cycle has been attenuated (ca. 15
m), is remarkably higher at HRR (286.8 K) than at CTS (281.3 K), HYS (279.2
K), and RPI (280.9 K). The JJA and DJF temperature profiles further depict
the seasonal temperature variations towards warmer values in summer and colder
values in winter, as well as the amplitude attenuation of these seasonal variations
with depth. JJA and DJF temperature profiles converge at a depth of around 5
m at all sites to then cross over, which is a sign of the phase shift of the annual
cycle. The transition from the BRH 2 m to the BRH 20 m profiles show noticeable
discontinuities that are of the order of 2.7 K and 2.2 K at HYS and about 1.5
K and 1 K at HRR for the 1.5 and 2 m temperature levels, respectively. These
discontinuities are most likely due to heterogeneous soil and sediment formations.
The uppermost soil and sediment layers vary according to the sites and in all
cases reach a depth greater than 2 m (Fig. 2.2). In the case of HYS, for instance,
the greatest annual temperature di↵erence between the 2 m and 20 m BRHs is
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Figure 3.1: SAT, GST, and subsurface temperatures (K) at HRR. Subsurface temperatures
stem from the BRH 20 m (black lines), BRH 2 m (brown lines), and TRCH 1 m (orange lines).
Blue dashed lines show the resulting fit to an annual cycle at each depth.



3.2 Results 59

20

15

10

5

2
1.5

1

0.5

GST
SAT

278 282 286

Annual DJF JJA

CTS

HYS

RPI

HRR

SAT
TRCH 1 m
BRH  2 m

BRH 20 m

▲

●

◆

■

D
ep

th
 (

m
)

Temperature (K)
 275  280  285  290  295

Annual DJF JJA

CTS

HYS

RPI

HRR

SAT
TRCH 1 m
BRH  2 m

BRH 20 m

▲

●

◆

■

Figure 3.2: SAT (triangles) and subsurface temperature profiles (continuous line with diamonds
for BRH 2 m, squares for BRH 20 m, and circles for TRCH 1 m) at CTS (blue), HYS (green),
RPI (purple), and HRR (red) for their respective whole time spans (see Table 2.1). Annual
mean temperatures are shown on the left-hand side of the figure, whilst JJA (DJF) is shown
on the right in dark (light) colors.

observed at 1.5 m depth. The site is on a middle slope with a slope gradient
of 10 to 15 % and the soil horizons have a sandy loam to a sandy clay loam
texture. What is most notable is the varying content of rock fragments (15 to
>80 %) within the di↵erent soil horizons. This is further observed throughout
the sediment layer where rock fragment distribution varies with depth and is
very weathered. Therefore, temperature variations over short distances within the
uppermost soil and sediment layers are expected due to their di↵erent properties.
This will also influence the water infiltration and circulation. With regard to
SAT–GST coupling, Fig. 3.2 shows the annual cycle is less pronounced for SAT
than GST due to radiative warming and cooling of the ground surface, resulting in
a negative SAT–GST o↵set in summer and positive in winter. The distribution of
SAT and GST mean values of the sites agree with their di↵erent altitudes, which
yields a vertical gradient of -5.81 K km�1 in SAT given by Vegas-Cañas et al.
(2020) for the area of the Sierra de Guadarrama. SATs in Fig. 3.2 comply well
with this value, rendering a gradient of -6.55 K km�1, larger in magnitude due
to this subset of sites being distributed over the higher altitudes of the region.
Subsurface temperatures with depth follow the distribution of SAT at HYS and
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HRR, with HRR exhibiting higher values for the whole profile. However, this
pattern is not observed at RPI and CTS, as RPI shows lower temperatures below
5 m despite SAT and GST being warmer, which might be due to processes within
the soil that have not been further investigated in this paper.

Temperature anomalies with respect to the long-term mean at each depth for
CTS and HRR are shown in Fig. 3.3. This allows for a more clear visualization
of the amplitude attenuation and phase shift with depth. Two cycles are clearly
identified again at both sites: the daily cycle, which is visible at GST and hardly
noticeable at 0.5 m (Fig. 3.3a,b), and the annual cycle, with an amplitude re-
duction and phase shift that are traceable down to 15 m. Nevertheless, there are
two di↵erences that are worth mentioning. On the one hand, GST and subsur-
face temperatures underneath at CTS show some constant signal time periods in
winter that are not found in SAT, as shown in Fig. 3.3c, where SAT and GST are
represented for a shared period in January 2019 at CTS and HRR. As soon as a
snow layer emerges at CTS on January 19, 2019, GST oscillations are suppressed
despite SAT still varies. This is due to the combination of the soil insulating
e↵ect of snow cover (Bartlett et al., 2005; Zhang, 2005) and the zero-curtain ef-
fect, which halts temperatures at the ground surface to drop much below zero
due to latent heat release (Outcalt et al., 1990). This behaviour is not shared by
HRR, since at this lower altitude a regular seasonal snow layer is less frequent.
Hence, HRR is snow-free during the same dates, so SAT and GST variations are
strongly coupled. On the other hand, note that SAT variability di↵ers from one
site to the other, being the amplitude of the daily cycle greater and the annual
cycle smaller at CTS than at HRR, as illustrated by greater di↵erences of SAT
variations in July 2019 with respect to those in January 2019. This is consistent
with SAT annual variability decreasing and intra-annual increasing with altitude
in the same area, as shown by Vegas-Cañas et al. (2020).

Table 3.1: SAT–GST di↵erences in mean (K) and Pearson’s correlation coe�cient using daily
data. The annual wave was previously filtered out both from SAT and GST data for this
analysis. Non-significant (p > 0.05) di↵erences and correlations are shown in bold.

Code SAT - GST (K) Correlation coe�cient
Annual JJA DJF Annual JJA DJF

CTS -1.80 0.21 -3.45 0.61 0.57 0.54
HYS -0.47 0.52 -0.59 0.68 0.83 0.43
RPI -0.92 -0.34 -2.37 0.58 0.75 0.16
HRR -1.58 -2.36 -0.11 0.59 0.44 0.74
NVC -1.99 -3.52 -1.38 0.71 0.56 0.67
SGV -0.46 -1.65 0.20 0.81 0.76 0.77
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Figure 3.3: SAT, GST, and subsurface temperature anomalies (K) with respect to the annual
mean at CTS (a) and HRR (b). (c) SAT (light) and GST (�C; dark colors) changes during 10
days in January (blue) and July (red) 2019 and the evolution of the snow cover (m; light pink)
at CTS and HRR.
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Air-ground temperature seasonal decoupling is further explored in Table 3.1,
where SAT–GST di↵erences and Pearson’s correlation coe�cient were computed
after filtering out the annual cycle. SAT–GST di↵erences show that on average
GST is warmer than SAT, with annual di↵erences being negative. Correlations
using daily data are all significant (p<0.05, Student’s t-test) and above 0.58 for
all sites. Di↵erences tend to be larger during DJF, likely due to the insulating
e↵ect of snow cover, which hampers soil cooling and disrupts SAT–GST coupling.
During JJA, significantly warmer GSTs are found at HRR, NVC, and SGV, likely
due to surface radiative warming. Additionally, correlation analysis yields the
smallest values in DJF at the highest altitude sites, i.e., RPI, HYS, and CTS,
which is linked to the presence of a more steady seasonal snow layer than at the
lowest sites. Low correlation is found in JJA at HRR, which might be due to
weaker latent heat fluxes connected to Iberian soils’ summer drought (Vicente-
Serrano et al., 2013). Nevertheless, the diverse local responses at the various sites
could be due to land cover di↵erences, water or latent heat exchanges, or other
factors (Cermak and Bodri, 2016; Cermak et al., 2017) that have not been further
examined herein.

Table 3.2: Apparent thermal di↵usivity values (10�6 m2s�1) obtained from the amplitude
attenuation, ln(A/A0), and phase shift, �, for TRCH 1 m only (first column), the first meter of
depth using a blend of TRCH 1 m and BRH 2 m data (second column), and BRH 20 m (third
column) at CTS, HYS, RPI, HRR, SGV, and NVC.

TRCH 1 m 1 m BRH 20 m
ln(A/A0) � ln(A/A0) � ln(A/A0) �

CTS 0.88 ± 0.16 0.85 ± 0.06 0.87 ± 0.57 0.70 ± 0.26 1.41 ± 0.21 1.44 ± 0.38
HYS 0.73 ± 0.28 1.26 ± 0.33 0.45 ± 0.15 0.58 ± 0.33 1.38 ± 0.29 1.07 ± 0.13
RPI 0.46 ± 0.18 0.84 ± 0.29 0.42 ± 0.09 0.67 ± 0.20 1.41 ± 0.27 1.49 ± 0.40
HRR 0.50 ± 0.17 0.69 ± 0.21 0.45 ± 0.12 0.68 ± 0.10 1.20 ± 0.16 1.15 ± 0.19
NVC 0.82 ± 0.51 1.75 ± 1.24
SGV 0.55 ± 0.24 0.77 ± 0.07

3.2.2 Subsurface thermal regime: the CA

The subsurface thermal structure in the area of the Sierra de Guadarrama is
assessed hereafter. The conductive propagation of GST changes is first addressed
by applying the CA (Section 3.1). Results for CA over the whole profile for
every site are included in Fig. 3.4. As can be seen, CTS, HYS, RPI, and HRR
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Figure 3.4: Phase shift in days (blue) and the logarithm of amplitude ratios (red) vs. depth at
CTS, HYS, RPI, HRR, NVC, and SGV (see Table 2.1). Points in orange, brown and black stem
from a least-squares adjustment for sinusoidal fitting of the annual cycle of TRCH 1 m, BRH 2
m, and BRH 20 m data, respectively. Di↵usivity values (10�6 m2s�1) are retrieved by linearly
fitting all the points available at every site (see text for details). Regression lines, confidence
intervals using a significance level of p = 0.05 and di↵usivity values for the logarithm of the
amplitude ratios (phase shift) are included in red (blue).
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integrate data coming from both BRH 2 m, BRH 20 m, and TRCH 1 m down to
20 m, while NVC and SGV provide TRCH 1 m data. Hence, apparent thermal
di↵usivity values only account for the first meter underground at these two sites.
For the rest of the sites, all the information at each location down to 20 m is used
to derive apparent thermal di↵usivity estimates. Table 3.2 segregates results for
the case in which only TRCH 1 m would be considered, as well as for the cases
that include information available down to 1 m (TRCH 1 m + BRH 2 m) and
down to 20 m using only BRH 20 m. This information complements the estimates
provided in Fig. 3.4.
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Figure 3.5: Two-phase regression of the points shown in Fig. 3.4. Lines represent the linear
trends that are the best fit to the data before and after the estimated point of change for
the logarithm of the amplitude ratio (phase shift), depicted in red (blue). Apparent thermal
di↵usivity values (10�6 m2s�1) before and after the change point are given as well in every
case. The 20 m level at CTS was omitted from the analysis.
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Thermal di↵usivity estimates, i.e., apparent thermal di↵usivities, yielded from
the slope of the regression lines for both phase shift and amplitude attenuation are
very similar for all deep sites, generally in the range of 1–1.3 10�6 m2s�1. These
values are close to the mineral di↵usivity values for quartz (ca. 1.4 10�6 m2s�1)
and feldspar (ca. 1.1 10�6 m2s�1), two of the main components of gneiss and
granite (de Vries, 1963), which are the dominating materials found at the sites of
this study (Fig. 2.2). The observations at SGV render values that fall below this
range, with apparent di↵usivity values between 0.5 and 0.8 10�6 m2s�1. While
subsurface temperatures at CTS, HYS, RPI, and HRR extensively cover the soil
and bedrock depths, NVC and SGV only include data within the first meter of
the soil, which can yield very di↵erent thermal di↵usivity estimates with respect
to the other sites. Near the surface the di↵erent composition, compactness, and
soil moisture content can account for the di↵erent apparent di↵usivity values.
In fact, if apparent di↵usivity is estimated at all sites using only TRCH 1 m
observations, values in the range of 0.46 (RPI) to 0.88 10�6 m2s�1 (CTS) are
attained (Table 3.2). Furthermore, if both TRCH 1 m and BRH 2 m temperatures
within the first meter are considered, values hardly change and range from 0.42
(RPI) to 0.87 10�6 m2s�1 (CTS). It is often the case that apparent di↵usivity
values rendered by amplitude attenuation and phase shift within the first meter of
the soil can di↵er considerably, as shown for NVC in Fig. 3.4. This is an indication
that changes in apparent thermal di↵usivity occur towards the surface, as seen
at NVC and SGV in Fig. 3.4. Additionally, changes in the conductive regime
may occur within these depths due to soil moisture variability (Melo-Aguilar
et al., 2022), freezing and thawing processes (Gao et al., 2008), and near-surface
evaporation and latent heat exchanges (Tong et al., 2017) a↵ecting the soil (see
Section 1.4).

The regression spread when considering deep sites in Fig. 3.4 can be remark-
able, scaling up to 25 % at RPI. Even if the logarithm of the amplitude damping
and phase shift for the whole soil column can be considered linear in a first ap-
proach, values do not seem to distribute randomly around the regression line.
For instance, between 2 and 7 m all sites tend to show larger amplitude atten-
uations and phase shifts, hence indicating changes in the regression line slope,
i.e., di↵usivity, with depth. A further analysis using a two-phase regression model
(Fig. 3.5, Solow, 1987, 1995), confirms there is a tilt in the slope, indicating a
significant change in the apparent thermal di↵usivity values with depth. Even
though the coe�cient of determination is very high and significant for every site
both for the single CA in Fig. 3.4 and for the two-phase CA in Fig. 3.5 regres-
sion lines, always above 0.9, there is a significant reduction of the square sum of
residuals in the second case. For instance, this quantity plunges from 5.67 to 1.02
at HYS and from 8.22 to 0.62 at RPI for amplitude attenuation and from 3.21
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to 0.91 day2 and 11.46 to 1.20 day2 for phase shift, respectively. This indicates
that the two-phase regression represents the data more accurately than a sin-
gle linear regression model. Since amplitude attenuation and phase shift values
at every depth were normalized before applying the CA (see Section 3.1), the
change point position is certainly not produced by gathering information from
TRCH 1 m and the BRHs. A change in apparent thermal di↵usivity might be
indicative of the soil-bedrock transition, where porous non-consolidated material
is progressively substituted by consolidated and more comprised material, which
yields higher di↵usivity values with depth (de Vries, 1963; Pollack et al., 2005).
Apparent di↵usivity values scale up from 0.7–1 to 1.4–2.6 10�6 m2s�1 at most
of the sites, which is consistent with the aforementioned transition. In Fig. 3.5,
CTS and HYS show similar change point values for the amplitude attenuation
and the phase shift analysis around 5 m. However, there is more uncertainty at
RPI and HRR, where the amplitude attenuation yields shallower change points
(7 and 4 m) than the phase shift analysis (11 and 8 m, respectively).

The previous changes in apparent di↵usivity inferred by the CA can be par-
tially traced back to the soil-bedrock transitions observed in Fig. 2.2 (see Section
2.1), where the profiles of subsurface composition have a superficial soil layer
which is succeeded by accumulated sediments and crystalline materials of gran-
ite and gneiss. Results coming from the CA and the stratigraphy of the samples
agree at HYS, placing the soil-bedrock transition at a depth of 5 m. However, the
CA underestimates the observed soil-bedrock transition depth at CTS, where the
bedrock starts in the sampled cores at 8 m (Fig. 3.5). The fact that the amplitude
attenuation and phase shift CA results do not coincide at RPI and HRR might
be also an indication that other factors influence the occurrence of change points
(e.g., soil moisture). Moreover, both values overestimate the soil-bedrock transi-
tion depth given by the samples, at 5 and 2 m for RPI and HRR, respectively.
In conclusion, considering the combined results from the stratigraphy and the
CA for the four sites, it becomes clear that there is some uncertainty in the rela-
tionship between subsurface material and apparent thermal di↵usivity changes,
and other influences play a role in producing changes in thermal properties with
depth.

The aforementioned sample analysis illustrates that changes in subsurface ma-
terial do not occur abruptly but rather progressively into depth, contributing to
changes in apparent thermal di↵usivity with depth as well. For that reason, sub-
surface di↵usivity profiles were derived by applying the CA level by level for CTS,
HYS, RPI, and HRR (Fig. 3.6). This shows that di↵usivity increases with depth
at every site, which agrees with a previous analysis conducted at Fargo (Smerdon
et al., 2003). Whilst RPI and HRR manifest a more linear behaviour, apparent
thermal di↵usivity values at CTS and HYS di↵er considerably from one layer to
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Figure 3.6: Thermal di↵usivity (, 10�6 m2s�1) and wave velocity (⌫, m yr�1) profiles
with depth (m). The red curves were obtained from normalized amplitude attenuation values
ln(A/A0) and the blue ones from phase shift values with depth. Dashed (solid) lines represent
the raw (3-running layer thickness-weighted average) estimate. Points at the bottom of the pro-
file (shaded yellow) represent the thickness-weighted average of the whole subsurface profile.
Shaded areas in red (blue) represent the thermal di↵usivity values obtained by linearly fitting
amplitude attenuation (phase shift) in Fig. 3.4.

the other, with the profiles being particularly variable near the surface. In general,
mean di↵usivity values and spread attained in Fig. 3.4 are well represented by
the profiles, being higher at the deepest layers. Since di↵usivity estimates in Fig.
3.6 are weighted by the layer thickness, small values in the thinner soil layers near
the surface are down-weighted and the total vertical estimates tend to be greater
than those provided in Fig. 3.4. Overall, Fig. 3.6 agrees well with results derived
from Figs. 2.2, 3.4 and 3.5, and Table 3.2, better illustrating the deviations from
the linear behaviour for the natural logarithm of amplitude attenuation and the
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phase shift with depth identified in Fig. 3.4. These deviations are explained by
an increase in apparent thermal di↵usivity with depth.
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Figure 3.7: SpM amplitude attenuation analysis at NVC (left panel) and SGV (right panel).
Monthly time series at both sites were selected for a common interval spanning from 1999 to
2008. Missing data were linearly interpolated. Spectral attenuation curves are calculated as
a ratio of amplitudes of the Welch’s periodogram at (Stoica and Moses, 1997) 0.1 (orange),
0.2 (red), 0.5 (green), and 1 (blue) m temperature levels with respect to GST. Solid (dashed)
lines represent observed (theoretical) curves at every level. Di↵usivity values below come from
least-squares fitting the observed to theoretical curves. Di↵usivity values in grey (top left of
each panel) show the result of the CA for the amplitude attenuation of the annual cycle (1/12
month�1) shown in Fig. 3.4. Colored points at the annual frequency (vertical grey dashed line)
show the corresponding result of the CA for the amplitude attenuation at every level with
respect to GST, which can be compared with the corresponding SpM observed (solid) and
theoretical (dashed) values.

3.2.3 Subsurface thermal regime: the SpM

The heterogeneity in soil composition and moisture spatial and temporal vari-
ability can produce changes in thermal di↵usivity near the surface. To study this
e↵ect, the SpM is introduced in the analysis, taking into account the damping
of all temperature perturbation amplitudes in the frequency spectrum, although
overseeing alterations of the conductive regime due to convection, advection or
latent heat exchange processes (Gao et al., 2008; Tong et al., 2017). Nevertheless,
it can provide some hints on the di↵usivity changes with depth and time. An ex-
ample of its performance is given in Fig. 3.7, where it was applied to monthly
temperature data at SGV and NVC in 1999–2008. Apparent thermal di↵usivity
was retrieved at 0.05, 0.1, 0.25, and 0.5 m layers assessing the spectral ampli-
tude attenuation of GST in its propagation to the 0.1, 0.2, 0.5, and 1 m levels,
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respectively. Results for both sites show soil thermal di↵usivity increases with
depth, being higher for NVC than for SGV. The value of apparent thermal di↵u-
sivity for the whole soil column derived from the SpM at SGV (see points in Fig.
3.7) agrees with the CA estimate at the annual frequency from Fig. 3.4 (1/12
month�1; 0.55 for CA vs. 0.56 10�6 m2s�1 for SpM), while it is slightly smaller at
NVC (0.82 vs. 0.76 10�6 m2s�1). The consistency of CA and SpM in reproducing
the amplitude attenuation of the annual cycle indicates the robustness of SpM in
reproducing CA results. Furthermore, SpM allows for extending the amplitude
attenuation analysis to the whole harmonic spectrum. This entails that shorter
periods, i.e., higher frequencies than the annual cycle, can be considered. In fact,
the application of the SpM is not limited to data at monthly resolution but is
applicable to higher temporal resolutions.

Fig. 3.8 expands the use of the SpM as an example to estimate thermal dif-
fusivity values for weekly (a), 3-daily (b), daily (c), and 3-hourly (d) resolutions
at HRR. It is observed how the SpM consistently reproduces the amplitude at-
tenuation of the annual cycle stemming from CA at every resolution. Moreover,
Fig. 3.8 shows the e↵ect of frequency in amplitude decay: whilst in Fig. 3.8a,
the observed amplitude attenuation curves show an exponential decay in every
case, with values over 1/e except for 1 m, all levels in Fig. 3.8d are a↵ected by
poor signal-to-noise ratios at the high frequencies. Therefore, filtering out unre-
liable amplitude attenuation values at high frequencies with a suitable criterion
(e-fold decay in our case) becomes crucial to prevent unbiased thermal di↵usiv-
ity estimates. If the whole frequency band was considered in the SpM, unbiased
estimates would still be attained at shallow soil layers and low frequencies, but
poor performance should be expected at the deep and high ones, respectively.

As has already been mentioned, soil properties are especially heterogeneous
near the surface, due to interactive changes in soil material, texture (Cermak
et al., 2017), moisture, and hydrology (Pollack et al., 2005; Gao et al., 2008;
Tong et al., 2017). The last factor mostly a↵ects subsurface thermal conductivity
and volumetric heat capacity by filling up the empty pore spaces embedded in the
soil (Arkhangelskaya and Lukyashchenko, 2018), which in turn modifies apparent
thermal di↵usivity. Figure 3.8e explores the relation between soil moisture content
and apparent thermal di↵usivity near the surface at HRR.

The SpM at 3-hourly resolution (Fig. 3.8e) in a 10-day running window is ap-
plied to derive an intra-monthly evolution of apparent thermal di↵usivity at the
shallowest layers (0.1 m and 0.2 m), which is subsequently compared to changes
in soil moisture and precipitation. It is observed that soil moisture presents a
seasonal cycle, with extremely low content values in summer and relatively high
but variable values in winter and spring. Transitions between these two states
are remarkably abrupt, with soil moisture content increasing substantially by the
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Figure 3.8: As in Fig. 3.7, SpM analysis of subsurface temperature attenuation at HRR for
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attenuation curves were excluded in the estimation of apparent thermal di↵usivity, according
to the e-fold decay criterion explained in Section 3.1. (e) Precipitation, soil moisture content, and
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resolution is shown in purple. Least-square regression correlation (R) for SpM at every time
step is given below in each case. The gray shaded thick line represents the only time interval
(4 days) with snow insulation in Fig. 3.3c for HRR.
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beginning of autumn and responding to enhanced precipitation, and the oppo-
site occurring by the end of spring. In contrast to other sites in the Sierra de
Guadarrama, HRR is rarely snow-covered in winter, which usually occurs af-
ter high-impact snow events (e.g., Filomena, which hit the Iberian Peninsula in
January 2021, shading in Figs. 3.3c and 3.8e, Fernández-Castillo et al., 2025).
Apparent thermal di↵usivity also shows a seasonal behaviour, which corresponds
to soil moisture low-frequency variability. In summer, poor soil moisture content
reduces apparent thermal di↵usivity values. However, even though di↵usivity in
winter increases with soil moisture content, the relation between these two vari-
ables at the high frequencies is not conclusive. For instance, the evolution of
di↵usivity in winter-spring 2018 at both soil levels correctly mimics soil moisture
content variations (Fig. 3.8e), yet fails to capture its strong variations in winter
2020. This agrees on a clear increase of apparent thermal di↵usivity from dry
to wet soils, but a rather stable di↵usivity in wet soils close to its field capacity
observed by Arkhangelskaya and Lukyashchenko (2018). An analogous result for
thermal conductivity by Dai et al. (2019) complies with this result as well. More-
over, SpM fails to provide reliable estimates of apparent thermal di↵usivity when
the ground is insulated by the snow, due to signal loss in the whole frequency
band. This is clearly shown in Fig. 3.8e in January 2021, when the R coe�cient,
that is the square root of the goodness-of-fit of the amplitude attenuation to an
exponential function, becomes extremely low.

Inter-annual correlation is hard to establish from our assessment due to the
shortness of the time series in Fig. 3.8. However, previous studies (e.g., Melo-
Aguilar et al., 2022) suggest soil moisture and apparent thermal di↵usivity
changes are to some degree proportionally related. Nevertheless, the lack of strong
evidence of a linear relationship between apparent thermal di↵usivity and soil
moisture could also suggest that heat conduction is not the only mechanism
of heat transfer near the surface. Heat convective transport via soil moisture
and latent energy fluxes, water advection, and horizontal heat transport due to
uneven temperature changes at the ground surface can also contribute to modi-
fying the vertical heat conduction regime near the surface. The use of a running
window SpM over longer time series or developing an alternate SpM based on a
conductive-convective amplitude attenuation (Gao et al., 2008; Tong et al., 2017)
solution to the heat conduction equation might better define this relation in wet
soils.
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3.3 Discussion and conclusions

The subsurface thermal structure at six sites in the Sierra de Guadarrama is
consistent with the hypothesis of conduction being the main heat propagation
mechanism of SAT changes into depth. On the one hand, SAT changes are trans-
ferred to the near-surface at the ground. Although SAT and GST are coupled at
long-time scales, snow insulation, and zero-curtain e↵ects produce a decoupling
in winter in the uppermost stations (CTS, HYS, and RPI), which are a↵ected
by the presence of a seasonal snow cap (Figs. 3.2 and 3.3). This result agrees
with previous studies carried out at cold and snowy sites, such as Fargo (North
Dakota, US, Smerdon et al., 2003), Emigrant Pass (Utah, US, Bartlett et al.,
2006), Bistrit,a (Romania, Demetrescu et al., 2007), and Hveravellir (Iceland,
Petersen, 2022).

On the other hand, GST changes are propagated to depth by heat conduction
to an extent controlled by the apparent thermal di↵usivity of the subsurface. A
CA method based on the amplitude attenuation and phase shift of the annual
cycle yielded values that are between 1 and 1.3 10�6 m2s�1 for the whole vertical
profile (20 m) at most of the sites (Fig. 3.4), which are in the range of typical
di↵usivity values for granite or gneiss, main materials found in the Sierra de
Guadarrama’s subsurface (Fig. 2.2). These values are higher than those observed
at other sites (e.g., Fargo, Prague, Cape Henlopen, Smerdon et al., 2004), which
include shallower measures. If apparent thermal di↵usivity is assessed near the
surface, the values are smaller and closer to the previous literature (0.4 to 0.8 10�6

m2s�1; Table 3.2). A subsequent two-phase adjustment (Fig. 3.5) and a profile
derivation based on CA (Fig. 3.6) portrays an increase of thermal di↵usivity
with depth at all sites, being more remarkable near the soil-bedrock transition.
Evaluating thermal di↵usivity changes with depth using a CA can therefore be a
useful approach to determine soil depth at observational sites when no BRH rock
samples are available. The deep monitoring profiles at the Sierra de Guadarrama
are unique and provide a wider insight into the subsurface thermal structure,
which may have implications for calibrating soil and bedrock properties in models
(Tong et al., 2016; Dai et al., 2019) and monitoring land heat uptake in the
terrestrial energy budget (Cuesta-Valero et al., 2022; von Schuckmann et al.,
2023; Cuesta-Valero et al., 2025).

Near-surface (i.e., 1 m) soil apparent thermal di↵usivity vertical and temporal
heterogeneity is further explored by introducing a new SpM, which extends the
analysis of temperature amplitude attenuation to the whole frequency spectrum.
The SpM reports consistent apparent thermal di↵usivity values in the first soil
meter at SGV, NVC, and HRR with those previously derived with the CA for each
of the respective sites regardless of the time resolution of the input data. Then, it
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was used in an intra-monthly (10-daily) sliding window to explore apparent ther-
mal di↵usivity changes in time at the ground surface at HRR (Fig. 3.8e). Results
suggest this parameter presents a seasonal cycle that is positively correlated with
soil moisture, mostly under soil drought conditions. However, the fact that these
changes are poorly correlated under high soil moisture contents might indicate
that heat conduction is not the main heat transfer mechanism in wet soils. Heat
transport via water advection and phase changes might not be negligible near
the surface, so thermal structure in the shallow soil could be better character-
ized using a modification of SpM that complies with a conduction-convection
heat transfer equation (Gao et al., 2008; Tong et al., 2017). Even so, the re-
sults show the potential of the SpM for inferring soil moisture content changes
from soil temperatures, becoming a powerful tool for evaluating soil drought and
water resource availability from observational and simulation-based subsurface
temperature data.





Chapter 4

Land heat uptake in the industrial
period: a comprehensive assessment from
multiple data sources∗

Chapter 3 demonstrated the conductive nature of the ground subsurface using ob-
servational temperature data series. GST variations are propagated downwards,
experiencing an exponential amplitude attenuation and linear phase shift that is
more intense for the highest frequencies. Atmospheric temperature trends asso-
ciated with global warming also penetrate underground, being progressively less
intense with depth. This underground temperature increase is caused by a pos-
itive heat uptake by the terrestrial subsurface. Quantifying this energy input in
absolute terms is relevant to have a correct picture of the relative contribution of
the di↵erent climate components to the terrestrial energy imbalance partitioning
(see Section 1.6).

This chapter addresses the limitations that state-of-the-art ESMs have on the
representation of land heat uptake due to the prescription of a zero-flux BBCP.
In this context, SAT, GST, and subsurface temperature responses to forcing
are assessed in two fully-coupled simulations of the CE with shallow and deep
representations of the LSM (Sect. 4.2.1). Their long-term land heat uptake is
also evaluated (Sect. 4.1.2, 4.2.1). The comparison evidences that deepening the
BBCP increases much the land heat uptake, but does not remarkably a↵ect the
simulated surface temperature. Therefore, unbiased estimates of the land heat
uptake due to industrial warming can be obtained by conducting standalone
half-infinite forward model experiments forced by the surface temperatures from
di↵erent sources as top boundary conditions (Sect. 4.1.1). This methodology is
used to derive estimates of land heat uptake using all available observational
datasets, reanalysis products, and state-of-the-art ESM experiments (Sect. 4.2.2).

∗ The main contents of the chapter are included in the published research article:
Garćıa-Pereira, F., J. F. González-Rouco, C. Melo-Aguilar, N. J. Steinert, E. Garćıa-
Bustamante, P. de Vrese, J. Jungclaus, S. Lorenz, S. Hagemann, F. J. Cuesta-Valero, A.
Garćıa-Garćıa, and H. Beltrami, 2024: First comprehensive assessment of industrial-era land
heat uptake from multiple sources. Earth System Dynamics, 15, 547–564, DOI: 10.5194/esd-
15-547-2024.
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4.1 Methods

4.1.1 Subsurface temperatures generation

A half-infinite one-dimensional heat conduction forward model (Mareschal and
Beltrami, 1992; Cuesta-Valero et al., 2023) is used to propagate yearly surface
temperature data from the sources in Tables 2.8 and 2.9, and the P2k+ sim-
ulations (both d and s, Table 2.6) and produce forward temperature anomaly
profiles (FTP hereafter):

FTP (tN , z) =
NX

i=1

T (ti)


erfc

✓
z

2
p
ti

◆
� erfc

✓
z

2
p
ti�1

◆�
(4.1)

where T (ti) is the annual global mean surface temperature anomaly at time step
ti,  is thermal di↵usivity, and z is depth. To compute FTPs at a certain time
step, surface temperature data are trimmed to the interval spanning from the
initial year (t1; e.g., 1850, 1950, 1960, and 1971) to ti. Temperature anomalies
are calculated by computing annual anomalies with respect to the temperature
value of the first year of the trimmed interval, t1. This allows for departing from
equilibrium initial conditions. These FTPs are equivalent to the BTPs used to
yield observational land heat uptake estimates, which are derived by subtracting
the geothermal gradient (mean state) from the absolute log temperature values
(Mareschal and Beltrami, 1992; Huang et al., 2000). An ensemble of 3 di↵erent
FTPs per time step was obtained using di↵erent thermal di↵usivity values result-
ing from a Monte Carlo random sampling method of local properties (Davison and
Hinkley, 1997), which accounts for the uncertainty in temporal and spatial soil
heterogeneity (Cuesta-Valero et al., 2022). The Monte Carlo method consisted of
averaging 100 di↵erent global maps of thermal di↵usivity with values randomly
sampled from a realistic range of 0.5 to 1.5 10�6 m2s�1. The sample size was the
original number of gridpoints over land for every data source in Tables 2.8 and
2.9. Then, percentiles 2.5, 50, and 97.5 of the 100 values were taken as the three
thermal di↵usivity values for computing the global FTPs. This is the approach for
every data source except for the P2k+ simulations, for which 0.79 10�6 m2s�1 is
taken as the thermal di↵usivity to produce the FTP, which is the weighted global
mean of the FAO values used by JSBACH to resolve the temperature vertical
scheme (see Table 2.4). All the FTPs were resolved down to a common depth of
1417 m so that results could be comparable to the estimates derived from the
P2k+d simulation, limited by a zero-flux bottom boundary condition at 1417 m.
This comparison is possible since this BBCP depth ensures the thermal decou-
pling between the ground surface and the bottom layer, which is equivalent to the
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subsurface acting as a half-infinite conductive medium (González-Rouco et al.,
2021; Steinert et al., 2021a). As the uncertainties associated with local thermal
properties and subsurface depth are tackled when calculating the FTPs, global
di↵erences between mean FTPs and land heat uptake estimates from di↵erent
sources cannot be due to these factors.

In addition, both subsurface temperature data coming from P2k+ (Table 2.6)
and CMIP6 simulations (Table 2.8) are used. Temperatures at di↵erent subsur-
face levels for every time step are aggregated to yield subsurface temperature pro-
files. Subsurface temperature anomaly profiles (STPs hereafter) are subsequently
computed by subtracting the initial temperature profile from this T (ti, z), as
follows:

STP (ti, z) = T (ti, z)� T (t1, z) (4.2)

where T (ti, z) is the subsurface temperature at depth z and time step ti, and,
i.e., the subsurface temperature profile at time step ti, and T (t1, z) is the initial
subsurface temperature profile.

4.1.2 Land heat uptake estimation

The annual time evolution of the land heat uptake, Qs(t), can be estimated by
integrating the FTP anomalies along the whole soil column at every yearly time
step as follows:

Qs(t) = A

nX

j=1

�z(j) Cv(j)
FTP (t, j) + FTP (t, j + 1)

2
(4.3)

where �z(j), Cv(j), and FTP (t, j) are thickness, volumetric heat capacity, and
global mean FTP of layer j, respectively, and A is the Earth’s land surface area
excluding glacier areas in Antarctica and Greenland (1.34 1014 m2, Cuesta-Valero
et al., 2023). FTPs were calculated using an evenly spaced layering of 1 m thick-
ness. Land heat uptake from both P2k+ (Table 2.6) and CMIP6 (Table 2.8) was
also calculated from the simulated model subsurface temperatures down to the
BBCP, i.e., STPs, by making use of Equation 4.2, albeit temperature layers are
unevenly spaced in these cases. LSM vertical layering thickness for both shallow
and deep configurations of the MPI-ESM is given in Table 2.5. These values can
also be consulted for the CMIP6 models used in this thesis following the di↵erent
references in Table 2.8. Analogous to what it is done to compute thermal di↵usiv-
ity (see Sect. 4.1.1), three values of volumetric heat capacity were derived using
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a Monte Carlo approach (Davison and Hinkley, 1997; Cuesta-Valero et al., 2022)
for every source in Tables 2.8 and 2.9 using randomly sampled values between
2.5 and 3.5 106 Jm�3K�1. The combination of three values for volumetric heat
capacity and three for thermal di↵usivity yield nine land heat uptake estimates,
which are represented hereby in terms of mean and variability (two standard
deviations).

4.2 Results

4.2.1 Influence of a realistically deep LSM

The comparison of the MPI-ESM P2k+s and P2k+d simulated SAT, GST, and
soil temperature at layer 5 (ST5) allows for assessing the thermal impact of
increasing the BBCP depth (Fig. 4.1). ST5 is selected because it is the deepest
level for P2k+s, reaching 9.83 m, and can be compared with the corresponding
layer in P2k+d. Figure 4.1a-d shows the time evolution of SAT, GST, and ST5
for the two simulations both in annual averages and with 31-year running means
to emphasize the low-frequency response. The response to the common external
forcing during the last two millennia (Jungclaus et al., 2017) generates similar
interannual (e.g., volcanic events), multidecadal, and centennial variability for
P2k+s and P2k+d for SAT and GST (Fig. 4.1a,b,d), indicating no systematic
changes in preindustrial mean state (Fig. 4.1f) and variability (Fig. 4.1g,h) from
using the deep or shallow versions of the model. The resulting SAT and GST
warming of about 5.5 oC at the end of the 21st century agrees well with the range
of warming in the ensemble of MPI-ESM runs (Fig. 4.1e) and with a climate
sensitivity of 3.2 oC for the MPI-ESM (Mauritsen et al., 2019). Note that for
each simulation SAT and GST virtually overlap, showing long-term SAT–GST
coupling (Melo-Aguilar et al., 2018). However, the impacts of deepening the LSM
are noticeable in ST5, consistent with González-Rouco et al. (2021), with P2k+d
showing lower high-frequency volcanic cooling (e.g., 1257, 1457, and 1815, Fig.
4.1c), preindustrial variability (Fig. 4.1f-h) and warming (0.8 oC by 2100, Fig.
4.1e,i) than P2k+s. The reduced warming is significant (p < 0.05) if compared to
the range of 21st-century warming values produced by the 30ENS of MPI-ESM
simulations.

Therefore, increasing the depth of the LSM produces significant changes in the
subsurface temperatures, yet it does not change surface temperatures. The GST
of the P2k+s and P2k+d can be considered equal in terms of their range of vari-
ability and long-term trends, indicating that the surface temperatures simulated
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Figure 4.1: Past2k, historical, and SSP5-8.5 (P2k+) global means for a) SAT, b) GST, and c)
ST5 anomalies over land areas (excluding Greenland and Antarctica) in 0–2000 CE relative
to 1850–1900 for a simulation run with the MPI-ESM1.2-LR with a shallow (subscript s, red
lines) and a deep (subscript d, blue lines) version of its LSM, JSBACH. Annual time series
are shown in light, while 31-year moving averages are portrayed in dark colors. (d) 31-year
moving averages in a-c (see legend for colors) are represented here together with the ensemble
of 30 MPI-ESM1.2-LR CMIP6 standard shallow historical and SSP5-8.5 simulations (30ENS,
grey lines) in 1850–2100 CE for comparison. (e) SAT (black), GST (purple), and ST5 (pink)
di↵erences between P2k+s and P2k+d, filtered with a 31-year moving average. For a,b,c,d, and
e, vertical solid (dashed) lines indicate the 6 (19) strongest (weakest) volcanic events of 0–1850
CE. (f,g,h) Range of temperature variability of annual (A) and 31-yr moving average (MA31)
time series in the preindustrial period (0–1850 CE) for SAT (f), GST (g), and ST5 (h). Whiskers
represent percentiles 10 and 90, and boxes 25 and 75, respectively. (i) Temperature anomaly
at 2100 with respect to 0–1850 CE (K) in P2k+ (see legend for colors). In this case, whiskers
show the range of variability (percentiles 10, and 90) of the total warming (K) in 30ENS.
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Figure 4.2: (a) FTPs (continuous lines) and MPI-ESM STPs (symbols, see legend) for P2k+d
(blue) and P2k+s (red) and for the 30-member ensemble mean of MPI-ESM historical and
SSP5-8.5 simulations (30ENS, black) in years 2014 and 2100. Y-axis is logarithmic. (b) Land
heat uptake derived from the yearly time step-wise vertical integration of FTPs and STPs for
P2k+d, P2k+s, and 30ENS. The time x-axis is unevenly spaced to enhance land heat gain since
1850. For the 30ENS, the confidence interval is also shown in grey (p < 0.05).

by a LSM are not a↵ected by its BBCP depth. This result o↵ers the potential
to use GSTs from di↵erent sources, e.g., reanalysis or CMIP6 simulations, as a
boundary condition for forcing an infinite half-space standalone forward model
and deriving realistic land energy storage estimates. This is first verified in Fig.
4.2 using the P2k+ runs. Figure 4.2a shows both STPs from P2k+s, P2k+d, and
the ensemble mean STP from 30ENS, and their respective FTPs by the end of the
historical period (2014) and SSP5-8.5 (2100). Both STPs and FTPs can capture
the di↵erent degrees of warming between 2014 and 2100 and agree to portray
its penetration down to a depth of about 150 m (Fig. 4.2a). However, there is a
remarkable di↵erence when comparing the FTPs and STPs for P2k+s, P2k+d,
and the 30ENS. Whilst P2k+d FTP is capable of reproducing its analogous STP,
FTPs, and STPs for P2k+s diverge in depth. This is because the forward model
is run with no zero-flux BBCP imposed, which can be considered analogous to
the deep configuration of JSBACH (1417 m). Consequently, FTP warm anoma-
lies are smaller in depth than the ones corresponding to the STP, which complies
with a BBCP at 10 m. Imposing a shallow BBCP generates a warm bias with
depth since the heat flux is halted from penetrating downwards due to the exis-
tence of a zero-flux condition (Smerdon and Stieglitz, 2006; Alexeev et al., 2007;
Steinert et al., 2021a). Thus, FTPs derived from P2k+s and 30ENS reproduce
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Figure 4.3: Global land mean temperature anomaly in 1850–2020 with respect to 1950 for
reanalyses, observational, and a 38-member CMIP6 ensemble. SAT is plotted both for observa-
tional and CMIP6 sources and LMRv2.1 (tags in bold), whereas GST is given for the remaining
reanalyses and CMIP6 simulations (see Tables 2.8 and 2.9). GST and SAT spread ranges for
the CMIP6 ensemble are also portrayed (p<0.05).

P2k+d STP and FTP, realistically representing the half-infinite space thermal
conduction that governs heat propagation in observational BTPs (Mareschal and
Beltrami, 1992; Cuesta-Valero et al., 2021b).

Figure 4.2b shows the land heat uptake since 0 CE resulting from the stepwise
integration of FTPs and STPs for the P2k+ simulations, and FTPs for 30ENS.
Both STP and FTP-derived heat energy uptake estimates for P2k+d and the
FTP-derived for P2k+s depict a preindustrial land heat loss, which gets more
acute in the LIA (from 1400 to 1850, Miller et al., 2012), and a noticeable heat
uptake since 1900. The STP-based heat uptake evolution for P2k+s misses to
simulate the heat loss and largely underestimates the magnitude of the subse-
quent heat uptake shown by P2k+d, yielding a heat uptake of around 18 ZJ by
the end of the 21st century, which is 4 times smaller than the values derived
from deep FTPs and P2k+d STP (about 75 ZJ). The agreement of P2k+s and
P2k+d on the land heat uptake when the forward modeling approach is used
evidences the viability of using surface temperatures as boundary conditions to
derive FTPs and estimate heat uptake when subsurface thermal schemes are too
shallow.
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Figure 4.4: Decadal global land heat uptake in the industrial period (1850–2020) from the
di↵erent data sources in Fig. 4.3. Red (blue) tones in the heatmap represent decadal energy
gains (losses). The black horizontal line separates CMIP6 models (38 members), including MPI-
ESM P2k+ simulations, from reanalysis and observational data sources (12 members). CMIP6
sources are sorted downwards alphabetically, while the rest are ordered by length of decreasing
periods. The last row (values in bold) represents the multi-source decadal mean.

4.2.2 Multi-source land heat uptake estimates

The previous analysis opens the possibility of estimating land heat uptake from a
variety of sources. Global mean land surface temperature anomalies with respect
to 1950 for the seven reanalyses, five observational databases, and the CMIP6
model ensemble are shown in Fig. 4.3. By averaging 38 CMIP6 members, the ef-
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fect of internal variability is minimized, thus emphasizing the response to forced
variability. It can be seen that both SAT and GST CMIP6 multi-model means
(thick lines) are fully coupled up to 2000, depicting sudden cooling events in
the 1880 and 1990 decades, associated with the volcanic activity of Krakatoa
or later El Chichón and Pinatubo (Self and Rampino, 1981; Mccormick et al.,
1995). They also capture the cooling during the 1950s and 1960s and the subse-
quent warming. However, the warming trend is slightly higher for SAT than GST,
which produces a small temperature o↵set of about 0.1 K by 2020. This o↵set is
negligible compared to the range of temperature variability of the 38 members
(SAT, shaded grey; GST, scratched gold), so SAT and GST can be considered
as coupled, and therefore SAT can be used as alternative boundary information
to feed the forward model when GST data are not available. Regarding the ob-
servational and reanalysis datasets, surface temperatures lie within the range of
CMIP6 multi-model variability. Nevertheless, observational data render higher
temperature anomaly values than all the reanalyses, showing higher temperature
trends in 1950–2000 and 1960–2020 (Table 2.9). Moreover, NCEP1 and JRA55
depict the coldest GST evolutions of all observational-based sources, even lying
beneath the multi-model spread of CMIP6 models at some years in the mid-70s.

The decadal evolution of the di↵erent surface temperature datasets impacts
their land heat uptake, as it is shown in Fig. 4.4, where decadal heat gains and
losses are assembled for the time span of each of the 50 datasets collected in this
work. All the sources agree on depicting a progressive land warming, only inter-
rupted by transient coolings in the 1880s, 1900s, and 1960s, that coincide with
the volcanic eruptions of Krakatoa (Self and Rampino, 1981), Péleé (Gueugneau
et al., 2020) and Agung (Hansen et al., 1978). Moreover, heat gain is enhanced
in 1980–2020, rendering a land uptake of around 14 ZJ. Even though land heat
uptake intensifies in these decades, its increase is not linear, with 1990–2000 and
2010–2020 showing a deceleration in the heat uptake trend (0.4 and 0.8 ZJ, re-
spectively) with respect to the 1970–2020 values (increasing land heat uptake of
1.2 ZJ per decade on average). The uncertainty associated with variability in soil
properties is negligible and accounts for less than 0.1 ZJ decadally. Di↵erences
between sources in the intensity or the time occurrence of decadal heat gains
(losses) can result from di↵erences in the representation of internal variability, as
suggested by the higher consistency among estimates from observations compared
to those from CMIP6 models. Products showing the greatest decadal tempera-
ture trends in Tables 2.8 and 2.9, such as ACCESS-ESM1-5 or GISTEMPv4,
generate the largest storage of energy, with 16.4 and 17.2 ZJ during 1980–2020,
respectively.

The estimates of land heat uptake derived from reanalyses, observational data,
and CMIP6 models (Fig. 4.4) are compared to values previously reported in



84 4 Land heat uptake in the industrial period from multiple data sources

-1
-0.75

-0.5
-0.25

 0
 0.25

 0.5
 0.75

 1
 1.25

 1.5
 1.75

 2

1850 1900

T
em

p
er

at
u

re
 a

n
o

m
al

y
 [

K
]

borrar

20CRv3 CERA20c ERA5L NCEP1 JRA55 ERA20c

LMRv2.1 GISTEMPv4 CRUTEM5 NOAAGlobalTemp

BEST UDEL CMIP6GST MPI-ESM P2k+d MPI-ESM P2k+s

-5

 0

 5

 10

 15

 20

 25

 30

        

1950 - 2000

REANALYSIS OBSERVATIONS CMIP6 ESTIMATES
PREVIOUS

L
an

d
 h

ea
t 

u
p

ta
k

e 
[Z

J]

H
0
6

B
0
2 B
0
2
b

v
S

2
0
*

C
V

2
3
*

-5

 0

 5

 10

 15

 20

 25

 30

        

1960 - 2020

REANALYSIS OBSERVATIONS CMIP6 ESTIMATES
PREVIOUS

L
an

d
 h

ea
t 

u
p

ta
k

e 
[Z

J] v
S

2
0

C
V

2
3

-5

 0

 5

 10

 15

 20

 25

 30

        

1971 - 2018

REANALYSIS OBSERVATIONS CMIP6 ESTIMATES
PREVIOUS

L
an

d
 h

ea
t 

u
p

ta
k

e 
[Z

J]

v
S

2
0

C
V

2
3

(a)

(b)

(c)

BBCP depth (m)

3 5 10                     40    50

Figure 4.5: Land heat uptake estimates from di↵erent sources and periods. Land heat uptake
during 1950–2000 (a), 1960–2020 (b), and 1971–2018 (c) derived from FTPs (hollow points)
of reanalysis and observational databases (Table 2.9), CMIP6 FTPs (right hollow) and direct
integration of CMIP6 STPs (left solid points, Table 2.8), and previous estimates: B02 (Beltrami,
2002), B02b (Beltrami et al., 2002), H06 (Huang, 2006), vS20 (von Schuckmann et al., 2020),
and CV23 (Cuesta-Valero et al., 2023), orange crosses. The vS20 and CV23 estimates for 1950–
2000 refer in fact to 1960–2000 and are marked with a star. The BBCP depth for every CMIP6
model used in this work is given by a grey shading (see legend above), while the multi-model
mean both for the STP and FTP-based values is given by gold crosses. MPI-ESM P2k+d
(P2k+s) estimates are plotted in dark blue (red).
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the literature derived from logged BTPs (Beltrami et al., 2002; Beltrami, 2002;
von Schuckmann et al., 2020; Cuesta-Valero et al., 2023) and CRUTEM2 SAT
(Huang, 2006) for the periods 1950–2000, 1960–2020, and 1971–2018 (Fig. 4.5).
The selection of these time intervals enables the comparison with previous works.
In the case of CMIP6 models, both the heat estimates obtained through direct
integration of the STPs and FTPs are depicted. The MPI-ESM P2k+ estimates
(Fig. 4.2) are also included. All the estimates from this work and the previous
literature show an increasing trend of land heat uptake towards the present. The
1950–2000 interval (Fig. 4.5a) shows less warming in the reanalyses than in the
observational derived estimates, which is particularly noteworthy for LMRv2.1
and JRA55. These two reanalyses show no heat uptake in 1950–2000, which
stems from a long-lasting negative temperature anomaly in 1950–1980 that is not
shown by the rest of the sources (Fig. 4.3). Furthermore, CMIP6 depth-corrected
estimates using FTPs are in range with the reanalysis and slightly below the
observational estimates. Hence, all estimates based on FTPs agree overall with
the previous estimates, with von Schuckmann et al. (2020) giving the highest
land heat uptake values across all data sets. Figure 4.5b and c portray similar
results for the periods 1960–2020 and 1971–2018, respectively. In both cases,
the estimates derived from the di↵erent FTPs are consistent, with observational
estimates at the upper end and some reanalyses showing the smallest land heat
uptake values. For instance, land heat uptake estimates for the period 1971–2018
(Fig. 4.5c) range from 10.5 to 16.0 ZJ, yielding an ensemble mean of 13.9 ZJ for
the CMIP6 FTPs, 12.2 ZJ for the reanalyses, and 15.0 ZJ for the observational-
driven estimates. These di↵erences are due to the smaller temperature trends
shown by reanalyses and CMIP6 models when compared to observational data
sets from the 1970s to the present, as shown by Fig. 4.3 (see Tables 2.8 and 2.9
for the exact trend values).

Furthermore, Fig. 4.5 shows the dependence of land heat uptake on BBCP
depth for CMIP6 STP-derived estimates (note gray shading on the left side),
evidencing a significant increase when the forward model is applied to correct
estimates stemming from shallow ESMs (from 6.9 to 12.6 ZJ in 1960–2020, Fig.
4.5b, and from 7.0 to 13.9 ZJ in 1971–2018, Fig. 4.5c). Since 1950–2000 warming
is very small for most of the CMIP6 models and very sensitive to the internal
variability of each one (see Table 2.8), correcting the estimates in this case does
not make a remarkable di↵erence (Fig. 4.5a). Even after correcting the BBCP
depth bias on land heat uptake, the range of CMIP6 multi-model variability is
still very large, with a standard deviation of 5.4 (5.1) ZJ in 1960–2020 (1971–
2018). This large variability is explained by some outlier estimates (e.g., CAMS-
CSM1-0 and GISS-E2-2-G) which yield very small or even negative land heat
uptakes, linked to the small climate sensitivity of these models in the periods
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of study, as shown by Table 2.8. By contrast, the CMIP6 simulations showing
the greatest temperature trends also show the largest corrected FTP values,
some of them yielding greater estimates than the state-of-the-art estimates from
von Schuckmann et al. (2020); Cuesta-Valero et al. (2023). In all periods shown
in Fig. 4.5, the multi-model CMIP6 mean is consistent with estimates yielded
by reanalyses and observational data sets. Despite the consistency among the
estimates obtained from the di↵erent data sets in this work, all of them yield
results in the range of past literature values for the 1950–2000 period (Beltrami
et al., 2002; Beltrami, 2002; Huang, 2006), but are lower than those in recent
literature for 1960–2020 and 1971–2018, which quantified land heat uptake to
be between 18.6 and 25 ZJ in 1971–2018 (von Schuckmann et al., 2020; Forster
et al., 2021), and subsequently narrowed and lowered this range to be 18.0-18.4
ZJ (Cuesta-Valero et al., 2023).

4.3 Discussion and conclusions

We compare land surface and soil temperatures as well as land heat uptake from
two simulations of the period 0-2100 CE made with two versions of the MPI-
ESM, one including a standard shallow and the other one a more realistic deep
LSM. The deep LSM included in MPI-ESM generates about four times more
heat uptake than the shallow version by the end of the historical period. This
underestimation by the shallow LSM version only grows up to the end of the 21st
century, reaching 18 (75) ZJ for the shallow (deep) LSM versions. Also, while
it produces relatively colder near-surface soil temperatures after 1850 CE, GST
low-frequency variability and trends remain unchanged. This finding suggests the
potential utility of employing GSTs to drive a forward model and obtaining deep
FTPs and subsequently unbiased estimates of land heat uptake. The concurrence
of estimates from both STPs of P2k+d and FTPs of P2k+s and P2k+d supports
the application of the forward modeling method to correct insu�cient land heat
uptake values stemming from shallow LSMs. The results portray a land heat
uptake in the industrial period that has intensified in the last decades of the 20th
and the first two decades of the 21st century. The FTP strategy is also applied
to estimate land heat uptake from both observation-based products and CMIP6
simulations. Results are compared with previous estimates based on observational
BTPs, thus providing additional information to assess consistency between model
and observational-based estimates. Land heat uptake in 1971–2018 is between 10
and 16 ZJ for all sources, being around 14 ZJ for CMIP6 models. This figure
doubles the 7 ZJ CMIP6 models capture when their heat uptake capability is
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constrained by imposing a shallow zero-flux BBCP, which shows the relevance of
forward model in correcting model-based estimates. Reanalysis-based estimates
are slightly smaller than those obtained from applying the forward model driven
by observational gridded datasets or corrected CMIP6 simulations, in consistency
with the generally smaller reanalyses warming since 1950 relative to other data
sets. SAT observation-based estimates render the highest values, in consistency
with SAT trends being slightly larger than GST’s. SAT-related values can be
thus regarded as an upper-limit land heat uptake estimate.

Nevertheless, all observational-based and corrected CMIP6 estimates under-
estimate the most recent values of land heat uptake based on BTPs. This dis-
crepancy may stem from di↵erent sources of uncertainty. One possibility is that
since borehole-derived surface temperature and ground heat flux stories have a
low time resolution (e.g., 25-year time step in Cuesta-Valero et al., 2021b), they
may not consider the decadal cold anomalies occurring in 1960–1980 (Fig. 4.3).
This discrepancy may play a major role since decadal surface temperature dif-
ferences might alter inter-decadal land heat imbalance due to subsurface thermal
inertia (Beltrami et al., 2015). Moreover, BTP logs are scarce in the last decades
and non-existent after the 2000s, so borehole-based estimates for the last two
decades stemming from von Schuckmann et al. (2020) and Cuesta-Valero et al.
(2023) for 1960–2020 and 1971–2018 are yielded extrapolating the ground heat
flux temperature reconstructed in the last decades of the 20th century to the 21st
century (2000–2018, and 2000–2020, respectively). This could be overlooking the
global warming hiatus (1998–2012, Karl et al., 2015) e↵ect on a relative slowdown
in land heat uptake. Furthermore, the di↵erent methodological approaches used
to yield observational and simulation-based (STP, FTP) heat uptake estimates
might play a role. While STP and FTP-based heat uptake values in a certain time
period are rendered by integrating the di↵erences in the temperature profiles be-
tween the initial and the final time steps of that period, previous observational
land heat uptake values are yielded by estimating ground heat flux stories based
on single-time BTPs at di↵erent locations to then reconstruct the global heat
uptake evolution (Beltrami et al., 2002; Cuesta-Valero et al., 2023). That entails
BTP-based estimates do not represent net land heat variations in a certain time
span, but a continuous variation of land heat uptake by aggregating logs taken
in di↵erent dates and locations. This subsequently implies that this methodology
preserves land energy changes due to past climate signals (Beltrami et al., 2017),
which may contribute to comparatively greater heat uptake estimates in recent
decades. A recent study by Cuesta-Valero et al. (2025) combining boreholes and
satellite data reports lower land heat uptake values than those based solely on
BTPs. Their estimates are more consistent with the multi-source estimates pre-
sented in this thesis. With these di↵erences reconciled, this work contributes to
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bringing observational and model-based land heat uptake estimates to the same
frame of comparison, by removing the bias associated with imposing too shallow
BBCP depths. The comparison between CMIP6-based and observational data-
driven land heat uptake estimates can also serve as an additional metric to assess
the realism of ESMs in reproducing current global warming.



Chapter 5

Analyzing the impact of LSM depth on
ground heat flux and surface energy
balance∗

Chapter 4 established the clear relationship between the BBCP depth and land
heat uptake in fully-coupled ESM experiments. Prescribing an insu�ciently deep
BBCP disrupts the underground heat thermal transfer at long-term scales, bi-
asing subsurface temperature variability and trends and constraining land heat
uptake. These outcomes evidence the relevance of having deeper LSMs in cor-
rectly quantifying the land heat uptake, which is crucial to correctly representing
the terrestrial energy partitioning (Section 1.6). Nevertheless, the physical mech-
anism responsible for increasing land heat uptake with BBCP deepening, despite
unchanged GST, has not been explained so far.

This chapter demonstrates how changing the BBCP impacts on the GHF, i.e.,
the vertical derivative of the GST scaled by the soil thermal conductivity. This
is attained by studying the global mean and distribution of the GHF given by an
ensemble of standalone simulations with di↵erent number of subsurface layers and
BBCP depth performed with the LSM of the MPI-ESM, JSBACH (Sect. 5.1.1,
5.2.1). GHF dependence on the BBCP depth is also assessed using a finite heat
conduction forward model forced by global mean JSBACH GSTs for di↵erent
warming levels over the pre-industrial period (Sect. 5.1.2, 5.2.2). Additionally,
the capability of GHF biases associated with the BBCP depth to reshape surface
turbulent heat fluxes, i.e., the LHF and SHF, as well as net surface radiation, is
also studied for di↵erent hydroclimates (Sect. 5.1.3, 5.2.3). Overall, the analysis
presented in this chapter shows, for the first time, consistent impacts of deepening
the BBCP on climate variability at the ground surface.

∗ The main contents of the chapter are included in a manuscript in preparation:
Garćıa-Pereira, F., J. F. González-Rouco, et al., 2025b: Insu�cient soil depth constrains ground
heat flux in Land Surface Models. Geophysical Research Letters (In preparation).
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5.1 Methods

5.1.1 GHF simulated with JSBACH

GHF, SAT, and GST from an ensemble of standalone LSM simulations with the
JSBACH are used (see Table 2.6). The ensemble includes a total number of eight
land-only historical (1850–2005) and RCP8.5 scenario (2006–2100) experiments
with a varying number of subsurface vertical layers (from 5 to 12) increasingly
wide with depth. Thus, a progressive expansion of the BBCP depth from the 9.83
m for the standard JSBACH 5-layer to 1416.84 m for the 12-layer simulation is
achieved (see a detailed description of the discretization in Fig. 2.4a and Table
2.5). This depth is su�cient to ensure that the temperature at the LSM bot-
tom layer is decoupled from GST changes at centennial and millennial timescales
(González-Rouco et al., 2021). The ensemble was originally conceived to analyze
the sensitivity of the ground surface and subsurface temperature variability and
land heat uptake to changes in the BBCP depth under industrial warming con-
ditions. The technical details on the standard hydrological and thermodynamic
features of JSBACH, and the enhanced vertical discretization together with the
experimental setup of the JSBACH ensemble used here are described by Reick
et al. (2021) and González-Rouco et al. (2021), respectively, and summarized in
Section 2.2. JSBACH evaluates the GHF as follows (Reick et al., 2021):

GHF = ��
@T

@z
(z = 0), (5.1)

where � is the thermal conductivity, which is the result of the product of the vol-
umetric heat capacity and the thermal di↵usivity, i.e., � = Cv. Both volumetric
heat capacity and thermal di↵usivity are set constant over time, prescribing five
pairs of spatial values according to the soil types of the FAO (see Fig. 2.4b and
Table 2.4). In this work, positive (negative) values of the GHF mean upward
(downward) fluxes.

5.1.2 Forward model GHF estimates

Since GST variability is independent of the BBCP depth (see Section 4.2.1,
Garćıa-Pereira et al., 2024b), simple one-dimensional heat conduction forward
models forced by GSTs as top boundary conditions can yield reliable estimates of
the land heat uptake. The dependence of the GHF on the BBCP depth is further
evaluated herein using a simple limited heat conduction forward model (Con-
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ForM, Garcia-Pereira and González-Rouco, 2024). This model numerically dis-
cretizes the vertical heat conduction partial derivative equation (Eq. 1.1, Carslaw
and Jaeger, 1959). The numerical solution is obtained using a Finite Time Cen-
tered Space finite di↵erence scheme, consisting of an explicit Euler scheme for
time resolution and a second-order central di↵erence for the spatial dimension
(Roache, 1998). The resulting numerical solution of the heat conduction equation
is expressed as:

T
n+1
i = T

n
i + �t

T
n
i�1 � 2Tn

i + T
n
i+1

�z2
, (5.2)

with T
n
i representing the temperature value at soil level i during time step n.

The model produces the subsurface vertical temperature structure at each time
step, employing a thermal equilibrium boundary condition at the ground surface,
i.e., T [z = 0] = T0, and a zero-flux boundary condition at the bottom, i.e.,
T

0[z = zmax] = 0. To ensure the stability of the numerical scheme, governed
by the Courant-Friedrichs-Lewy condition �t  �x

2
/2 (Courant et al., 1928),

a constant time step of one hour and a subsurface layer thickness of 0.1 m is
employed. The GHF is simply computed as the discrete temperature di↵erence
between the first two layers at the top, as follows:

GHF
n+1 = ��

T
n
1 � T

n
2

�z
(5.3)

To obtain the relation between GHF and the BBCP depth, ConForM is run
forced by the global mean GST of the JSBACH ensemble average for di↵erent
values of the BBCP depth (from 5 to 1500 m). The subsurface thermal di↵usivity
and heat conductivity parameters are set constant and computed as the weighted
global mean values of the FAO data used in JSBACH (Table 2.4).

5.1.3 Evaluation of the surface energy balance for

di↵erent hydroclimates

The positive energy imbalance resulting from a warming climate at the top of
the atmosphere is distributed between the di↵erent climate components (Section
1.6), eventually modifying the ground surface energy balance (SEB). In transient
fully-coupled ESM simulations, changes in the physical representation or the pa-
rameterizations of the di↵erent subsystems can lead to a redistribution of the
energy within the climate system. For instance, Steinert et al. (2024) demon-
strated that a deeper representation of the LSM in MPI-ESM industrial climate
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change experiments slightly increases the land contribution to the terrestrial en-
ergy surplus partitioning from 1 % to 3 % during 1850–2100. This increase is
counterbalanced by a smaller ratio of ocean heat uptake, which is reduced from
98 % to 96 %. However, the changes in land and ocean heat uptake produced by
deepening the BBCP are di�cult to disentangle from internal variability, given
their relatively small magnitude compared to the absolute ocean heat content and
its interannual to multicentennial fluctuations. This dilemma does not operate in
land-only simulations, since energy variations at the top of the atmosphere can
only produce changes in the SEB, given that the land component is the only one
participating. Moreover, SAT is imposed as a boundary condition to comply with
the land-atmosphere coupling at the ground surface, so only very little variations
of GST are to be expected. The SEB, as given by JSBACH, would satisfy the
following:

RN + LHF + SHF +GHF � hCv
@GST

@t
= 0, (5.4)

where RN represents the net radiation, and h and Cv the thickness and volumet-
ric heat capacity of the surface layer, respectively. Hence, given that the GST
temporal changes with BBCP depth are negligible, variations in the GHF can
only alter SHF, LHF, or the RN . Since these variations may depend on the lo-
cal temperature and soil moisture conditions at the ground surface, the relative
changes in SHF, LHF, and RN are studied for di↵erent surface hydroclimates
defined in terms of the modified Bowen ratio (BRmod, Han et al., 2017):

BRmod = hSHF i
����
SHF

LHF

���� , (5.5)

where SHF and LHF represent the mean SHF and LHF of the eight JSBACH
simulations for the pre-industrial mean state in 1850–1900. Han et al. (2017)
identified five regions as per their di↵erent BRmod values: extremely cold (EC,
BRmod < 0), extremely wet (EW, 0 < BRmod < 0.5), semi-wet (SW, 0.5 <

BRmod < 2), semi-dry (SD, 2 < BRmod < 10), and extremely dry (ED, BRmod >

10). Since JSBACH does not regard soil moisture thawing and freezing processes
(Reick et al., 2021), soils in permafrost areas are predominantly wet (Steinert
et al., 2021b), so EC behave as EW areas. Therefore, only four types of surface
hydroclimate based on BRmod are distinguished in this work, merging EC and
EW into a single EW category (BRmod < 0.5).
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Figure 5.1: (a) 11-year moving average global mean (dashed black) and over-land mean SAT
(solid black) and GST anomalies with respect to 1850–1900 (colored lines, see legend) for the
ensemble of standalone JSBACH simulations used in this work. Grey dots indicate the sequence
of warming levels defined in this work (see Section 5.1.4). (b) 11-year moving average global
mean GHF value (filled contours, W/m2) stemming from the ensemble of JSBACH historical
(1850–2005) and RCP8.5 scenario (2006–2100) simulations with di↵erent number of layers and
BBCP depth (see colored labels on top). The integrated value in time multiplied by the global
continental area (excluding Greenland and Antarctica), which is equivalent to the land heat
uptake (lines, ZJ), is also plotted. Dotted vertical bars portray the warming levels in (a).

5.1.4 GHF and SEB under increasing levels of warming

In order to more clearly depict the global mean and spatial intensity of the re-
sponse of the GHF and SEB to di↵erent BBCP depths, warming levels are used
in this work. Five warming levels were defined herein as the first year when
the 11-year moving average global mean SAT anomaly with respect to 1850–
1900 reached 1, 1.5, 2, 3, and 4 �C. This approach is commonly followed in the
IPCC ARs, specially since the Special Report on 1.5 °C (Masson-Delmotte et al.,
2018), for methodological and policy-relevant reasons. On the one hand, adopting
a warming-level-based framework rather than a scenario-based one facilitates the
comparison between ESMs with di↵erent climate sensitivities, and the compari-
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son between scenarios (Evin et al., 2024). Moreover, many phenomena related to
climate tipping points or ecological persistence thresholds depend on the magni-
tude of the warming and not in the timing (e.g., Schleussner et al., 2016). On the
other hand, warming levels are directly aligned with international climate targets
(i.e., Paris Agreement), making impact assessments and adaptation plans more
accessible for policymakers (Zommers et al., 2020).

5.2 Results

5.2.1 Impact of the BBCP on the simulated GHF

Figure 5.1a illustrates the time evolution of the global mean SAT and over-land
mean SAT and GST for the eight land-only JSBACH simulations (Section 5.1.1).
Since SAT is an atmospheric variable, it serves as a boundary condition imposed
to JSBACH. Hence, SAT is the same for the eight simulations. JSBACH must
comply with the land-atmosphere coupling at the ground surface, so only minimal
variations of GST are to be expected. That is portrayed by the di↵erent color lines
in Fig. 5.1a, which overlap throughout the experiment (1850–2100). Indeed, the
ensemble standard deviation of the eight global mean GSTs at yearly resolution
(not shown) peaks at 2.27 x 10�3 K in 1975, which is two orders of magnitude
lower than the average GST variability (0.26 K) in the individual experiments.
Thus, GST can be considered as virtually equal for the eight simulations, in-
dependent of the BBCP depth. Figure 5.1a also reveals a very close agreement
between over-land GSTs and SAT, which evidences the existence of a long-term
SAT–GST coupling (see Sections 1.4 and 4.2.1). Both over-land SAT and GST
means are greater than global mean SAT, which encompasses the weaker ocean
warming. The JSBACH global mean SAT is used in this work to define warming
levels of 1, 1.5, 2, 3, and 4 �C, which coincide with years 2001, 2016, 2037, 2063,
and 2082, respectively (see grey points in Fig. 5.1a).

The global mean continental GHF and land heat uptake for the eight JSBACH
standalone simulations are shown in Figure 5.1b. Glacial areas (Antarctica and
Greenland) were excluded from the calculations, as in previous works addressing
these quantities (Cuesta-Valero et al., 2016, 2021a; Garćıa-Pereira et al., 2024b).
Land heat uptake here is calculated as the time cumulative sum of global mean
GHF values. It can be seen that the accelerated increase in GST, which starts in
the 1970s (Fig. 5.1a), results in an increasing negative (downward) GHF. How-
ever, the intensity of this magnitude is clearly dependent on the BBCP depth.
For the JSBACH five-layer simulation (JSBACH5L), with a BBCP imposed at
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Figure 5.2: GHF values for JSBACH5L (a-e) and GHF JSBACH12L - JSBACH5L di↵erences
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1850–1900 (Section 5.1.4). Reddish (blueish) colors in (a-e) indicate incoming (outgoing) GHF,
and darker colors in (f-j) more intense incoming GHF. Stippling in f-j indicate non-significant
di↵erences (p < 0.05).
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9.8 m, the downward GHF saturates at a value of about -0.04 W/m2, with GHF
values of -0.01, -0.03, -0.06, -0.04, -0.04 at warming levels of 1, 1.5, 2, 3, and 4
�C with respect to 1850–1900 (Section 5.1.4), respectively. This saturation re-
sults in a positive but small land heat uptake of 13.3 ZJ since the minimum
at 1970 until 2100. Just doubling the BBCP depth to 21.6 m by adding an ex-
tra layer (JSBACH6L) partially prevents the GHF from saturating and increases
its values to -0.03, -0.07, -0.08, -0.09, -0.10 W/m2, scaling up land heat uptake
by a factor of 2.5 to 34.1 ZJ in 1971–2100. Both the global mean GHF and
land heat uptake increase progressively with BBCP deepening, saturating for
JSBACH9L simulation, which features a BBCP depth of 183.7 m. For this simu-
lation and the deeper ones (JSBACH10L,11L,12L), GHF values reach -0.07, -0.11,
-0.14, -0.18, -0.21 W/m2 and land heat uptake 70.7 ZJ. This coincides with results
by González-Rouco et al. (2021), which observed a saturation of the annual heat
content change, i.e., the global mean land heat uptake by unit of area and year,
for JSBACH9L. This means that deepening the BBCP by an order of magnitude,
from 10 to 100 m, implies scaling GHF and land heat uptake by a factor of five.
Furthermore, it is worth noting the remarkable response to the sharp cooling
associated to Krakatoa (1883, Self and Rampino, 1981) and Santa Maŕıa (1902,
Berry et al., 2021) volcanic events in the form of positive (i.e., upwards) GHF
values. In these two cases GHF values are quite similar for the eight simulations,
of approximately 0.07 and 0.04 W/m2, respectively, which might be related to
the high-frequency nature of this kind of events. Since temperature signals of a
few years only penetrate around 20 to 30 m, according to the heat conduction
law (see Section 1.4, Carslaw and Jaeger, 1959; Smerdon and Stieglitz, 2006),
biases in their amplitude attenuation with depth due to the BBCP are much less
noticeable. The industrial era land heat uptake estimates derived here by per-
forming a cumulative sum of global mean GHF are consistent with estimates by
Garćıa-Pereira et al. (2024b), which reported values of 14.9 and 62.6 ZJ in 1970–
2100 for the P2k+ simulations with the 5- and the 12-layer JSBACH schemes,
respectively (Figure 4.2, Section 4.2.1).

GHF global patterns for JSBACH5L and GHF di↵erences between JSBACH12L

and JSBACH5L at di↵erent warming levels (Section 5.1.4) are given in Fig. 5.2.
As warming intensifies, negative (i.e., downward) GHF values dominate over pos-
itive values for JSBACH5L. However, for a warming level of 4 �C (Fig. 5.2e), there
are still some areas (e.g., northern North America, eastern Europe, and northern
Siberia) showing positive GHF values. Overall, negative GHF values are small,
rarely reaching -0.2 W/m2 in absolute terms. Moreover, regional patterns are
not spatially consistent at di↵erent warming levels. For instance, it can be seen
that positive GHF areas for a warming level of 4 �C do not fully coincide with
regions showing positive values under 2 �C (Fig. 5.2c) or 3 �C (Fig. 5.2d) warm-
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ings. This suggests that the GHF signal in shallow LSM simulations is dominated
by internal variability, as the very limited BBCP depth severely constrains the
heat downward propagation, compromising the representation of long-term GHF
trends.

The constrained GHF for JSBACH5L is more evident when evaluating the
GHF JSBACH12L - JSBACH5L di↵erence values. Figure 5.2f-j depict these dif-
ferences at warming levels of 1, 1.5, 2, 3, and 4 �C. For a warming level of 1 �C,
the deep LSM configuration shows an overall significant change in the GHF of
approximately -0.06 W/m2, with NH high latitudes showing greater di↵erences,
up to -0.15 W/m2. JSBACH12L - JSBACH5L GHF di↵erence values consistently
grow with warming, with slight regional variations likely due to di↵erences in
internal variability between JSBACH5L and JSBACH12L. At a 4 �C warming
level (Fig. 5.2j), the GHF JSBACH12L - JSBACH5L di↵erences are widespread
and significant (except for Australia), with a global mean value of around -0.17
W/m2. Moreover, it can be observed that these di↵erences are much higher in the
NH high latitude regions, ranging from -0.25 to -0.4 W/m2. This is attributable
to higher positive GST anomalies there due to Arctic amplification (Rantanen
et al., 2022). In conclusion, there is a significant impact of BBCP depth on in-
creasing downward GHF with global warming, which becomes more remarkable
at higher warming levels.

5.2.2 Comparison of JSBACH simulated and forward

modeled GHF estimates

Figure 5.3a portrays GHF as a function of BBCP depth. Punctual estimates
stemming from the standalone JSBACH simulations at di↵erent warming levels
in Fig. 5.1b are depicted by solid points, whilst continuous solid lines are derived
by driving ConForM with the JSBACH ensemble mean GST as the top bound-
ary condition for di↵erent BBCP depths. To properly account for the di↵erent
values of thermal parameters of the five soil types defined by JSBACH (Section
2.2.1, Table 2.4), five estimates of GHF were calculated using the GST means
and parameter values over the di↵erent soil type areas. These estimates were
subsequently averaged to yield the final results shown in Fig. 5.3. The analysis of
GHF with ConForM allows for having a continuous picture of its increase with
BBCP depth at a low computational cost. The GHF dependence on BBCP could
also be studied using JSBACH standalone simulations. However, JSBACH sim-
ulations are more computationally demanding (higher dimensionality and more
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Figure 5.3: (a) Global mean GHF (W/m2) as a function of BBCP (log axis, m) at di↵erent
warming levels (Fig. 5.1a, see Section 5.1.4). The dots depict the GHF values stemming from
the JSBACH simulations and the curves the GHF dependence on the BBCP depth computed
by a limited one-dimensional heat conduction model using JSBACH GST data. The black line
indicates the BBCP depth at which the GHF is 99 % the saturation value. (b) 11-year moving
average GHF values for the di↵erent members of the JSBACH ensemble (clear) and computed
using the ConForM forward model (dark lines, see legend for colors).

processes resolved) and the number of simulations required would be very large,
making this strategy less e↵ective.

There is a good agreement between the JSBACH global mean GHF values
and the ConForM estimates for JSBACH7L to JSBACH12L, i.e., for BBCP depth
values greater than 40 m, both at di↵erent warming levels (Fig. 5.3a), and with
time (Fig. 5.3b). However, ConForM slightly underestimates GHF values yielded
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by JSBACH5L and JSBACH6L at high warming levels (from 2 �C upwards). This
underestimation might stem from the fact that ConForM shows smaller long-term
trends of JSBACH5L and JSBACH6L GHF values (dark red and orange lines in
Fig. 5.3b, respectively). Even so, the overall increase in GHF with BBCP depth
and posterior saturation is correctly captured by ConForM, with these saturation
values being 0.07, 0.12, 0.15, 0.18, 0.22 W/m2 at warming levels of 1, 1.5, 2, 3,
and 4 �C, respectively. This dependence of GHF on the BBCP is also evidenced
by the depth at which the GHF is 99 % of the saturation value (Fig. 5.3a). This
threshold grows with warming, increasing from 60.4 m at a warming level of 1
�C to 93.8 m at 4 �C.

The close agreement between JSBACH GHF values and those estimated by
ConForM (driven by JSBACH GSTs) confirms that the too small GHF in shallow
LSMs is fundamentally due to insu�cient BBCP depth, which limits subsurface
heat propagation. Moreover, the increase of GHF with BBCP depth portrayed
by both JSBACH and ConForM evidences, for the first time, that modifying
the LSM thermal depth directly a↵ects the SEB. This perspective adds a new
dimension to existing studies that highlight the influence of insu�cient BBCP
depths in ESMs on subsurface temperature error (Alexeev et al., 2007; González-
Rouco et al., 2021; Steinert et al., 2021a) and land heat uptake (Cuesta-Valero
et al., 2016; Garćıa-Pereira et al., 2024b; Steinert et al., 2024).

5.2.3 Impacts of GHF biases on the SEB for di↵erent

surface hydroclimates

In the closed system simulated by a LSM in standalone mode, a bias in the GHF
due to the prescription of a shallow BBCP should produce a reconfiguration of
the turbulent heat fluxes, i.e., the SHF and LHF, and the net radiation (Sec-
tion 5.1.3). How the energy is redistributed will depend on the temperature and
water availability of the surface. The BRmod is a metric of the surface hydro-
climate, and allows for classifying di↵erent areas of the globe as EW, SW, SD,
or ED (see Section 5.1.3). Figure 5.4a shows the results of this classification for
the JSBACH5L mean state in 1850–1900. EW regions are mostly located in the
eastern continental areas of the NH, Europe, and across the equatorial band, ED
across the biggest terrestrial deserts at mid-latitudes of both hemispheres, and
SW and SD at mid- and high-latitudes subtropical and temperate climate areas.

Figure 5.4b shows the mean SHF, LHF, RN , and GHF values for JSBACH5L

in 1850–1900 grouped by the BRmod shown in Fig. 5.4a. EW areas simultaneously
depict the smallest SHF and the largest LHF values, with median regional SHF
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Figure 5.4: (a) Surface hydroclimate classification according to BRmod values (see Section 5.1.3)
for JSBACH5L in 1850–1900 (b) SHF (boxplots over light red shading), LHF (light blue), RN

(light purple), and GHF (light grey) values for the di↵erent hydroclimate types in (a). The inner
ticks in the boxplots mark the median value, the bottom and top lines quartiles 1 and 3, and the
bottom and top whiskers percentiles 10 and 90, respectively. Positive (negative) values indicate
upward (downward) fluxes, except for RN , which is inverted for better visualization (marked
*). (c) JSBACH12L - JSBACH5L SHF, LHF, RN , and GHF di↵erences for the various surface
hydroclimates in (a) and warming levels (Section 5.1.4, boxplots, left y-axis), and JSBACH5L

SHF, LHF, RN , and GHF changes at the same warming levels (dots, right y-axis). For a better
visualization, both JSBACH12L - JSBACH5L and JSBACH5L GHF change signs are inverted
(i.e., positive anomalies mean more downward flux).

and LHF of 10 and 55 W/m2, respectively. However, the variability is much larger
for the LHF than for the SHF, with interquartile ranges of 56 and 12 W/m2. This
is the result of the large GST di↵erences across the EW domain (Fig. 5.4a), which
encompasses a wide latitudinal range. As LHF is a direct function of temperature,
extra-tropical (approx. 50 W/m2) are much lower than the inter-tropical (approx.
100 W/m2) LHF values. SW shows larger median and interquartile values of
SHF, with 29 and 33 W/m2, and much smaller LHFs, being 32 and 29 W/m2,
respectively. SHF is the greatest for SD areas, reaching higher values than for
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the ED domain (66 vs. 52 W/m2, respectively). LHF is much lower for these
two domains than for EW and SW, being almost null for ED areas. For all the
di↵erent surface hydroclimates, pre-industrial GHF for JSBACH5L is very close
to 0, as already shown in Figs. 5.1b and 5.3. The sum of the outgoing SHF and
LHF, and incoming GHF is balanced out by the incoming RN , which ranges from
10 to 160 W/m2 globally (not shown). These large variations are mostly explained
by the reduction in the incoming solar radiation with latitude. However, albedo
also plays a significant role. This is well depicted by relatively small values of the
RN in ED areas (Fig. 5.4b), which are mostly deserts located in the low latitudes
of the NH. Likewise to the behavior shown by EW and SW areas for the LHF,
the RN shows a great range of variability, associated again to the wide latitudinal
range covered by these surface hydroclimates.

The pre-industrial surface fluxes change with warming, as depicted by Fig.
5.4c, which represents the global mean SHF, LHF, RN , and GHF variations for
the JSBACH5L at di↵erent warming levels. The global mean SHF, LHF, RN , and
GHF change by 4.18, -0.99, 3.01, and 0.04 W/m2 at a warming level of 4 �C, re-
spectively. These values di↵er when deepening the BBCP to comply with Eq. 5.4
(see Section 5.1.3). This is illustrated by the partition of the positive JSBACH12L

- JSBACH5L GHF di↵erence into SHF, LHF, and RN for the di↵erent BRmod

regions (Fig. 5.4a). As it was already portrayed in Fig. 5.2f-j, the JSBACH12L

- JSBACH5L GHF di↵erences increase with warming, a↵ecting all surface hy-
droclimate regions. However, these di↵erences are greater for wet than for dry
areas. This is because the NH high latitudes, which show higher JSBACH12L -
JSBACH5L GHF di↵erences (Fig 5.2f-j), have predominantly EW and SW hy-
droclimates. Overall, the incoming JSBACH12L - JSBACH5L GHF gain is mainly
balanced out by an increase in the outgoing SHF. This is particularly remarkable
for SD and ED regions, where LHF changes are extremely low. For instance, at
warming levels of 2 and 4 �C, median GHF di↵erences of 0.08 and 0.15 W/m2

across the SD domain produce SHF changes of 0.07 and 0.12 W/m2, but LHF
changes of less than 10�3 W/m2. In EW and SW regions, a small share of the
GHF bias is compensated by changes in the outgoing LHF. For instance, a me-
dian GHF JSBACH12L - JSBACH5L gain of 0.16 W/m2 for a warming level of 4
�C in the EW domain is partitioned in SHF and LHF changes of 0.13 and 0.02
W/m2, respectively. The sum of LHF and SHF di↵erences associated to BBCP
depth compensate much of the GHF bias in wet areas, but not so in dry regions.
This is explained by notable variations of the RN in ED and SD regions with
warming, reaching values that are greater than LHF changes in SW and EW
areas for the highest levels of warming, e.g., RN changes by 0.04 W/m2 across
the ED domain for a 4 �C warming. Once the contribution of the changes in RN

is accounted for, the SEB determined by Eq. 5.4 is fully closed. This arguably
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Figure 5.5: (a) Mean evolution of RN (thick) and Me (thin lines) JSBACH12L - JSBACH5L

di↵erences (in W/m2) for the di↵erent surface hydroclimates in Fig. 5.4a. (b) Explained variance
(R2, in %) of RN vs. Me JSBACH12L - JSBACH5L di↵erences in 1850–2100. Lighter purple
tones indicate higher R2 values. White stippling indicates non-significant R2 values (p>0.05) (c)
R2 values shown in (b) grouped by surface hydroclimate types. The inner ticks in the boxplots
mark the median value, the bottom and top lines quartiles 1 and 3, and the bottom and top
whiskers percentiles 10 and 90, respectively.

demonstrates there exists a clear e↵ect of the BBCP depth on reshaping the
SEB, even if flux changes are small. Figure 5.4c also illustrates that the extent
and distribution of the JSBACH12L - JSBACH5L GHF bias into LHF, SHF, and
RN changes depend on the surface hydroclimate, which is mainly determined by
the surface wetness.

Figure 5.4c shows that GHF variations due to changes in the BBCP depth are
fully compensated by a response of the SHF, LHF, and RN terms of the SEB,
which entails that GST does not vary with BBCP depth (i.e., hCv @GST/@t

in Eq. 5.4 remains constant when changing the BBCP depth). This source of
evidence complements previous results reporting no GST di↵erences associated
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with BBCP depth (e.g., González-Rouco et al., 2021; Garćıa-Pereira et al., 2024b)
from a SEB perspective. Nevertheless, in the closed system represented by an
o✏ine LSM, fed by boundary conditions coming from an external atmosphere
and biosphere, it is striking that net radiation can change while GST does not.
Figure 5.5 illustrates the mechanism behind of RN changes shown in Fig. 5.4c. As
it is depicted by Fig. 5.5a, JSBACH12L - JSBACH5L RN changes are significantly
correlated with radiant exitance (Me) variations:

Me = �⌘T
4
, (5.6)

with � being the Stefan–Boltzmann constant and ⌘ the emissivity, and which
scales with the GST to the power of four. Me increase is especially prominent
in SD and ED areas, which explains that RN variations are stronger in these
areas (Fig. 5.4c). In fact, the areas where Me explains the highest RN variance
(Fig. 5.5b) coincide with the largest desert areas of the NH subtropics and mid-
latitudes, which are fully encompassed by the ED hydroclimate type (Fig. 5.4a).
Even though the ED areas show the largest R2, there is a high and significant (p
< 0.05) correlation for all hydroclimate types, with median values exceeding 0.9
in every case (Fig. 5.5c). Only small areas in the Amazon basin and the Deccan
Plateau show low non-significant R2 values (Fig. 5.5b). Since changes in Me scale
with the fourth power of GST, even small di↵erences between GSTs simulated
by JSBACH12L and JSBACH5L can lead to substantial changes in Me. Although
these temperature di↵erences are minimal (no more than 0.02 K in some regions
of the Gobi Desert, not shown), they are su�cient to cause noticeable variations
in Me, and thus in RN . This highlights that, despite long-term GST di↵erences
due to BBCP deepening being statistically non-significant and indistinguishable
from internal variability (see Sections 4.2.1 and 5.2.1), they can still lead to
detectable changes in RN , ultimately influencing the SEB.

5.3 Conclusions

The current generation of ESMs impose shallow zero-flux BBCP depths when
resolving the downward thermal propagation of GST within their LSMs. This
has the double e↵ect of constraining land heat uptake and reducing temperature
variability attenuation with depth, with impacts on thermally-driven processes,
e.g., permafrost thawing, and on the terrestrial energy budget. Nevertheless, no
di↵erences in the GST produced by the BBCP depth were established in the
literature. This work demonstrates that changing the BBCP depth modifies the
GHF at the ground surface. To reach this conclusion, we use an ensemble of
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land-only historical + RCP8.5 scenario (1850–2100) simulations performed with
the LSM of the MPI-ESM, JSBACH, imposing di↵erent values of the BBCP
depth (González-Rouco et al., 2021). The results show that JSBACH5L (9.8 m)
saturates at very small values of the GHF (-0.04 W/m2), being uncapable of cor-
rectly representing the increase in GHF due to the increasing warming under the
RCP8.5 scenario. Just doubling the BBCP depth (JSBACH6L, 21.6 m) is enough
to avoid the GHF saturation and represent a progressive increase up to about
-0.1 W/m2. This number grows with BBCP depth up to JSBACH9L (183.7 m),
which yields maximum GHF values of approx. -0.25 W/m2. Hence, deepening
the LSM by one order of magnitude scales the GHF by a factor of 5. This pro-
gressive increase in GHF with BBCP depth results in a higher land heat uptake,
with values of 13.3, 34.1, and 70.7 ZJ in 1971-2100 for JSBACH5L, JSBACH6L,
JSBACH9,10,11,12L, respectively. This evidences that the insu�cient land heat
uptake estimated from ESMs is produced by a constrained GHF. The spatial
patterns of GHF di↵erences between the deepest (JSBACH12L) and the shallow-
est (JSBACH5L) simulations portray a progressive GHF bias at increasingly high
warming levels with respect to 1850–1900.

To explore the progressive increase of GHF with BBCP depth, GHF estimates
are derived using a simple one-dimensional heat conduction forward model (Con-
ForM, Garcia-Pereira and González-Rouco, 2024) forced by the mean GST of the
JSBACH simulations. Both estimates of the dependence of GHF on BBCP depth
at di↵erent warming levels and the reconstruction of JSBACH GHF time series
using ConForM overall coincide with the results from the JSBACH simulations,
which indicates that the relationship between GHF and BBCP depth is robust.
Moreover, it also strengthens the statement made by Garćıa-Pereira et al. (2024b)
that one-dimensional heat conduction forward models can be used to correct bi-
ased subsurface thermal structures resolved by shallow ESMs.

Finally, the capability of GHF changes at reshaping the SEB, namely modify-
ing SHF, LHF, and RN , is explored for di↵erent surface hydroclimates. Results
show that JSBACH12L - JSBACH5L GHF di↵erences are mainly compensated by
changes in the SHF. LHF contributes to balance GHF changes only in wet areas
of the globe. By contrast, dry areas show an increase in the RN that explains
the mismatch between GHF and SHF JSBACH12L - JSBACH5L di↵erences. This
unexpected change in the RN is mainly produced by changes in the Me, which
grows with GST to the power of four. Hence, very small GST variations of around
0.01 K between JSBACH5L and JSBACH12L in dry areas, yet non distinguish-
able from di↵erences in the internal variability, modify the net radiation by 0.05
W/m2. The biases in the SEB are robust and increase with warming, but they
are overall small (< 0.2 W/m2).



Chapter 6

Permafrost sensitivity to changes in soil
hydro-thermodynamics∗

Chapters 4 and 5 explored the thermodynamic and surface energy balance re-
sponses of LSMs within ESMs to changes in BBCP depth. A clear connection
was established between BBCP depth and biases in land heat uptake, GHF,
and surface turbulent fluxes under global warming. However, prescribing an in-
su�ciently deep BBCP is not the only shortcoming of current LSMs. The in-
teraction between hydrology and thermodynamics remains limitedly represented
in most state-of-the-art models, particularly regarding vertical resolution and
hydro-thermodynamic coupling. This weakness is especially critical for correctly
representing permafrost degradation (Section 1.7), as rising temperatures and
shifts in water availability driven by changes in atmospheric circulation signifi-
cantly a↵ect permafrost moisture and ice contents, and thermal structure.

This chapter explores the response of the MPI-ESM to changes in the hydro-
logical and thermodynamic features in permafrost regions of its LSM, JSBACH.
For that purpose, an ensemble of fully-coupled historical and future scenario
simulations, the MPIESM-PePE, was performed, varying the subsurface vertical
discretization and depth under di↵erent configurations that generate rather ”dry”
or ”wet” soil water-table conditions across permafrost areas. The model version
and ensemble of experiments is described in Section 2.2.2. The impact of these
changes on permafrost temperature variability (Sections 6.1.1, 6.2.1), and ALT
(Section 6.1.2 and 6.2.2), and PE (Section 6.1.3, 6.2.3, and 6.2.4) is assessed. The
results of this chapter highlight the importance of refining hydrological and ther-
modynamic processes in ESMs to improve projections of permafrost responses
under climate change scenarios.

∗ The main contents of the chapter are included in a manuscript under review:
Garćıa-Pereira, F., J. F. González-Rouco, N. Meabe-Yanguas, P. de Vrese, N. J. Steinert, J.
Jungclaus, S. Lorenz, 2025: Permafrost sensitivity to changes in soil hydro-thermodynamics in
historical and scenario simulations with a modified version of the MPI-ESM. The Cryopshere

[preprint], DOI: 10.5194/egusphere-2025-2126.
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6.1 Methods

6.1.1 Permafrost temperature variability

Surface and subsurface permafrost temperature variability is characterized by
the mean annual air temperature at 2 m (MAAT), mean annual ground surface
temperature (MAGST), which is here considered as the near-surface temperature
at a depth of 0.1 m, and mean annual subsurface temperature at a depth of 5
m (MAST 5 m). The MAGST value is taken at 0.1 m depth for two reasons: to
state a common depth for comparison between the 5L, 11L and 18L simulations,
which have di↵erent mid-layer depths from layer 2 downwards (Table 2.7); and to
fully account for the change in soil properties when there exists a snow cover. The
latter is due to the fact that JSBACH considers that snow gradually replaces the
top layers of the soil when calculating the heat capacity and thermal di↵usivity
(Reick et al., 2021), thus modifying near-surface heat transfer and temperature
variability.

To address the temporal and spatial evolutions of MAAT, MAGST, and MAST
5 m, regional boxplots describing the distribution of these variables over the
permafrost domain (Fig. 2.6a) are used for all the members of the MPIESM-
PePE in di↵erent periods. Furthermore, to assess the insulation e↵ects of the
refined multiple-layer snow scheme and organic layer introduced by Ekici et al.
(2014), the winter and summer temperature o↵sets are assessed, respectively.
In this paper, the winter (summer) o↵set is computed as the ground surface
temperature at 0.1 m depth (GST) vs. surface air temperature (SAT) di↵erences
(GST-SAT) in DJF (JJA), following a similar approach to Burke et al. (2020).

6.1.2 Active layer thickness (ALT)

ALT is defined as the annual maximum thaw depth, which in the NH high
latitudes occurs in summer. This variable is computed by JSBACH as the an-
nual maximum subsurface depth where the temperature exceeds the water freez-
ing/melting point, i.e., 273.15 K. In case this depth does not specifically match a
certain mid-layer depth value, JSBACH yields ALT using linear interpolation. To
evaluate the temporal and regional variability of ALT, the same type of boxplot
analysis as described for MAAT, MAGST, and MAST 5 m in Section 2.2.2 was
used.

Furthermore, regional deepening of the ALT with industrial warming in the
MPIESM-PePE is also assessed by computing the fraction of gridcells within the
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initial permafrost domain (Fig. 2.6a) that have an ALT below a certain depth.
This approach yields vertical profiles with values ranging from 0 (no gridcells)
to 1 (all gridcells comply with the condition ALT < depth). As a result of per-
mafrost thaw and subsequent ALT deepening with warming, this profile is ex-
pected to displace leftwards, i.e., values become closer to 0; the opposite happens
under permafrost formation with cooling conditions. Finally, near-surface and
deep permafrost degradation is evaluated in terms of ALT deepening assessing
the time evolution of maps with gridcells having an ALT above 3 m and ALT
equal to the bottom mid-layer depth, respectively.

6.1.3 Permafrost extent (PE)

Permafrost is defined as the ground that remains perennially frozen for two or
more consecutive years (Obu et al., 2019). However, there is a wide variety of
metrics to evaluate whether the soil is frozen or not and subsequently determine
PE based on di↵erent criteria that consider soil thermodynamics, hydrology, or
soil coupling to the atmosphere (Steinert et al., 2023). Air-ground temperature
coupling and some of the thermodynamic-based definitions capture near-surface
PE variations, whilst others represent long-term deep PE changes. Hence, as the
diverse definitions of PE target di↵erent aspects of permafrost physics, they can
yield considerably di↵erent estimates. The PE di↵erences between the di↵erent
definitions are even larger than the inter-model variability of the CMIP6 ensemble
(Steinert et al., 2023).

Since the WET and DRY configurations represent extreme states of the hydro-
logical cycle in the permafrost domain, encompassing a substantial portion of the
uncertainty range within the ensemble of state-of-the-art Earth System Models
(de Vrese et al., 2023), it is of interest to assess whether they also capture the
range of variability in PE responses. To address this question trying to minimize
the uncertainty associated with the PE definition selection, the PE evolution for
the 9 historical + SSP5-8.5 simulations of the MPIESM-PePE is estimated using
two of these metrics: i) TTOP, which defines permafrost based on soil temper-
atures at the top of the permafrost layer being below 0 oC (Obu et al., 2019);
and ii) ZAA, which considers permafrost existence when the temperature at the
depth of zero annual amplitude is below freezing. TTOP has proven to be a
comparatively better indicator of surface permafrost presence (Obu et al., 2019;
Steinert et al., 2023), while ZAA is a more appropriate descriptor of deep per-
mafrost occurrence than TTOP (Slater and Lawrence, 2013; Burke et al., 2020).
The zero annual amplitude layer, defined as the subsurface layer where the annual
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temperature varies less than 0.1 oC, is generally located below 15 m, depending
on the thermal di↵usivity and the annual GST amplitude of the site (Alexeev
et al., 2007; Cermak et al., 2014; Burke et al., 2020; Garćıa-Pereira et al., 2024a).
Therefore, as the 5L and 11L subsurface temperature bottom layers lie above
this depth (at 6.98 and 7.86 m, respectively; Table 2.7), the ground temperatures
at the deepest layer for 5L, and 11L, and at layer 11 for the 18L configuration
are selected. To achieve a close-to-zero degree amplitude, the remaining annual
cycle at these depths is filtered out by subtracting the annual cycle of monthly
mean anomalies for 1850–1900. Subsequently, permafrost detection using ZAA is
applied to the data.

The results for the MPIESM-PePE are compared with the ZAA and TTOP PE
estimates stemming from Steinert et al. (2023) for an ensemble of 34 CMIP6 HIS
and SSP5-8.5 experiments. Also, observations provided by the Permafrost Cli-
mate Research Data Package version 3 of the European Space Agency Climate
Change Initiative database (ESApCCIv3) are used. ESApCCIv3 delivers mid-
to high-latitude NH (north of 30�) gridded data of permafrost temperature and
presence at yearly resolution for the period 1997–2018. The database is generated
by using the CryoGrid permafrost model (Westermann et al., 2023) driven and
constrained by satellite and reanalysis land surface temperature data. ESApC-
CIv3 is computed using ensemble modeling procedures to enhance accuracy and
provide estimates of uncertainty (see Obu et al., 2021). In this study, permafrost
temperatures at multiple depths from ESApCCIv3 within the mask in Fig. 2.6a
are used to estimate the temperature at the top of the permafrost layer, from
which the TTOP PE is derived. For the ZAA PE, the annual mean temperature
at a depth of 10 m is assumed to represent the zero annual amplitude layer and
is used to compute the corresponding PE.

6.2 Results and discussion

6.2.1 Temperature variability

The surface and subsurface temperature variability across the permafrost region
(Fig. 2.6a) in the MPIESM-PePE is shown in Fig. 6.1. The median regional val-
ues for MAAT, MAGST, and MAST 5 m for the permafrost domain (Fig. 6.1a)
remain stable during the PIC period for all simulations except 5-layer WET
(hereafter WET5) and 11-layer WET (WET11), which start from warmer initial
conditions that gradually converge toward the colder state of the 18-layer simu-
lation (WET18) by the end of the PIC. Note that the 5L and 11L simulations
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have a PIC duration of 50 years, whereas the 18L simulations are first equi-
librated using a 100-year-long prePIC simulation and incorporating subsurface
temperature corrections (Section 2.2.2). This strategy guarantees the departure
from vertically uniform initial conditions for temperature at the beginning of the
PIC and stable PIC temperatures for the deepest layers (not shown). For the
near-surface temperatures, 18L simulations also show a stable PIC evolution and
transition from the PIC to the HIS period. The thermal state established during
the PIC period for all the simulations remains largely unchanged until the second
half of the 20th century, when global warming begins to intensify. Consequently,
the early-historical (1850–1900) period serves as a reliable representation of the
pre-industrial thermal conditions, and the late historical (1995–2014), mid-21st
century (2041–2060), and late 21st century (2081–2100) conveniently represent
the progressive temperature increase and subsequent warming standstill (SSP1-
1.9), stabilization (SSP2-4.5), or acceleration (SSP5-8.5) depending on the SSP
scenario (Fig. 6.1a).

Early-historical temperature di↵erences between WET and DRY simulations
are of about 3 �C for the permafrost median regional MAAT (Fig. 6.1b), MAGST
(Fig. 6.1d), and MAST 5 m (Fig. 6.1f) values. This agrees with previous results
by de Vrese et al. (2023), who stated that WET permafrost soils lead to higher
latent and sensible heat fluxes than DRY, enhancing evapotranspiration and sub-
sequently increasing Arctic cloud cover. This, in turn, reduces the incoming solar
radiation, resulting in colder temperatures for WET than DRY. Thus, the DRY
configuration depicts the warmest state, with regional medians (10th, 90th per-
centile) for MAAT of -6.0 (-11.2, 0.0) �C; for MAGST of -3.5 (-9.4, 2.4) �C; and
for MAST 5 m of -3.9 (-9.9, 2.3) �C. The WET simulations show colder MAATs
than REF, with a permafrost median (10th, 90th percentile) MAAT of -9.3 (-14.9,
-2.4) �C for WET vs. -8.0 (-13.7, -0.7) �C for REF. However, these di↵erences
are reversed within the soil, with WET MAGST and MAST 5 m being on aver-
age 1.4 and 0.3 �C warmer than REF, respectively. This is due to the enhanced
snow insulation e↵ect in winter in the WET and DRY simulations, as a result
of the multi-layer snow scheme that superseded the more simplistic single-bucket
scheme included in REF (see Section 2.2.2). Temperature di↵erences between the
5L, 11L, and 18L vertical schemes are at most around 0.4 �C. Therefore, there is
a noticeable e↵ect of changing the hydrological state with the DRY/WET config-
urations but no evidence of the vertical discretization a↵ecting surface regional
temperature variability, as reported in previous studies with the MPI-ESM by
González-Rouco et al. (2021), and Garćıa-Pereira et al. (2024b).

The warming increases during the late historical period to reach regional me-
dian MAATs 1.3–2.2 �C higher than in the early historical (Fig. 6.1b), depending
on the MPIESM-PePE member. Overall, the temperature increase for MAAT,
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Figure 6.1: Temperature variability in the nine simulations of the MPIESM-PePE (see legend for
colors) within the permafrost domain (Fig. 2.6a). (a) Time evolution (11-year moving average
filtered outputs) of the median MAAT (dashed), MAGST (solid), and MAST 5 m (dotted
line, �C) in the PIC, HIS, and di↵erent SSP scenarios (see Section 2.2.2). MAAT (b), MAGST
(d), and MAST 5 m (f) regional boxplots of time averages for selected periods highlighted in
(a) with light yellow bands: early historical (1850–1900), late historical (1995–2014), mid-21st
century (2041–2060), and late 21st century (2081–2100) in the SSP5-8.5 scenario. The inner
tick in the boxplot marks the median value within the permafrost mask area (Fig. 2.6a), the
bottom and top lines the quartiles 1 and 3, and the bottom and top whiskers the 10th and 90th
percentiles, respectively. MAAT (c), MAGST (e), and MAST 5 m (g) boxplots indicating the
range of trends (�C dec�1) within the permafrost domain, for the historical (HIS, 1850–2014)
and SSP1-1.9, SSP2-4.5, and SSP5-8.5 scenarios (2015-2100) are also portrayed.
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MAGST, and MAST 5 m is more intense for the WET simulations, with me-
dian regional values being significantly higher in 1995–2014 than in 1850–1900
(1.5–2.2 �C, p < 0.05). This increment is slightly smaller for DRY, but also sig-
nificant (1.3–1.9 �C). The vertical discretization again has non-significant impact
on regional warming di↵erences. The combined e↵ect of the 20th and early 21st
temperature changes translates into decadal historical trends during 1850–2014
of about 0.1 �C dec�1 for MAAT, MAGST, and MAST 5 m (Fig. 6.1c,e,g), which
are greater for WET and REF than for DRY in every case. The historical warm-
ing is followed for all the MPIESM-PePE simulations by an overall permafrost
median warming trend of around 0.8 �C dec�1 in the 21st century for MAAT
under SSP5-8.5, 0.4 �C dec�1 under SSP2-4.5, and non-significant MAAT trends
for SSP1-1.9 (Fig. 6.1c). Moreover, regional variability increases with the inten-
sity of the SSP scenario, with the interdecile range being around 0.1 �C dec�1 for
all simulations in the SSP1-1.9 scenario, and ranging from 0.3 to 0.4 �C dec�1

for SSP5-8.5 simulations. Temperature trends are slightly smaller and regional
variability is enhanced at the ground surface. The increase in MAGST median
trends and regional variability varies with the configuration considered. For in-
stance, while the MAGST trend values for the WET SSP5-8.5 simulations show
a median (10th, 90th percentile) value of 0.70 �C dec�1 (0.42–1.13 �C dec�1),
the DRY simulations have a median of 0.76 �C dec�1 (0.54–1.04 �C dec�1),
and the REF median values increase to 0.83 �C dec�1 (0.66–0.99 �C dec�1; Fig.
6.1e,f). The trends in the SSP5-8.5 experiments yield MAGST median values
of permafrost by the end of the century that are the highest for the DRY con-
figuration, with at least 90 % of the permafrost region (Fig. 2.6a) experiencing
MAGST values that are above the melting point in 2081–2100 (Fig. 6.1d).

Regarding the e↵ects of having di↵erent vertical discretizations, there is a par-
ticular noticeable e↵ect of having an 18L scheme for MAGST WET trends, and
for all the configurations in the case of the MAST 5 m under SSP5-8.5 warm-
ing. Deepening JSBACH produces an overall reduction in the SSP5-8.5 warming
trend of 0.1 �C dec�1 at a depth of 5 m. This result aligns with previous results
from González-Rouco et al. (2021) with the MPI-ESM in standalone experiments,
where a deeper LSM results in a weaker near-surface warming.

A considerable reduction in permafrost regional temperature variability, espe-
cially noticeable for MAGST and MAST 5 m (Fig. 6.1d,f), starts at the beginning
of the 21st century for the SSP5-8.5 scenario. Interdecile ranges are reduced by
a factor of 1.08–1.21 for 2041–2060, and 1.14–1.49 for 2081–2100 with respect
to 1995–2014, depending on the MPIESM-PePE configuration. This reduction is
likely produced by a decrease in spatial near-surface temperature heterogeneity
associated with the retreat of the snow cover area in winter. Figure 6.2a explores
this by showing the variability of the winter o↵set (boxplots) and snow depth
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Figure 6.2: Winter o↵set, defined as GST-SAT in DJF (see Section 2.2.2), and snow depth. (a)
Winter o↵set (�C) regional boxplots for the nine simulations of the MPIESM-PePE (see legend
for colors) in the di↵erent periods shown in Fig. 6.1b,c,e. The inner tick in the boxplot marks
the median value within the permafrost mask area (Fig. 2.6a), the bottom and top lines the
quartiles 1 and 3, and the bottom and top whiskers the 10th and 90th percentiles, respectively.
Snow depth median regional values (cm) for the same periods and simulations is shown with
black dots. (b) Snow depth as a function of the winter o↵set within the permafrost domain for
every simulation of the MPIESM-PePE.

(dots) in the permafrost domain for the same periods and scenarios as in Fig.
6.1. It can be seen that both snow cover and winter o↵set barely change in the
historical, SSP1-1.9, and SSP2-4.5 periods, with very stable snow depth median
values of 7.7 (REF), 7.2 (DRY), and 7.9 (WET) cm. A small decrease of around
1 cm is shown for SSP5-8.5 by the late 21st century. Even though snow depth
values are quite similar between the three MPIESM-PePE configurations, winter
o↵set shows remarkable di↵erences between the REF, and the WET and DRY
experiments. The regional median winter o↵set reaches 10–10.5 oC for WET and
DRY, but is 8–9 oC lower in REF. This contrast extends to regional variability:
the interdecile range (box width in Fig. 6.2a) ranges from 6–8 oC in WET and
DRY, but is only of about 1 oC for REF. Both results reflect weaker insulation
in the REF snow model. Moreover, WET winter o↵set values are systematically
about 0.5 oC higher than DRY, which is consistent with WET being colder (Fig.
6.1) and having more snow cover. For the three configurations, thinning snow
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Figure 6.3: Summer o↵set and annual temperature cycle amplitude. (a) Summer o↵set (�C)
regional boxplots (see Section 2.2.2) for the nine simulations of the MPIESM-PePE (see legend
for colors) in the di↵erent periods shown in Figs. 6.1b,d,f and 6.2. The inner tick in the boxplot
marks the median value within the permafrost mask area (Fig. 2.6a), the bottom and top
lines the quartiles 1 and 3, and the bottom and top whiskers the 10th and 90th percentiles,
respectively. (b) Amplitude (�C) of the regional median GST (solid), SAT (dashed), and ST 5
m (dotted line) annual cycles during 1850–1900 for the di↵erent MPIESM-PePE simulations in
(a). (c) Ratio of GST vs. SAT annual cycle amplitude (AA) during 1850–1900 given by regional
boxplots as in (a).

depth leads to less winter o↵set, being of 9.1 oC for WET and 8.4 oC for DRY
by the end of the SSP5-8.5 period.

To better assess the dependence of the winter o↵set on snow depth for every
simulation, a composite is computed for the DJF season by aggregating values of
snow depth vs. winter o↵set for every grid cell and year during 1850–2100, includ-
ing information of the historical period and the three SSP scenarios (Fig. 6.2b).
This approach allows for reducing the heterogeneity in snow depth values asso-
ciated with its temporal and spatial variability and reveals a strong relationship
between the winter o↵set and snow depth for the WET and DRY simulations.
The winter o↵set in REF remains significantly lower than in the WET and DRY
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simulations, with a maximum of only 1.8 oC at 7–8 cm of snow depth and an
increase of just 0.25 oC cm�1. For snow depth values greater than 8 cm, the o↵-
set steadily declines at a rate of 0.07 oC cm�1. In contrast, the WET and DRY
simulations show a much stronger relationship between winter o↵set and snow
depth, starting at 5 oC for a 2 cm snow cover and rising by 1 oC cm�1 up to
10 cm of snow, followed by a slower rate of 0.5 oC cm�1 for deeper snow cover
values. These di↵erences are primarily due to the implementation of a multi-layer
snow scheme in WET and DRY (Section 2.2.2), which enables more realistic ther-
mal insulation. As the snow depth increases, new layers are added every 5 cm
up to a maximum of five, beyond which the top layer continues to accumulate
snow (Ekici et al., 2014). Each layer’s temperature is explicitly computed, and
energy transfer between layers occurs via conduction. Since thermal conductivity
of snow is very low but not so the volumetric heat capacity, the resulting thermal
di↵usivity is low (see Table 2.4), hindering heat transfer and e↵ectively insulating
the soil beneath the snow cover. REF lacks this vertical layering. Instead, snow
depth only modifies the surface albedo and thermal properties of the uppermost
soil layers (Reick et al., 2021). As a result, REF winter o↵set values remain small
and less responsive to snow depth, as opposed to WET and DRY. These contrast-
ing behaviors and the importance of layered snow schemes for capturing snow
insulation e↵ects have also been highlighted in standalone JSBACH simulations
(Ekici et al., 2014; Steinert et al., 2021b).

In addition to the relationship between snow depth and winter temperature
o↵set in the WET and DRY simulations, Fig. 6.2b shows that a temperature
o↵set also exists even in the absence of snow for these configurations. This o↵set,
which is not present in REF, results from the insulation e↵ect of the organic layer
in the MPIESM-PePE simulations (see Section 2.2.2, de Vrese et al., 2023). The
organic layer helps smooth GST variability by dampening the response to SAT
changes (Fig. 6.3). Specifically, it enhances the snow insulation e↵ect in winter
while mitigating GST increases in summer (Fig. 6.3a). As a result, the combined
insulation e↵ects of both the snow and the organic layer, along with latent heat
exchanges from permafrost thawing and refreezing in summer and winter, lead
to a reduced amplitude of the annual GST cycle in WET and DRY compared to
REF (Fig. 6.3b). Thus, the regional median (10th, 90th percentiles) GST–SAT
amplitude ratio in 1850–1900 is of 62 (50–72) % for WET11 and WET18, 65
(52–74) % for WET5, DRY11, and DRY18, 66 (53-75) %, but 95 (93–97) % for
REF (Fig. 6.3c). The di↵erences in the GST annual amplitude can influence ALT
(Chadburn et al., 2015) and PE (Burke et al., 2020) variability.
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Figure 6.4: (a) ALT (m) for the ensemble of MPIESM-PePE simulations in the di↵erent periods
shown in Fig. 6.1b,d,f and 6.2a. Fraction of gridcells within the MPIESM-PePE permafrost
mask with a summer ALT greater than the indicated depth in the y-axis for 1850–1900 (b),
1995–2014 (c), 2041–2060 (d), and 2081–2100 (e). For every plot, dark (light) gray dashed line
indicates the mid-layer depth of the bottom layer for the 11L (5L) configuration. 18L value is
out of the bounds of the panels and, therefore, not included.

6.2.2 ALT

The spatial and temporal changes for ALT in the MPIESM-PePE simulations
are represented in Fig. 6.4. Both the ALT regional median, quartiles, and 10th
and 90th percentiles are the smallest for WET during the historical and scenario
periods. This is due to the regional temperatures being on average 3 �C and 1.5 �C
colder than for the DRY and REF simulations (Fig. 6.1), respectively. However,
despite REF having colder MAAT, MAGST, and MAST 5 m than DRY (Fig.
6.1b,d,f, respectively), REF median ALT is approximately 1 m deeper than DRY
in the historical period. Figure 6.4b,c further shows ALT for REF is greater
than for DRY for ca. 70 % of the gridcells in 1850–1900, and 60 % in 1995–
2014. The higher values of ALT in the REF simulations can be explained by the
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Figure 6.5: Near-surface permafrost presence with time for the combination of the three hydro-
logical configurations (WET, DRY, REF) and vertical discretizations (5L, 11L, 18L). Spatial
distribution of the last simulation year at which ALT is smaller than 3 m for every simulation
of the MPIESM-PePE. The time evolution for historical and SSP5-8.5 experiments is shown
in every case. Contour lines delimit areas where ALT does not reach 3 m within the tempo-
ral extent of the simulation. The colored distribution stands over the permafrost mask region
displayed in Fig. 2.6a.

combination of two factors. Although REF MAGST is lower than DRY in 1850–
1900 (Fig. 6.1b), summer GST is considerably higher (Fig. 6.3b). This is due to
the lack of organic layer insulation and the absence of water phase changes with
temperature in this configuration. When soil temperatures rise above 0 �C further
warming is partially prevented, since an amount of heat is absorbed by the ice
melt as latent heat. This phenomenon is known as the zero-curtain e↵ect (Outcalt
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et al., 1990; Mottaghy and Rath, 2006). Since the REF simulations do not include
phase changes, summer warming is capable of penetrating deeper into the soil.
The DRY configuration, in contrast, counterbalances the stronger temperature
increase in summer with the zero-curtain e↵ect, yielding lower ALT values than
REF. Still, around 30 % of the gridcells for DRY have a thicker ALT than for
REF in 1850–1900, increasing to 40 % in 1995–2014 (note the value of the x-axis
when DRY and REF curves intersect). This indicates the zero-curtain e↵ect does
not outweigh the greater heat propagation from higher MAGST at depths below
4 (1850–1900, Fig. 6.4b) to 4.5 m (1995–2014, Fig. 6.4c), depth at which the
annual cycle is very attenuated (Fig. 6.3b). Moreover, permafrost soils are very
shallow across large areas of Siberia in JSBACH (Steinert et al., 2021b), so the
absence of deep soil ice in these areas, and therefore of deep zero-curtain e↵ect,
promotes further ALT deepening as a response to the relative higher summer
temperatures (Fig. 6.3b) in DRY than REF. The WET simulations, which yield
colder regional temperatures (Fig. 6.1b,c,e) and more soil moisture (de Vrese
et al., 2023), shows the highest fractions of gridcells holding permafrost for any
value of ALT.

As permafrost warming intensifies in the 21st century under all scenarios,
especially for the SSP5-8.5, ALT depth increases for all the simulations. That
is evident from an extreme deepening of the permafrost regional ALT in 2081–
2100 under the SSP5-8.5 scenario compared to 1995–2014, with median regional
di↵erences of 4.1 for REF, 5.8 for WET, and 4.4 m for DRY (Fig. 6.4a). These
strong ALT variations are also illustrated by long-term changes in the vertical
distribution of permafrost (Fig. 6.4d,e), including near-surface (i.e., shallower
than 3 m, Fig. 6.5), and deep permafrost (Fig. 6.6). Even though most of the
gridcells have a deeper ALT for REF than for DRY up to the late-historical
period, the DRY simulations exhibit a greater deepening of ALT during the 21st
century. That entails that only 36 % of the gridcells for DRY5, 36 % for DRY11,
and 44 % for DRY18 still hold permafrost at the summer maximum thawing by
2081–2100 (Fig. 6.4e); these values are 18–20 % lower than those of REF.

The rapid ALT deepening for DRY is portrayed by maps in Fig. 6.5. While pre-
2000 deeper near-surface permafrost thaw in summer (purple to red) extends over
a greater area for the REF simulations, DRY is dominated by a more intense near-
surface and deep permafrost thaw during the 21st century (orange). Indeed, Fig.
6.6 shows that a much greater area for REF than DRY still holds deep permafrost
in 2100, with areas of 5.18 (REF5), 4.46 (REF11), 7.88 (REF18) versus 1.01
(DRY5), 1.45 (DRY11), and 2.93 (DRY18) 106 km2. The WET configuration
yields shallower ALT and greater gridcell fraction values than REF and DRY
for the whole duration of the simulation. The median WET ALT di↵erence with
respect to DRY increases during the 21st century (Fig. 6.4a), which agrees with
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Year ALT = zn

Figure 6.6: Deep permafrost presence with time for the combination of the three hydrological
configurations (WET, DRY, REF) and vertical discretizations (5L, 11L, 18L). Spatial distri-
bution of the last simulation year (HIS + SSP5-8.5) at which ALT is equal to the mid-layer
depth of the bottom layer (ALT = zn) for every simulation of the MPIESM-PePE. For the 18L
simulations, 11L JSBACH zn was taken in order to allow for comparison. Contour lines delimit
areas where ALT do not reach zn within the temporal extent of the simulation. The colored
distribution stands over the permafrost mask region displayed in Fig. 2.6a.

higher MAGST (Fig. 6.1e) and MAST 5 m (Fig. 6.1g) trends, of 0.1–0.2 �C dec�1,
for DRY than WET for the SSP5-8.5 scenario. The relatively colder temperatures
results in WET5, WET11, and WET18 still hold permafrost in summer for 64,
63, and 70 % of the gridcells in 2081–2100, which represents a deep permafrost
area of 7.69, 6.11, and 9.09 106 km2 by 2100, respectively. However, the SSP5-8.5
represents the most extreme warming scenario, and therefore the biggest response
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in ALT. The SSP1-1.9 permafrost ALT response is clearly waeker, with median
regional values from 0.2 (WET) to 1.2 (DRY) m deeper in 2081–2100 than by
1995–2014 (Fig. 6.4a). In turn, the SSP2-4.5 depicts a stronger ALT deepening
occurrence than SSP1-1.9 in the 21st century, with an increase in ALT ranging
from 2.0 (WET) to 4.2 (DRY) m. In both SSP1-1.9 and SSP2-4.5 scenarios, the
di↵erences between the di↵erent MPIESM-PePE configurations are equivalent to
those already mentioned for SSP5-8.5, but comparatively smaller.

Apart from the di↵erences in ALT due to the MPIESM-PePE configuration,
there are also notable di↵erences produced by the BBCP depth. All MPIESM-
PePE configurations show increasing ALT di↵erences during the 21st century
among the 5L, 11L, and 18L schemes. This is depicted by a greater increment
in the regional ALT values for the shallow (5L, 11L) than the 18L simulations
in 2041–2060, and 2081–2100 for the SSP5-8.5 scenario (Fig. 6.4a). The e↵ect
of the BBCP depth is also evidenced by a growing o↵set in the gridcell fraction
profiles during 2041–2060 (Fig. 6.4d), and 2081–2100 (Fig. 6.4e) between the
shallow and 18L discretizations. Deepening the LSM also produces di↵erences in
deep permafrost that range from 1.4 to 3.4 106 km2 in 2100, depending on the
MPIESM-PePE configuration (Fig. 6.6). The shallow vs. deep vertical scheme
di↵erences are greater when comparing 11L with 18L than between 5L and 18L,
which indicates that using a coarse vertical resolution reduces the ALT bias
produced by using a too shallow BBCP depth (Chadburn et al., 2015). Even
so, it is increasing the BBCP depth when resolving vertical heat conduction the
factor that prevails in damping long-term warming (González-Rouco et al., 2021;
Steinert et al., 2021a; Garćıa-Pereira et al., 2024b), producing a relative cooling
of 18L vs. 5L and 11L simulations.

Although BBCP depth impacts the representation of deep permafrost, its near-
surface e↵ect is negligible. Fig 6.6b-e show no consistent di↵erences in permafrost
fraction of gridcells for historical ALT, and very small di↵erences for gridcells
having an ALT above 5 (2) m in 2041–2060 (2081–2100) under the SSP5-8.5
scenario. These small di↵erences are also very hard to distinguish in terms of the
evolution of near-surface permafrost existence, as shown in Fig. 6.5.

Regarding the spatial retreat pattern of permafrost in the MPIESM-PePE,
both Figs. 6.5 and 6.6 show high agreement for the nine MPIESM-PePE simu-
lations. All of them portray little to no presence of near-surface permafrost in
Southern Siberia, Southern Canada, the Labrador Peninsula, and Scandinavia.
The warming in the 20th and the first-half of the 21st century under SSP5-8.5
scenario a↵ects much more near-surface than deep permafrost, yielding its re-
treat in Southern Alaska, Western, and Southeastern Siberia. By 2081–2100 for
the SSP5-8.5 scenario, near-surface permafrost only remains in Northern Siberia
for the WET simulations. In contrast, deep PE varies considerably with the
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Figure 6.7: PE evolution according to ZAA and TTOP (see Section 6.1.3). (a) PE (106 km2)
using the ZAA definition for the di↵erent MPIESM-PePE simulations (solid lines, see legend for
colors), the CMIP6 ensemble (gold solid line for the median, and dark (light) golden shading
for the interquartile (interdecile) range), and the observational product ESApCCIv3 (purple
solid line). (b) Same as (a), but for TTOP PE metric. CMIP6 PE data are only available for
the historical period and SSP5-8.5 scenario (Steinert et al., 2023).

MPIESM-PePE configuration and vertical discretization, being maximum for
WET18, where permafrost in 2100 is still present in Northern Canada and a
vast area across Central, Eastern, and Northern Siberia, and minimum for DRY5
and DRY11, where only a small patch of deep permafrost remains in the Central
Siberian highlands.

6.2.3 PE estimates: model-data comparison

The time evolution of PE for the nine simulations of the MPIESM-PePE in the
three SSP scenarios are compared with the PE values derived from the ESApC-
CIv3 and CMIP6 PE estimates provided by Steinert et al. (2023) in Fig. 6.7.
Both the MPIESM-PePE and the CMIP6 ensemble show a mostly constant per-
mafrost area since 1850–1900 (see values in Table 6.1) until the last decades of
the 20th century. WET and REF depict very similar early-historical PE values
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Table 6.1: Initial state of PE (PE1850�1900, in 106 km2), and trends in the SSP1-1.9, SSP2-4.5,
and SSP5-8.5 scenarios (in 106 km2 dec�1) for the nine simulations of the MPIESM-PePE
and the 10th, 25th, 50th, 75th, and 90th percentiles of the CMIP6 ensemble stemming from
Steinert et al. (2023). Values for both ZAA and TTOP definitions. Non-significant (p > 0.05)
SSP trends are marked in bold.

PE1850�1900 Trend PESSP1�1.9 Trend PESSP2�4.5 Trend PESSP5�8.5

(10
6
km

2
) (10

6
km

2
dec

�1
) (10

6
km

2
dec

�1
) (10

6
km

2
dec

�1
)

ZAA TTOP ZAA TTOP ZAA TTOP ZAA TTOP

WET5 19.92 20.33 -0.11 -0.16 -0.71 -0.68 -1.49 -1.34

WET11 20.29 20.43 -0.10 -0.08 -0.75 -0.72 -1.42 -1.39

WET18 20.32 20.37 -0.09 -0.01 -0.64 -0.63 -1.15 -1.35

DRY5 15.22 15.49 -0.15 -0.10 -0.84 -0.90 -1.62 -1.65

DRY11 15.12 15.30 -0.13 -0.10 -0.73 -0.71 -1.52 -1.57

DRY18 15.87 16.05 -0.15 -0.11 -0.67 -0.70 -1.38 -1.58

REF5 20.52 20.78 -0.04 -0.06 -0.61 -0.61 -1.43 -1.40

REF11 19.73 20.01 -0.08 -0.08 -0.59 -0.57 -1.45 -1.44

REF18 20.03 20.26 -0.16 -0.15 -0.55 -0.62 -1.09 -1.36

CMIP6P10 6.68 13.47 -0.39 -1.21

CMIP6P25 12.91 16.07 -1.33 -1.60

CMIP6P50 17.20 20.22 -1.79 -1.57

CMIP6P75 21.01 24.75 -1.24 -1.49

CMIP6P90 27.66 28.80 -1.25 -1.36

for both ZAA (Fig. 6.7a) and TTOP (Fig. 6.7b), in the range of 19.9–20.4 106

km2 and 19.7–20.8 106 km2, respectively (Table 6.1). However, REF5 and REF11
ZAA, and REF11 TTOP estimates show more variability, with the periods of the
largest PE values coinciding with the strongest volcanic cooling events in the his-
torical period (e.g., an abrupt PE rise in the 1880s as a response to the Krakatoa
eruption). In contrast, the DRY simulations depict an area around 5 106 km2

smaller than the REF and WET ones for both ZAA and TTOP (Table 6.1) and
less temporal variability.

In general, CMIP6 PE median values lie in between WET and DRY when the
ZAA permafrost definition is used, and agree with WET and REF for the TTOP
definition. As ZAA and TTOP definitions physically target deep and near-surface
permafrost degradation, respectively, this result indicates that the CMIP6 yields
larger near-surface than deep permafrost estimates, which are approximately 20
and 17 106 km2, respectively. However, the spread in CMIP6 PE is similar for
ZAA and TTOP in terms of the interquartile range, of around 8 106 km2, but
greater for the deep permafrost (ZAA) when considering the interdecile range, of
around 20–22 106 km2. Thus, the di↵erences in the PE early-historical equilibrium
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state associated with imposing the WET or DRY conditions in high latitudes
account for a quarter of the CMIP6 inter-model spread, which suggests that the
representation of soil hydrology plays an important role in determining the extent
of large-scale permafrost. In fact, state-of-the-art ESMs have been claimed to have
di�culties in reproducing nowadays PE, due to their limitations in representing
land surface processes (Chadburn et al., 2015; Burke et al., 2020; Steinert et al.,
2023), the non-inclusion of specific processes accelerating permafrost degradation
at local scales, such as soil subsidence (Andresen et al., 2020), talik formation
or thermokarst (Farquharson et al., 2019; Nitzbon et al., 2024), or the inability
to account for the permafrost-carbon warming feedback (Burke et al., 2013).
These observation-simulation discrepancies in PE are suggested in Fig. 6.7, which
exhibits that PE values from ESApCCIv3 in 1997–2019 are not only lower than
the CMIP6 median, but also lower than all the MPIESM-PePE experiments, both
for ZAA and TTOP. The di↵erences are especially large for ZAA, which might
be more sensitive to the aforementioned degradation processes enhancing deep
permafrost losses that are not implemented in current LSMs, including JSBACH.

The steady state of PE in the 19th and most of the 20th century is followed
by a decline that starts in the last quarter of the 20th century. The severity of
the PE retreat mainly depends on the intensity of the SSP forcing (Fig. 6.7,
Table 6.1). Hence, the low forcing SSP1-1.9 scenario shows a stabilization of PE
after 2030 for the nine simulations of the MPIESM-PePE, with similar values
for ZAA and TTOP DRY of around 12 106 km2 and of 16 106 km2 for WET
and REF in their three vertical discretizations. SSP2-4.5 depicts a moderate
loss until 2070 and a subsequent stabilization, with near-surface permafrost area
values (TTOP, Fig. 6.7b) of 8 106 km2 for DRY and 12 106 km2 for WET and
REF. For this scenario, there are moderate di↵erences among 5L, 11L, and 18L
simulations for ZAA, with PE values that di↵er by 1–2 106 km2 by the end
of the 21st century. Thus, DRY18 and WET18 PE are 8.6 and 13.1 106 km2

in 2081–2100, but 7.3 and 11.1 106 km2 for DRY11 and WET11, respectively.
These di↵erences in the deep permafrost are due to the increase in the BBCP
depth better accommodating for the subsurface propagation of the 21st century
warming (González-Rouco et al., 2021; Steinert et al., 2021a; Garćıa-Pereira et al.,
2024b). Moreover, the PE loss shows no stabilization either for MPIESM-PePE
or for the CMIP6 simulations under the SSP5-8.5 scenario. The deep permafrost
(Fig. 6.7a) is intensively degraded for the 5L and 11L simulations, with PE around
2.1, 6.4, and 6.9 106 km2 in 2081–2100, for DRY, WET, and REF, respectively.
This degradation is less pronounced for the 18L experiments, with PE values
of 4.0, 9.5, and 9.8 106 km2, respectively. These PE di↵erences by the late 21st
century are consistent with di↵erences in trends, which are between 0.14 and 0.36
106 km2 dec�1 smaller for the 18L than for the 5L and 11L simulations (Table
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Figure 6.8: PE for di↵erent periods in the MPIESM-PePE and CMIP6 ensembles in the histori-
cal and SSP5-8.5 scenario, and observed historical extension. PE CMIP6 10th, 25th, 50th, 75th,
and 90th percentiles spatial distribution (shading) for TTOP (a–d) and ZAA (e–h) for 1850–
1900, 1995–2014, 2041–2060, and 2081–2100. The extent and distribution of PE for the di↵erent
MPIESM-PePE experiments in the same periods are depicted with contour lines of di↵erent
colors (see legend), whilst the observational ESApCCIv3 historical permafrost distribution in
1997–2019 is shown with a thicker purple contour line.

6.1). In contrast, near-surface permafrost degradation, although also intense, does
not show notable di↵erences between the 5L, 11L, and 18L schemes, with DRY
TTOP by 2081–2100 being very similar for the three discretizations (2.4–2.9 106

km2), WET and REF being in the range of 6.9–8.7 106 km2, and the CMIP6
median PE being slightly lower than WET and REF (6.1 106 km2). Both the
10th and 25th percentiles of the CMIP6 ensemble ZAA and TTOP PE are below
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Figure 6.9: Relationship between PE and BBCP depth. (a) PE (106 km2) for ZAA (x-axis)
vs. TTOP (y-axis) for the CMIP6 median and the di↵erent members of MPIESM-PePE. Solid
lines depict the year-by-year evolution of ZAA vs. TTOP values. The symbols (see legend)
illustrate the mean ZAA vs. TTOP values for di↵erent periods. ZAA and TTOP PE estimates
are filtered with a 15-year moving average. (b) ZAA - TTOP PE di↵erences (106 km2) in 1995–
2014 (circles), and 2081–2100 (squares) for the 32 members of CMIP6 ensemble stemming from
Steinert et al. (2023), the 9 MPIESM-PePE simulations, and the ESApCCIv3 observational
PE data (only in 1997–2019). Data sources are sorted by their BBCP depth (m, logarithmic
x-axis). Note the break in x-axis between 100 and 1400 m.

than 1 106 km2 for the last three decades of the 21st century, which entails that
near-surface permafrost is almost fully thawed for at least a quarter of CMIP6
models by the end of the century for the highest radiative forcing scenario.

Figure 6.8 shows the regional distribution of PE depicted in Fig. 6.7 for the
historical and SSP5-8.5 scenario periods. At least 90 (75) % of CMIP6 models,
all MPIESM-PePE members, and the observations display near-surface (deep)
permafrost in Fig. 6.8c (Fig. 6.8h) across central, western, and eastern Siberia,
southern Siberia highlands, northern Alaska and Canada, and Nunavut mainland
and island territories by the end of the historical period (1995–2014). There is
a notable decline in PE since 1995–2014 for both definitions under the SSP5-
8.5 scenario (Fig. 6.8d,e,i,j). Permafrost degradation is more intense in south-
ern Siberia, Fennoscandia, and the Labrador Peninsula, with only a quarter of
the CMIP6 members and REF18, WET11, and WET18 still showing some per-
mafrost patches in southern Siberia by 2041–2060 (Fig. 6.8d,i). By the end of the
century (2081–2100, Fig. 6.8e,j), the existence of permafrost is predominantly re-
duced to central and northern Siberia, the highlands in southern Siberia, northern
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Alaska, and the island territories of Nunavut. In these regions, at least half of
CMIP6 models, and WET, REF, and DRY18 maintain some deep permafrost.
In contrast, in DRY5 and DRY11 simulations near-surface and deep permafrost
existence is reduced to Northern Siberia. In the WET18 and REF18 simula-
tions, deep permafrost covers a much larger area in central Siberia and northern
Canada than near-surface permafrost. Likewise, the DRY18 deep permafrost ex-
tends across vast areas in western Siberia, while near-surface permafrost is con-
fined to eastern Siberia. Overall, the retreat pattern of PE for ZAA for 5L and
11L simulations is similar to TTOP, which indicates that shallow LSMs yield
similar near-surface and deep permafrost degradation, whilst deep LSMs delay
deep permafrost thawing as a response to intense surface warming (see also Fig.
6.7b).

6.2.4 PE and BBCP depth

To better disentangle the potential role of the BBCP depth from soil hydrology
in producing di↵erences in near-surface and deep permafrost estimates, the ZAA
and TTOP definitions are compared in Fig. 6.9. As already exhibited in Fig. 6.7,
the WET and REF simulations depart from a higher PE value in 1850–1900 than
the DRY for both PE definitions. CMIP6 TTOP PE values are very similar to
WET and REF, and ZAA PE closer to DRY. In general, the CMIP6 median
always shows larger TTOP than ZAA PE values (golden line in Fig. 6.9a being
above the grey diagonal). In contrast, all the MPIESM-PePE 18L simulations
show negative values of ZAA - TTOP. Even though the DRY18 simulation starts
from a smaller PE than WET18 and REF18, and further diverges by 2100, the
evolution for the all three is quite robust in yielding a larger ZAA PE. However,
this is not the case for the 5L and 11L simulations, which show a very close
agreement in the evolution of TTOP and ZAA permafrost for REF simulations,
and slightly greater TTOP than ZAA PE values by the end of the 21st century
for WET and DRY. This entails that the MPIESM-PePE simulations with a
shallow LSM (see Table 2.6 or Figs. 2.4a and 2.6b) experience a more intense
deep permafrost thawing, as previously noted in Figs. 6.7b and 6.8j. This factor
also accounts for the asymmetry observed in the median and spread of TTOP
and ZAA PE estimates from CMIP6 simulations (Figs. 6.7 and 6.9), as previously
noted by Steinert et al. (2023).

In fact, Burke et al. (2020) stated that having too shallow LSMs could result
in an overestimation of deep permafrost thawing (i.e., an underestimation of PE
with warming) using the ZAA metric. Since the zero-annual temperature ampli-
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tude layer is usually found below 15 m (e.g., Garćıa-Pereira et al., 2024a), LSMs
imposing zero-flux bottom boundary conditions above this depth would not expe-
rience a full attenuation of the annual cycle at any level. For the present analysis,
we therefore apply a filter to remove the remaining annual temperature cycle in
the lowest soil layer in the 5L and 11L simulations. However, this is not the only
caveat about shallow LSMs. An insu�cient BBCP depth produces an overestima-
tion of the temperature variability with depth, as shown in González-Rouco et al.
(2021) with the same modeling framework. This results in the amplification of the
subsurface temperature trends associated with global warming. A BBCP depth
of at least 170 m has to be imposed to ensure the full thermal decoupling between
the ground surface and the bottom layer response in simulations spanning the
historical and SSP periods until 2100 (Steinert et al., 2021a). This is not the case
for any LSM incorporated in CMIP6 ESMs, as represented by Fig. 6.9b, which
depicts the di↵erences in deep vs. near-surface PE. There is an apparent bias in
ZAA - TTOP for CMIP6 models having a very shallow land component, i.e., with
a BBCP depth at 3–5 m (-3.1 ± 3.7 106 for 1995–2014, and -6.7 ± 3.6 106 km2

for 2081–2100). This bias still exists but becomes non-significant (p < 0.05) for
a subgroup of models having BBCP depths of around 10–15 m, which includes
MPIESM-PePE 5L and 11L simulations (-0.4 ± 3.9 106 for 1995–2014, and -0.3
± 1.4 106 km2 for 2081–2100). ESMs having relatively deep LSM components (>
40 m) exhibit negligible ZAA - TTOP di↵erences and dispersion (-0.2 ± 0.4 106

for 1995–2014, and 0.3 ± 0.7 106 km2 for 2081–2100), excluding IPSL-CM6A-LR
(BBCP depth of 90 m) in 2081–2100, which is an evident outlier (-7.3 106 km2).
This also includes WET18, DRY18, and REF18 simulations, which have deep
vs. near-surface PE di↵erences of 0.3, 0.2, and 0.0 for 1995–2014, and 1.5, 1.5,
and 1.8 106 km2 for 2081–2100, respectively. This reduction of ZAA - TTOP
bias with BBCP depth agrees with Steinert et al. (2023), which reported more
consistency in PE estimates by the end of the historical period between di↵erent
permafrost definitions for the CMIP6 members having a deep LSM. The little
impact observed in ZAA - TTOP PE when including a deep LSM in a set of
simulations with varying conditions of Arctic soil wetness confirms the relevance
of BBCP depth to yield unbiased PE estimates under global warming conditions.

6.3 Summary and conclusions

Permafrost degradation is a critical element for the sensitivity of the Earth sys-
tem to climate change because of its significant impact on the terrestrial carbon
cycle, society, and ecosystems. Despite observational data being important for



6.3 Summary and conclusions 127

monitoring the ongoing state of permafrost soils, their coverage is often spa-
tially sparse and uneven in time at a global scale. ESMs can overcome these
spatial and temporal limitations, as well as provide comprehensive insights into
permafrost dynamics. However, state-of-the-art ESMs exhibit considerable inter-
model variability in their projections of PE, ALT, and permafrost hydrological
state (Andresen et al., 2020; Burke et al., 2020; Steinert et al., 2023). Overall,
ESMs disagree not only on the magnitude of future PE loss and ALT increase, but
also on whether Arctic soils will become wetter or drier under global warming.
These uncertainties arise from their di↵erent representation of soil thermodynam-
ics and hydrology (Andresen et al., 2020; de Vrese et al., 2023; Matthes et al.,
2025). This study assesses the impacts of changing both soil thermodynamics and
hydrology on the Arctic permafrost dynamics for the first time in a fully-coupled
ESM. This is achieved by modifying the LSM, including progressively refined
and deeper vertical discretizations of the LSM (5L, 11L, and 18L) and gener-
ating comparatively wetter (WET) or dryer (DRY) conditions to quantitatively
capture the permafrost conditions induced by changes in the LSM hydrological
state (de Vrese et al., 2023).

Our results highlight the relevance of the representation of soil hydro-thermo-
dynamic processes in determining permafrost temperature, ALT, and PE. Dif-
ferences in the permafrost water table can produce very di↵erent thermal states,
with MAAT di↵erences of more than 3 �C between WET and DRY configura-
tions, with REF exhibiting intermediate thermal conditions. However, di↵erences
in the GST seasonal variability are mainly produced by an improved representa-
tion of the snow cover and organic layer insulation e↵ects, included in WET and
DRY but not represented in REF. Higher summer temperatures, together with
the omission of latent heat absorption due to permafrost thawing, leads to REF
ALT being on average 1 to 2 m deeper in 1850–1900 than in DRY and WET,
respectively. These di↵erences decrease with warming, with the DRY simulation
experiencing the greatest ALT values by the late 21st century under the SSP2-
4.5 and SSP5-8.5 scenarios. Apart from the already mentioned factors, BBCP
depth plays also a substantial role in determining future ALT. Deepening the
LSM, i.e., switching from the 5L or 11L to the 18L discretization, prevents the
full degradation of the permafrost profile for a 6–8 % of the gridcells within the
permafrost mask, which is equivalent to an area of 1.5–2 106 km2.

The implications of soil hydrology and BBCP depth are also noticeable for the
evolution of the PE. Both TTOP, which physically represents near-surface PE,
and ZAA, which tracks deep PE evolution, yield an initial PE of around 15 106

km2 for DRY and 20 106 km2 for REF and WET, respectively. These di↵erences
in soil hydrology explain up to a 76 % of the interquartile CMIP6 deep PE and
a 54 % of the near-surface PE. Regarding the BBCP depth, the 5L and 11L with



128 6 Permafrost sensitivity to changes in soil hydro-thermodynamics

respect to the 18L discretization show consistent PE di↵erences, of 1.9–3.1 106

km2, in the three hydrological configurations. This emphasizes the relevance of
BBCP depth in reducing deep permafrost degradation. In fact, CMIP6 models
having BBCPs deeper than 40 m show the smallest ZAA - TTOP PE di↵erences,
indicating that ESM simulations with deep LSM vertical schemes are more reli-
able to project future degradation of deep permafrost and its sensitivity to surface
warming.



Chapter 7

Conclusions and outlook

This thesis investigates the long-term response of the land surface and subsurface
to changes in the representation of thermodynamic and hydrological processes
governing soil and bedrock dynamics under the ongoing global warming. Current
LSMs provide a simplified treatment of these processes, resulting in biases and
discrepancies with observed conditions. In reality, the subsurface behaves as a
half-infinite medium for heat transfer, where temperature perturbations at the
ground surface propagate downward over time mainly by heat conduction. Hy-
drological changes primarily occur within the soil layer and are closely coupled
with soil thermodynamics. Soil hydro-thermodynamic coupling determines soil
moisture phase changes, modifies thermal properties, and influences on the SEB
and land-atmosphere interactions.

A key limitation in representing subsurface thermodynamics by LSMs is the
imposition of an overly shallow zero-flux bottom boundary condition when re-
solving the underground heat conduction, which artificially halts heat transfer
at depth. This shortcoming leads to an overestimation of long-term subsurface
temperature trends, while also constraining land heat uptake with warming. The
representation of soil hydrology within LSMs often omits critical processes that
regulate the water cycle intensity and hydro-thermodynamic coupling. These in-
clude the neglect of soil moisture phase changes during freezing/thawing and
supercooled liquid water, the absence of organic layers, the prescription of static
soil thermal parameters, or the implementation of single bucket or too simplistic
schemes for the computation of snow.

The main objective of this thesis is expanding the understanding of
the hydrological and thermodynamic processes that control the sub-
surface heat propagation and storage, as well as assessing the sensi-
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tivity of surface and subsurface climate variability to changes in these
processes under global warming. The specific objectives posed by this the-
sis were (Section 1.8): (i) characterizing the underground thermal regime from
subsurface temperature observations (Section 1.8.1); (ii) estimating land heat
uptake in the industrial period from di↵erent data sources (Section 1.8.2); (iii)
assessing why insu�cient BBCP depths limit land heat uptake and its potential
explanation at the ground surface (Section 1.8.3); (iv) evaluating permafrost sen-
sitivity to climate change under di↵erent configurations of the subsurface thermo-
hydrodynamics (Section 1.8.4).

While the main findings related to the research questions outlined in Section
1.8 are summarized within the conclusions of each chapter, this final chapter
o↵ers a synthesis of the overall main conclusions as well as some cross-chapter
issues (Section 7.1). Research gaps and future lines of work are also summarized
in an outlook (Section 7.2).

7.1 Main conclusions

The subsurface thermal structure is well described by the underground
propagation of the surface temperature signal by heat conduction (Sec-
tion 3.2.2).

A set of subsurface temperature time series at di↵erent depths from six moni-
toring stations in Sierra de Guadarrama enabled to assess the underground ther-
mal propagation of GST signals. The evaluation focused on thermal di↵usivity, a
physical parameter that defines the rate and intensity of conductive heat transfer.
A CA framework was applied, which tracks the exponential amplitude attenua-
tion and linear phase shift of the GST annual wave with depth.

Results yielded apparent thermal di↵usivity values of 1–1.3 10�6 m2s�1 for
deep profiles down to 20 m. These values are consistent with those for gneiss and
granite, the dominant bedrock components in the Sierra de Guadarrama. Thermal
di↵usivity was found to change with depth, being smaller and more heterogeneous
near the surface, with values of around 0.4–0.8 10�6 m2s�1 across the six sites.
The increase of thermal di↵usivity with depth is consistent with a progressively
higher compactness of the eroded material and debris constituting the soil with
depth. An abrupt increase in thermal di↵usivity was also observed between 4–8 m
depth at four of the sites, corresponding to the transition from soil to bedrock. This
transition was also identified in a stratigraphic analysis of unconsolidated material
and rock samples, i.e., cores, extracted during the borehole drilling process.
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Overall, the results confirm that conduction is the dominant mechanism of
heat transfer in both soil and bedrock, with observed variations in thermal dif-
fusivity primarily governed by changes in the parent material. The ability of CA
to capture these depth-dependent variations suggests its potential for inferring
subsurface composition in the absence of stratigraphic samples. It can also help
identify the soil–bedrock transition, and thereby determine soil depth.

Soil temperature and moisture changes are connected near the surface
(Section 3.2.3).

This thesis introduced a novel approach to compute the apparent thermal dif-
fusivity of the subsurface, based on studying the attenuation of the full GST
spectrum with depth, the SpM. The SpM enables the evaluation of short-term
changes, i.e., of higher frequency than the annual cycle, in the soil thermal di↵u-
sivity near the surface.

SpM-derived di↵usivity values show an increase with depth within the first
meter of the soil. More interestingly, the time evolution of thermal di↵usivities
at 0.1 and 0.2 m at the HRR site exhibit coordinated seasonal variations with
soil moisture. Following summer drought, thermal di↵usivity decreases, while the
onset and consolidation of wetter soil conditions in autumn and winter lead to a
marked increase and eventual saturation in thermal di↵usivity.

This time correlation between soil moisture content and thermal di↵usivity is
a promising finding, suggesting the potential for using soil temperature data to
reconstruct soil moisture dynamics. Such reconstructions could complement the
limited availability of in situ soil moisture observations and support studies of
drought, extreme precipitation events, and land water availability, with valuable
applications in agriculture and water resource management.

Imposing shallow BBCP depths constrains the land heat uptake in
state-of-the-art ESMs (Sections 4.2.1 and 5.2.1).

Long-term impacts of the BBCP depth in surface and subsurface temperature
variability and land heat uptake were evaluated comparing two fully-coupled
ESM simulations of the past two millenia, historical, and future scenario periods
(P2k+, until 2100) with the MPI-ESM: a standard shallow, with a BBCP at 10
m, and one presented in this thesis with a modified version of the MPI-ESM
including a deep representation of the BBCP, at 1416 m depth. This depth is
enough to virtually detach the bottom layer from surface temperature variations.

The deep simulation stores four times more heat than the shallow simulation
by the end of the historical period (see Fig. 7.1). This underestimation by the
shallow simulation reaches 60 ZJ by the end of the 21st century in the highest
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Figure 7.1: Schematic of the main conclusions stemming from Chapters 4 and 5. Under the same
ground surface warming conditions (dark red), LSMs with a shallow BBCP limit the incoming
GHF (black). This results in a reduced land heat uptake (brown bubble) and an overestimation
of the bottom layer temperature (note the size of Td and Ts labels). In contrast, deepening the
BBCP induces greater GHF and land heat uptake values, and an increase in the SHF (red),
LHF (blue), and RN (purple arrow) globally, in wet, and dry areas, respectively.

radiative scenario (SSP5-8.5), which is equivalent to 3 times the observed land
heat uptake in the industrial era.

The results evidence the need for deep LSM thermal components to properly
reproduce the land heat uptake in standalone and fully-coupled ESM experi-
ments, and therefore correctly portraying the terrestrial energy budget.

Surface temperature variability is unresponsive to changes in BBCP
depth (Sections 4.2.1 and 5.2.1).

The comparison of the P2k+ deep and shallow simulations showed no di↵er-
ences neither in SAT nor in GST long-term variability or trends. This means
that long-term changes in surface temperatures are independent from changes in
the BBCP depth in fully-coupled ESM simulations, which agrees with previous
results coming from standalone LSM experiments.

Therefore, GST information from di↵erent data sources (ESMs, reanalyses,
gridded observations) can be used as a top boundary condition to drive sim-
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ple half-infinite heat conduction forward models and derive unbiased land heat
uptake estimates. This approach could also be used to correct subsurface tem-
perature variability and trends computed by ESMs, with applications in borehole
climatology and deep permafrost diagnosis.

One-dimensional heat conduction forward models driven by ground
surface temperature data yield consistent estimates of land heat uptake
with those obtained from BTPs (Section 4.2.2).

A collection of land heat uptake estimates was derived using a simple half-
infinite heat conduction forward model (ConForM), forced by global mean con-
tinental GST data from 37 CMIP6 ESMs and 5 reanalyses, as well as SAT data
from 5 gridded observational datasets. The analysis covers three di↵erent periods:
1950–2000, 1960–2020, and 1971–2018.

For the 1971–2018 period, land heat uptake ranges from 10 to 16 ZJ across all
sources. CMIP6 models yield a land heat uptake of approximately 14 ZJ, which
doubles the values simulated when limited by a shallow BBCP depth. Although the
di↵erent data sources lead to consistent land heat uptake values, they all lie below
the last borehole-based estimates, of around 18 ZJ in 1971–2018. This discrepancy
is due to an overestimation of land heat uptake by boreholes that has been recently
reconciled.

The results underscore the applicability of forward models in improving ESM-
based estimates. Moreover, the comparison between model- and data-driven land
heat uptake estimates can serve as an additional metric to assess the realism of
ESMs in reproducing the subsurface response to current global warming.

The limited land heat uptake in shallow ESM simulations stems from
a constrained GHF (Sections 5.2.1 and 5.2.2).

An ensemble of eight standalone simulations of the industrial-era and future
scenario warming with the LSM of the MPI-ESM, JSBACH, was used to assess
the relation between land heat uptake and long-term incoming GHF for di↵erent
subsurface depths (Fig. 7.1).

Results indicate that GHF increases twofold when the BBCP depth is extended
from 10 to 22 m, saturating at a factor of five for a BBCP depth of 184 m. There-
fore, to ensure that GHF values in industrial and future climate change stan-
dalone LSM or fully-coupled ESM experiments are not underestimated, BBCPs
must be prescribed at least at 184 m.

This outcome demonstrates for the first time that BBCP depth can influence
the climate at the ground surface, thus extending previous findings that primarily
focused on subsurface temperature biases and land heat uptake. This underlines
again the need for deeper BBCPs to realistically represent ground surface and
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subsurface thermodynamics in climate simulations.

Correcting the GHF biases associated with the BBCP depth reshape
the long-term surface energy balance (Section 5.2.3).
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Figure 7.2: Schematic of the main conclusions achieved in Chapter 6. A WET (two drops)
permafrost leads to relatively colder (blue) surface conditions than DRY (single drop, red),
which results in a shallower ALT (scratched line) and greater initial PE, both for TTOP and
ZAA (dark gray circle). Deepening the BBCP attenuates the bottom layer temperature increase
(thermometer size), reducing future deep (ZAA) permafrost degradation (light gray circle).
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The increase in the incoming GHF is mainly compensated by a global increase
in the outgoing SHF, and a comparatively smaller increase of the LHF and net
radiation in wet and dry areas, respectively (Fig. 7.1).

This finding complements the previous conclusion, highlighting for the first
time the impacts of an insu�ciently deep BBCP at the surface climate. Moreover,
the fact that the BBCP modifies the SEB evidences again the close connection
between subsurface hydrology and thermodynamics, with implications for the
understanding of land-atmosphere interaction.

The interaction between the subsurface hydrology and thermodynam-
ics is especially sensitive in permafrost regions (Section 6.2).

This thesis explored the response of permafrost temperature variability, ALT,
and PE to changes in its soil hydrology and thermodynamics. An ensemble of
fully-coupled ESM historical and climate change scenario simulations with the
MPI-ESM, the MPIESM-PePE, was performed under three configurations of JS-
BACH: the standard model version, REF, and two variants that generate rather
DRY or WET conditions across permafrost areas. Moreover, two vertical dis-
cretizations were implemented, with 11 and 18 layers, and BBCP depths at 10
and 1391 m, respectively. These discretizations complement the standard 5-layer
discretization of JSBACH and were used to explore the e↵ects of the BBCP depth
and vertical resolution.

Both the pre-industrial state and future evolution of permafrost are strongly in-
fluenced by hydrology. WET simulations depict an overall 3 oC colder permafrost
region than DRY, which results in a 1–2 m thinner ALT, and an initial PE larger
by 5 106 km2 (Fig. 7.2). All simulations depict a rapid increase in permafrost tem-
peratures, ALT thickening, and PE reduction in the 21st century, with changes
being most pronounced under the SSP5-8.5 scenario. In this scenario, however,
BBCP depth reduces the intensity of near-surface soil warming by 0.1 oC dec�1,
diminishing the loss of permafrost area by up to 1.9–3.1 106 km2 by the end of
the century (Fig. 7.2).

Overall, this final part of the thesis underscores the importance of refining
hydrological and thermodynamic processes and their interactions in ESMs to
improve projections of permafrost dynamics under climate change. A more ex-
haustive representation of permafrost hydro-thermodynamics in ESMs is relevant
for assessing risks associated with global carbon feedbacks and infrastructure vul-
nerability in Arctic regions.
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Figure 7.3: Soil thermal di↵usivity and moisture content in ERA5-Land. (a) Mean soil moisture
content and (b) thermal di↵usivity down to 50 cm depth over the period 1948–2024. Thermal
di↵usivity in (b) was derived using the CA amplitude attenuation method applied to each grid
cell (see Section 3.1). (c) Soil types defined by ERA5-Land based on soil texture (legend in
panel d).(d) Scatterplot of thermal di↵usivity versus soil moisture, clustered by ERA5-Land
soil type. The mean permafrost region for 1948–2024 is shown with hatching in maps (a–c) and
represented in gray in panel (d).

7.2 Outlook

The main conclusions of this thesis (Section 7.1) demonstrate that soil hydrol-
ogy and thermodynamics are closely interconnected. This mutual dependence is
particularly relevant in the context of ongoing climate change, where shifts in
the soil hydrological state can either dampen or amplify its warming. Given the
scarcity of observational soil moisture data, having alternative indirect sources
of information can be highly valuable. This thesis has shown that soil tempera-
ture can serve as a proxy for soil moisture through its relationship with thermal
di↵usivity. However, since this connection was demonstrated here using short-
term in situ data from a single station (HRR), it would be worthwhile to extend
this analysis both spatially and temporally. Future work will aim at better char-
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Figure 7.4: Terrestrial energy budget under massive cooling volcano events in the CE. The
large emission of stratospheric aerosols leads to a comparatively lower incoming than outgoing
radiation, which results in a negative energy imbalance. The imbalance is partitioned between
the di↵erent climate components in the form of ocean (O), land (L), cryosphere (C), and
atmosphere (A) heat releases (HRs). The relative contribution of OHR, LHR, CRH, and AHR
is still an open question. Modified from von Schuckmann et al. (2023) using OpenAI (2025).

acterizing the relationship between thermal di↵usivity and soil moisture across
di↵erent soil types, using soil reanalysis datasets, such as ERA5-Land. Prelim-
inary results using ERA5-Land soil temperature and moisture content monthly
data at di↵erent levels show that thermal di↵usivity increases with soil moisture
content (Fig. 7.3). The increase rate is higher for coarse soils (Fig. 7.3d), which
is consistent with a stronger increase of thermal conductivity for this soil texture
associated with a higher volume fraction of the high-conductivity parent mate-
rial. However, the increase rate in thermal di↵usivity with soil moisture is not
constant, but decays for higher soil moisture values (Dai et al., 2019). This can
hinder the inference of accurate soil moisture absolute values, artificially damp-
ening soil moisture seasonal and spatial variability. The plausibility of this idea
and the associated caveats will be explored in the near future.

Another line of research that remains open following this thesis is the impact
of correctly representing land heat on the terrestrial energy budget. This thesis
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has extensively considered land heat uptake as a consequence of the positive en-
ergy imbalance driven by the ongoing anthropogenic greenhouse e↵ect. However,
as discussed in Sections 1.5 and 4.2.1, there have been periods during the CE
characterized by a series of intense volcanic eruptions, e.g., the LIA. Unlike the
increase in GHGs, these eruptions induced intense and rapid negative energy im-
balances, resulting in a long-term net heat release from the various components
of the climate system (Fig. 7.4). For instance, the eruption of the Samalas in 1257
induced a negative energy imbalance of -32.8 W m�2 (Sigl et al., 2015), which
is equivalent to a global energy loss of 517 ZJ. This value amounts for around
one and a half times the ocean heat uptake in the last six decades (von Schuck-
mann et al., 2023), seven times the land heat uptake by P2k+d in 1850–2100,
or 35 times for P2k+s. However, how the volcanic-driven negative imbalance is
partitioned between the di↵erent climate components remains an open scientific
question. Since future scenario ESM simulations do not regard possible future
volcanic events, this question could be addressed using simulations of the CE
(Fig. 7.4). Furthermore, comparing the MPI-ESM P2k+ simulations presented
in this thesis could help determine to what extent this partitioning is influenced
by having shallow LSM configurations. Future work computing the terrestrial
energy budget in the context of strong volcanism could contribute to the under-
standing of the subsurface as a net heat source and a climate regulator in past
and future climate scenarios.

Finally, this thesis underlined the relevance of incorporating a more realistic
and detailed representation of soil hydro-thermodynamic processes in ESMs to
improve the simulation of permafrost dynamics. A modified version of JSBACH
including new hydro-thermodynamic features in permafrost regions was run in
coupled-mode to assess the sensitivity of permafrost to di↵erent configurations of
the Arctic hydrology and vertical discretizations of the LSM under current and
future scenario warming. Results show that permafrost temperatures are partic-
ularly sensitive to the mean Arctic hydrological state, with overall di↵erences of
around 3 °C between WET and DRY configurations, and even larger discrepan-
cies locally. However, changes in the permafrost temperature do not only a↵ect
permafrost dynamics, but have an atmospheric impact due to the operation of
di↵erent land-atmosphere feedbacks related to latent heat release and evapora-
tion, cloudiness, and snow-albedo changes (de Vrese et al., 2023). For instance,
de Vrese et al. (2024) showed how permafrost degradation can lead to changes in
the seasonal cloud cover, enhancing low cloudiness in winter and reducing cloud
cover in summer, which further amplifies Arctic warming. Future work will tar-
get how changes in the hydrological state of permafrost can drive di↵erences in
the Arctic temperature response, subsequently leading to changes in Arctic am-
plification (Meabe-Yanguas et al., 2025). Whether this Arctic land-atmosphere
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DRY simulations.

interaction has implications for the global climate patterns, via changes in the
circulation at mid-latitudes or teleconnections with the tropics, will be also ex-
plored.

Another open question stemming from the last part of the thesis is whether
the hydrological state of permafrost can also have influenced the evolution of
temperature, ALT, and PE throughout the CE. To investigate this, extended
WET18 and DRY18 simulations covering the whole CE are currently in pro-
duction (P2k+WET and P2k+DRY, Fig. 7.5). These runs will complement the
existing MPI-ESM P2k+ experiments, contributing to expand the scarce number
of experiments of the last millennium within PMIP4. Assessing long-term per-
mafrost responses to variations in soil hydro-thermodynamics during a period of
relatively weak external forcing can help disentangle low-frequency signals unaf-
fected by strong anthropogenic trends. Additionally, di↵erences in the WET vs.
DRY responses to abrupt volcanic cooling events may provide further insights
into permafrost sensitivity to rapid climate perturbations in the short- and long-
term.
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son, 2010: Global Biodiversity: Indicators of Recent Declines. Science, 328,
1164–1168, DOI: 10.1126/science.1187512.

Canadell, J., P. Monteiro, M. Costa, L. Cotrim da Cunha, P. Cox, A. Eliseev,
S. Henson, M. Ishii, S. Jaccard, C. Koven, A. Lohila, P. Patra, S. Piao, J. Ro-
gelj, S. Syampungani, S. Zaehle, and K. Zickfeld, 2021: Global Carbon and
other Biogeochemical Cycles and Feedbacks. Climate Change 2021: The Phys-
ical Science Basis. Contribution of Working Group I to the Sixth Assess-
ment Report of the Intergovernmental Panel on Climate Change, V. Masson-
Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud,
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gleichungen der mathematischen Physik. Math. Ann., 100, 32–74.

Craig, A., S. Valcke, and L. Coquart, 2017: Development and performance of
a new version of the OASIS coupler, OASIS3-MCT 3.0. Geoscientific Model
Development , 10, 3297–3308, DOI: 10.5194/gmd-10-3297-2017.

Crowley, T. J., 2000: Causes of Climate Change Over the Past 1000 Years. Sci-
ence, 289, 270–277, DOI: 10.1126/science.289.5477.270.

Cuesta-Valero, F. J., H. Beltrami, A. Garćıa-Garćıa, G. Krinner, M. Langer,
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Cuesta-Valero, F. J., A. Garćıa-Garćıa, H. Beltrami, and J. Finnis, 2021a: First
assessment of the earth heat inventory within CMIP5 historical simulations.
Earth System Dynamics , 12, 581–600, DOI: 10.5194/esd-12-581-2021.
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Döscher, R., M. Acosta, A. Alessandri, P. Anthoni, A. Arneth, T. Arsouze,
T. Bergmann, R. Bernadello, S. Bousetta, L.-P. Caron, G. Carver, M. Castrillo,
F. Catalano, I. Cvijanovic, P. Davini, E. Dekker, F. J. Doblas-Reyes, D. Doc-
quier, P. Echevarria, U. Fladrich, R. Fuentes-Franco, M. Gröger, J. v. Harden-
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C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang,
K. Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield,
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J. Hauck, C. Le Quéré, G. P. Peters, W. Peters, J. Pongratz, S. Sitch, J. G.
Canadell, P. Ciais, R. B. Jackson, S. R. Alin, P. Anthoni, N. R. Bates,
M. Becker, N. Bellouin, L. Bopp, T. T. T. Chau, F. Chevallier, L. P. Chini,
M. Cronin, K. I. Currie, B. Decharme, L. M. Djeutchouang, X. Dou, W. Evans,
R. A. Feely, L. Feng, T. Gasser, D. Gilfillan, T. Gkritzalis, G. Grassi, L. Gregor,
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vset, N. Lefèvre, S. Lienert, J. Liu, G. Marland, P. C. McGuire, J. R. Melton,
D. R. Munro, J. E. M. S. Nabel, S.-I. Nakaoka, Y. Niwa, T. Ono, D. Pier-
rot, B. Poulter, G. Rehder, L. Resplandy, E. Robertson, C. Rödenbeck, T. M.
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T. Tanhua, P. P. Tans, H. Tian, B. Tilbrook, F. Tubiello, G. R. van der Werf,
N. Vuichard, C. Wada, R. Wanninkhof, A. J. Watson, D. Willis, A. J. Wilt-
shire, W. Yuan, C. Yue, X. Yue, S. Zaehle, and J. Zeng, 2022: Global Carbon
Budget 2021. Earth System Science Data, 14, 1917–2005, DOI: 10.5194/essd-
14-1917-2022.
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Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P. R. Shukla,
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Melo-Aguilar, C., F. González-Rouco, N. J. Steinert, H. Beltrami, F. J. Cuesta-
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O. Geo↵roy, C. Lévy, G. Madec, Y. Meurdesoif, R. Msadek, A. Ribes,
E. Sanchez-Gomez, L. Terray, and R. Waldman, 2019: Evaluation of CMIP6
DECK Experiments With CNRM-CM6-1. Journal of Advances in Modeling
Earth Systems, 11, 2177–2213, DOI: 10.1029/2019MS001683.

von Schuckmann, K., L. Cheng, M. D. Palmer, J. Hansen, C. Tassone, V. Aich,
S. Adusumilli, H. Beltrami, T. Boyer, F. J. Cuesta-Valero, D. Desbruyères,
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