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Abstract
Biogeophysical feedbacks between the land surface and the atmosphere have been identified to heav-

ily control the climate system. Land-atmosphere (L-A) coupling strength is a concept to quantify

the feedback processes. However, the quantification is still subject to uncertainties, in particular, in

the context of land surface influences on local convective precipitation. On the one hand, feedback

processes are the result of a chain of complex interactions between various components in the L-A

system all exhibiting spatiotemporal variability. On the other hand, L-A coupling strength is not a

directly measurable quantity. It can be assessed with different scientific approaches, which makes

the quantification dependent on the methodology and the availability of suitable data sets.

The aim of this doctoral thesis is to investigate the impact of changes in the vegetation cover and the

atmospheric thermodynamic conditions on the long-term coupling signal between the land surface

and the triggering of deep moist convection during the European summer. The ‘convective trig-

gering potential – low-level humidity index’ framework, which is a commonly used L-A coupling

metric, classifies a day in favor for L-A coupling or not, based on the prevailing thermodynamic

conditions in the atmosphere. . The daily classifications are used to measure the frequency of days

with favorable conditions during the study period, and to identify regions with high frequencies of

favorable conditions as coupling hot spots. The framework is applied to model output from regional

climate model (RCM) simulations with WRF-NoahMP with diverging land cover conducted over

the historical period 1986-2015 for the Euro-CORDEX domain. Impacts of changes in vegetation

cover are analyzed by comparing the L-A coupling strength from two sensitivity experiments with

idealized extreme land use and land cover changes (LULCCs) against a simulation with realistic

land cover. A posteriori modifications to the temperature and moisture output fields of the simu-

lation with realistic land cover were implemented to analyze impacts of systematic changes in the

atmospheric thermodynamic conditions.

A potential coupling hot spot with predominantly positive feedbacks was identified over Eastern Eu-

rope. In Southern Europe and Europe’s coastal areas, the coupling is regularly inhibited by very dry,

very wet or stable conditions in the atmosphere. The location of the hot spot appeared insensitive

to LULCCs and changes in the thermodynamic conditions. None of the sensitivity tests within a

realistic range of temperature and moisture modifications for a recent climate period, led to a dis-

appearance of the hot spot or to overcome the causes for inhibiting coupling in the respective areas

iii



in summer. Nevertheless, the experiments demonstrated also considerable variance of the coupling

strength within the hot spot region. LULCCs changed the turbulent heat fluxes from the land sur-

face, and thus the atmospheric boundary layer (ABL) heating and moistening. This impacted the

boundary layer development of each day. It also caused changes in the average thermodynamic

characteristics during the study period, which changed the frequency of favorable pre-conditioning

for convection triggering and enhanced the variance in the coupling strength in the hot spot. Both

effects were identified to influence the land surface control on the occurrence of convective precip-

itation. Furthermore, the sensitivity tests with a posteriori modifications revealed uncertainties in

the predominant atmospheric response to differently wet surfaces around the Black Sea, shown by

a disagreement in the predominant coupling pathway between the modification cases. The findings

further indicate uncertainty in whether the hot spot expands over Central Europe, as the feedback

signal was sensitive to changes in temperature and moisture. Additionally, the model has a warm

and dry bias in this area, which suggests an overestimation of the humidity deficit. The large hu-

midity deficit, in turn, was the inhibiting factor for a high frequency of occurrence of favorable

pre-conditions for deep moist convection. The analyses reveal a sensitivity of the L-A coupling

strength and atmospheric response to the prevailing land surface and atmospheric conditions in the

hot spot. This highlights the need to consider both the land surface state and its impact on L-A

coupling strength with respect to predictions of convective precipitation events in strongly coupled

regions (and periods). Given that L-A coupling provides predictive skill for climate projections and

seasonal forecasts, improved understanding about causes of variability in L-A coupling strength is

crucial for improvements therein.
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Zusammenfassung
Biogeophysikalische Rückkopplungsprozesse zwischen Landoberfläche und Atmosphäre haben einen

großen Einfluss auf das Klimasystem. Allerdings unterliegt ihre Quantifizierung, allen voran des

Einflusses der Landoberflächen auf die Auslösung konvektiver Niederschläge, weiterhin großen

Unsicherheiten. Ursachen dafür sind die Komplexität der Interaktionen im Land-Atmosphären (L-

A)-System unter Beteiligung vieler verschiedener Komponenten, die alle unterschiedlich starker

räumlich-zeitlicher Variabilität unterliegen. Zudem ist die L-A Kopplungsstärke keine direkt mess-

bare, sondern eine diagnostische Größe, die noch dazu mit verschiedenen wissenschaftlichen An-

sätzen untersucht wird, sodass Ergebnisse sowohl von der Wahl der Metrik, als auch von der Qualität

und dem Zugang zu geeigneten Datensätzen abhängt.

Das Ziel dieser Doktorarbeit ist die Untersuchung, ob und wie sich Änderungen in der Landnutzung

und den thermodynamischen Bedingungen der Atmosphäre auf die potentielle Kopplungsstärke

zwischen Landoberflächenfeuchte und dem Auslösen von hochreichender Konvektion in den eu-

ropäischen Sommermonaten auswirken. Dafür wurden drei Klimasimulationen mit dem regionalen

Klimamodel WRF-NoahMP für den historischen Zeitraum 1986-2015 für die Euro-CORDEX Do-

main durchgeführt, die sich in der Landbedeckung unterscheiden. Die Kopplungsstärke wurde mit

Hilfe der L-A-Kopplungsmetrik ‚Convective triggering potential – low-level humidity index Frame-

work‘ analysiert, welche die Häufigkeit von förderlichen Bedingungen für lokal ausgelöste Konvek-

tion in der Atmosphäre quantifiziert. Durch den Vergleich der Ergebnisse der Kopplungsmetrik für

die Simulationen mit verschiedener Landbedeckung konnten die Einflüsse von Änderungen in der

Vegetation analysiert werden. Weitere systematische Änderungen in den thermodynamischen Be-

dingungen und deren Auswirkungen auf die Kopplungsstärke konnten mit Hilfe von nachträglichen

Modifikationen der Temperatur- und Feuchtefelder der Simulation mit realistischer Landbedeckung

erfasst werden.

Sämtliche Analysen zeigten einen Kopplungshotspot über Ost- und Nordosteuropa, wo vorwiegend

positive Rückkopplungen zwischen Landoberfläche und konvektiven Niederschlägen auftreten. Die

Lage des Hotspots wir nicht durch Änderungen der Landbedeckung oder der Atmosphärenstruk-

tur beeinflusst. Keine der Temperatur- und Feuchteänderungen, deren Spektrum einen realistis-

chen Rahmen für das gegenwärtige Klima abdecken, konnten ein Verschwinden des Hotspots her-

beiführen oder die Ursachen für die Unterdrückung von Rückkopplungen (zu starke Trockenheit,
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Feuchte oder Stabilität in der Atmosphäre) über Südeuropa und in Küstennähe beseitigen. Allerd-

ings zeigen die Experimente und Sensitivitätstests eine deutliche Varianz in der Kopplungsstärke in

der Hotspotregion. Landnutzungsänderungen modifizieren die Aufteilung der Wärmeflüsse an der

Landoberfläche und beeinflussen, ob die Grenzschicht vorwiegend feuchter oder aufgeheizt wird.

Dadurch wird die Grenzschichtentwicklung jedes Tages beeinflusst, aber auch die mittleren ther-

modynamischen Eigenschaften der Atmosphäre, welche direkt mit förderlichen Vorbedingungen

für das Auslösen von hochreichender Konvektion in Verbindung stehen und diese verändern. Bei-

des wirkt sich auf den Einfluss der Landoberfläche auf das Auftreten konvektiver Niederschläge

aus. Zusätzlich zeigten die Sensitivitätstests Unsicherheiten in der Reaktion der Atmosphäre auf die

Variabilität der Landoberflächenfeuchte um das Schwarze Meer, und der Ausdehnung des Hotspots

über Zentraleuropa. Die Ausdehnung wird von den Temperatur- und Feuchtemodifikationen bee-

influsst, und im Modell wird das Feuchtedefizit in dieser Region überschätzt. Das regelmäßig

hohe Feuchtedefizit ist die Hauptursache für das Verhindern von Rückkopplungen in dieser Region.

Sämtliche Analysen zeigen eine Sensitivität der L-A Kopplungsstärke und der Reaktion der Atmo-

sphäre auf die Landoberflächen- und Atmosphärenbedingungen im Hotspot. Daher ist es notwendig,

sowohl die Landoberflächenbedingungen selber, als auch deren Einfluss auf die Kopplungsstärke zu

berücksichtigen, um konvektiven Niederschlag akkurat vorhersagen zu können, vor allem in stark

gekoppelten Regionen bzw. Zeiträumen. Da L-A Kopplung auch einen prognostischen Wert für

Klimaprojektionen und saisonale Vorhersagen hat, trägt ein erhöhtes Verständnis über Ursachen für

Variabilität in L-A Kopplungsstärke zu deren Verbesserung bei.
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Chapter 1

Introduction

1.1 State of the Art

In the light of recognizing climate change as one of the major threats to human kind in the 21st

century, reliable climate projections became essential to develop efficient adaptation and mitiga-

tion measures (IPCC, 2021). Although on ensemble base, the models resemble with the observed

changes in the historical period (Tebaldi et al., 2021) with few outliers, the projected climate change

signals of some variables vary significantly among models, which is shown by large ensemble

spreads in both global model ensembles (Tebaldi et al., 2021; IPCC, 2021 -Technical Summary

1.2.2) and regional ensembles (e.g. Hübener et al., 2017; Vautard et al., 2020). Especially, summer

precipitation still faces great uncertainties. The model projections presented in Hübener et al. (2017)

disagree both in the sign and in the magnitude of changes until 2100 under the RCP8.5 scenario over

Europe.

Generally, reasons for model spread (in both global and regional model ensembles) are manifold

and can reach from differences in the parameterization of physical processes (Chen and Dirmeyer,

2017), the grid increment (Coppola et al., 2018; Hohenegger et al., 2009), initialization (e.g. San-

tanello Jr. et al., 2019) to internal model variability (Lavín-Gullón et al., 2021). In regional climate

models (RCMs), the lateral boundary forcing causes uncertainty, as well (Ebell et al., 2008). An

additional source of uncertainty is the incomplete understanding of biogeophysical interactions and

feedback loops in the land-atmosphere (L-A) system and their representation in models. In models,

L-A feedback usually evolves from interactions between the parameterization schemes rather than

being directly calculated (Koster et al., 2006), wherefore the strength of interactions may be under-
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Chapter 1. Introduction

or overestimated. The effect of considering L-A feedback in regional climate simulations was shown

e.g. by Seneviratne et al. (2006). Besides their influence on climate change signals, the consider-

ation of accurate land initialization and a more physically based linkage between land surface and

atmosphere was shown to improve seasonal forecasts (Dirmeyer et al., 2018b), and especially pre-

dictions of extreme events including heatwaves, droughts (Roundy et al., 2014; Roundy and Wood,

2015) such as the European drought 2018 (Dirmeyer et al., 2021), and heavy precipitation events

(Song et al., 2016).

In particular, L-A feedback processes related to convection triggering and local summer precipi-

tation lack sufficient understanding and quantification of their frequency of occurrence, which are

necessary for improving the processes’ representation in models. Deep moist convection evolves

from complex interactions between land surface and atmosphere, as well as among atmospheric

variables. The surface influence on convection triggering happens through two main coupling path-

ways (Dirmeyer et al., 2014), which predominate in different areas of the Earth (e.g. Findell and

Eltahir, 2003b). The hydrological pathway refers to convection triggering by moistening the at-

mospheric boundary layer (ABL) to reach saturation and enable cloud formation, wherefore wet

surfaces support convection triggering better than dry ones (Dirmeyer, 2006). In contrast, within the

thermal pathway, convection triggering is supported by surface heating from preferably dry soils,

which enhances ABL growth (Taylor et al., 2012; Dirmeyer et al., 2014). This raises the ABL top to

higher altitudes with cooler conditions and enables reaching saturation and cloud formation by that.

Whether or not convection is triggered depends on both the land state and the atmospheric conditions

in each individual case. The land state determines a preference for surface moistening or heating the

ABL, thus promoting either the hydrological or thermal pathway. In addition, spatial heterogeneity

in the land characteristics can support convection triggering owing to differential heating. The ratio

of surface moistening and heating is determined by the energy balance at the land surface, which

depicts how net radiation is partitioning into the latent, sensible and ground heat fluxes. The flux

partitioning depends on the availability of moisture in the first place, but also on the land cover

and its biophysical properties. The vegetation albedo determines the amount of incoming radiation

which is reflected by the land surface and thus the available energy to partitioning in latent and sen-

sible heat. Leaf area and stomatal conductance influence the evapotranspiration (ET) rate, and thus

the latent heat flux, and rooting depths influence water limitations for ET as deeper roots enable the
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1.1. State of the Art

plants to reach deeper moisture reservoirs. The roughness length impacts aerodynamic resistance.

The individual combinations of these properties lead to a characteristic footprint of each vegetation

type on the energy balance at the land surface (Duveiller et al., 2018b), and thus on whether the

surface is rather moistening or heating the ABL, which is not necessarily well represented in models

(Duveiller et al., 2018a).

Consequently, any land use and land cover change (LULCC) modifies this footprint, which has mi-

nor to major implications for the climate system depending on the type of vegetation change, its

location, timing and the background climate (Duveiller et al., 2018b). Biogeophysical impacts of

LULCC on the climate are not fully understood, yet, as changes in the radiative (albedo) and non-

radiative properties (ET and roughness, Breil et al., 2021) can cause opposing climate responses.

The net impact depends on which effect dominates (Davin and Noblet-Ducoudré, 2010), and the

dominant control, in turn, varies across different regions of the globe (Chen et al., 2020; Laguë et

al., 2019). By changing the degree of surface moistening and heating as well as their ratio to each

other, LULCCs also have the potential to change convection triggering and land-convection cou-

pling. An analysis of whether and how LULCCs impact convection triggering and land-convection

coupling over Europe remains lacking, though.

The importance of considering biogeophysical feedback from LULCC was underlined by Noblet-

Ducoudré et al. (2012), who demonstrated that biogeophysical feedback from the land surface can

regionally overcome the impacts from increases in the greenhouse gas concentration. However,

assessments of the mitigation potential of biogeophysical feedback for climate change was largely

limited to albedo changes in the big IPCC assessment reports, so far. Only recently, the full potential

of biogeophysical feedback gained importance in climate sciences underlined by the publication of

the IPCC special report on climate change and land (IPCC, 2019). Additionally, the flagship pilot

study (FPS) ’land-use and climate across scales’ (LUCAS) was endorsed by the world climate re-

search program (WCRP) within the Euro-CORDEX community (Rechid et al., 2017). As the land

cover is typically a static field in RCM simulations, the FPS strives to test the implementation of

LULCC in a coordinated RCM ensemble and investigates the impact of idealized and realistic LUL-

CCs on the European climate. The simulations analyzed within this dissertation also contribute to

the LUCAS phase I ensemble with focus on idealized large-scale LULCCs.

The atmospheric conditions influencing the potential for deep convection triggering comprise of

3



Chapter 1. Introduction

both, the thermodynamic and dynamic characteristics of the atmosphere. The thermodynamic struc-

ture refers to how humid and stable the atmosphere is. Initial moisture content and atmospheric

stratification before ABL development impact the likelihood to reach saturation from mixing surface

air upward, with intermediately humid and conditionally unstable conditions being most favorable

for local surface triggered deep convection (Findell and Eltahir, 2003b). Uncertainties arising e.g.

from model biases in temperature and specific humidity profiles influence the estimated potential for

triggering deep convection. This introduces also uncertainty in the coupling strength signals from

model ensemble studies. A verification remains challenging due to the lack of spatially comprehen-

sive observations of thermodynamic profiles with a horizontal resolution typically higher than 1° x

1°, which substantially limits a detailed representation of the land surface. In addition, changes in

the atmospheric temperature and moisture content evolve in consequence of global warming, which

is hypothesized to impact the frequency of occurrence of favorable conditions for convection trig-

gering. A trend of increasing importance of land surface processes for the atmosphere along with

climate change was identified by Dirmeyer et al. (2013b). The most relevant dynamic conditions for

long-term coupling signals are horizontal wind speeds, which can dampen local interactions during

periods with moderate to strong wind speeds (Taylor, 2015).

There exist several approaches to study and quantify the land surface influence on the atmospheric

state and here specifically local convection triggering. Analyzing individual synoptic cases yields

process understanding by identifying underlying mechanisms (e.g. Kottmeier et al., 2008; Wulfmeyer

et al., 2011), but do not allow for a quantification of their frequency of occurrence. Sensitivity ex-

periments with models are used to quantify model responses e.g. in precipitation to perturbations

of soil moisture (Hohenegger et al., 2009; Leutwyler et al., 2021; Baur et al., 2018; Baur et al.,

2022) or the vegetation cover (e.g. McDermid et al., 2019). Finally, L-A coupling metrics relate

instantaneous states in the L-A system to infer on coupling or assess co-variability between land

and atmospheric variables (e.g. Findell and Eltahir, 2003b; Findell and Eltahir, 2003c; Dirmeyer,

2011). The analyses in this dissertation make use of a process-based coupling metric, which assesses

the coupling strength based on classifying the atmospheric structure into favorable vs unfavorable

pre-conditioning for local convection triggering and then quantifying the frequency of occurrence of

favorable conditions. Impacts of LULCCs on the coupling strength were investigated by conducting

sensitivity experiments changing a realistic vegetation distribution to a fully afforested land cover
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1.2. Motivation and Objectives of the Doctoral Thesis

and a land surface fully covered by grassland. Impacts of different average thermodynamic condi-

tions were investigated by implementing a posteriori modifications of the temperature and moisture

fields from the simulation with realistic land cover. The implemented modifications were designed

to approximate a realistic spread in the mean atmospheric conditions suggesting a probable range

for the coupling strength. The spread in coupling strength depicts the uncertainty in the expansion

of a land-convection coupling hot spot and confined areas prone to uncertainties in the predominant

coupling pathway.

1.2 Motivation and Objectives of the Doctoral Thesis

To summarize, the occurrence of local convective precipitation events depends on the prevailing

land surface and atmospheric conditions as well as on interactions between them. The conditions and

consequently their interactions vary on different spatiotemporal scales, wherefore also the role of the

land surface for triggering convective precipitation varies regionally and over time. Whether, where

and to which extent changes at the land surface and in the atmospheric thermodynamic conditions

impact the coupling on the long-term was barely investigated and quantified, yet.

From this follows the general aim of this dissertation, which is the investigation of how changes

in the L-A system in form of LULCCs and large-scale variations in the thermodynamic structure

influence the potential strength of interactions between the land surface and the atmosphere. The

analyses focus on the investigation of changes in the long-term mean coupling signals between sur-

face wetness represented by the evaporative fraction (EF) and the thermodynamic pre-conditioning

for deep moist convection triggering over the period 1986-2015 for Europe. A combination of sen-

sitivity model experiments and a process-level L-A coupling metric was applied to understand and

quantify impacts of the changes on the convection triggering potential over Europe. The coupling

metric of choice is the ’convective triggering potential - low-level humidity index’ (CTP-HIlow) -

framework, which provides the advantage of considering the instantaneous state of the atmosphere

and can be used to compute spatially comprehensive maps of potential coupling strength. Differ-

ences in the long-term coupling signals resulting from extreme LULCCs are analyzed on the basis

of sensitivity experiments with the RCM WRF. The investigations resulted in two publications: Jach

et al. (2020) analyzed the impact of land cover changes on land-convection triggering coupling, and
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Jach et al. (2022) examined how variations in the thermodynamic conditions affect the coupling.

Objectives of Jach et al. (2020) were:

1. Locate coupling hot spot(s) between surface wetness and convective triggering by assessing

the frequency of favorable atmospheric preconditions for locally triggered convection in the

European summer.

2. Investigate how wide-spread afforestation and the transition of the vegetation to grassland

change the coupling between the land surface and convection triggering by comparing L-A

coupling strength estimates from regional climate simulations with different vegetation cover.

3. Assess the relationship between surface fluxes and cloud and precipitation statistically in de-

pendence of the land cover.

The publication of Jach et al. (2022) is dedicated to analyze where and in which sense large-scale

changes in the atmospheric thermodynamic structure modify the pre-conditioning for deep convec-

tion. Modifications of the atmosphere are implemented a posteriori on the model output of the

regional climate simulation with realistic land cover, which is already used in the first publication.

The analyses aimed at fulfilling following objectives:

1. Quantify the impacts of modifying the mean atmospheric temperature and moisture as well

as their vertical gradients for L-A coupling strength during the European summer months to

approximate a spread in L-A coupling strength.

2. Analyze regional differences in the sign and magnitude of impacts on L-A coupling strength

from changing the temperature and moisture profiles, and identify whether changes in tem-

perature or moisture dominate differences in the coupling strength signals.

3. Identify regions with low sensitivity in the frequency of potential coupling days and the pre-

dominant coupling sign, which thus can be considered reliable L-A coupling hot spots.

The following literature review provides an overview about the current state of the art of research on

L-A feedback with focus on Europe, which is followed by an overview about LUCAS phase I. As

the simulations analyzed within this dissertation contribute to the LUCAS phase I RCM ensemble,

the chapter also provides a summary of the model intercomparison studies, whose analyses made
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use of the simulations. Section 4 contains the publication dealing with the LULCC impact on cou-

pling between surface wetness and convection triggering, while section 5 presents the publication

on sensitivity of land-convection coupling to modifications of the thermodynamic characteristics in

the ABL. The final sections contain the general discussion of the findings and an outlook.
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Land-Atmosphere Coupling Strength

FIGURE 2.1: Schematic about L-A interactions (by Michael Ek, Santanello et al.,
2018)
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Chapter 2. Land-Atmosphere Coupling Strength

2.1 Definition

L-A coupling strength is not clearly and uniquely defined in literature. The term is used for a variety

of relationships in the climate system which are exemplary depicted in Figure 2.1. Definitions in

individual studies are usually tailored to the studies’ respective purpose such as:

• Koster et al. (2004) define: “Coupling strength in this report refers to the general ability of

land surface moisture anomalies – either local or remote – to affect precipitation in a given

region. Inferences regarding soil moisture measurement in the indicated hot spots require an

assumption of local influence.” Koster et al. (2006) add that “[..] coupling strength is not an

explicitly defined quantity in the AGCMs; it is rather a complex product of many interacting

model parameterizations.” (Note: AGCM stands for atmospheric general circulation model)

• The Local Land Atmosphere Coupling (LoCo) working group defines its scope as: “The realm

of LoCo has been defined by GLASS as “the temporal and spatial scale of all land-surface

related processes that have a direct influence on the state of the PBL.’”

(https://www.gewex.org/loco/; accessed 09.02.2022)

• Wakefield et al. (2021) broadly refer to it as “The sensitivity of the atmosphere to changes in

land surface conditions ...” and “...how the atmosphere and land surface covary, also referred

to as land-atmosphere coupling (LA coupling), ...”.

• Leutwyler et al. (2021) assess soil moisture-precipitation coupling as “the sensitivity of sum-

mertime precipitation to continental-scale spring SM perturbations.” “The soil moisture–

precipitation feedback is then assessed based on the precipitation difference emerging from

that perturbation.”

The land surface is typically represented by the soil texture, soil wetness and the vegetation cover.

Surface wetness is typically represented by soil moisture (Knist et al., 2017; Roundy et al., 2013;

Seneviratne et al., 2010), but also the EF (latent heat flux / latent+sensible heat flux) can be used

(Berg et al., 2013; Findell et al., 2011). The vegetation cover is usually characterized by the leaf

area index (LAI, Hong et al., 2007; McDermid et al., 2019; Chen and Dirmeyer, 2020b) or the

Normalized Difference Vegetation Index (NDVI, Wang et al., 2006). Further important vegetation

variables are the roughness, albedo and rooting depths. Beside temperature (e.g. Lorenz et al., 2015;
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Seneviratne et al., 2013) and precipitation (e.g. Koster et al., 2004; Findell et al., 2011), the diverse

possibilities on the atmospheric side include the ABL height (Dirmeyer et al., 2014)), convective

available potential energy (CAPE), or the lifted condensation level (LCL) deficit (Santanello et al.,

2011; Yin et al., 2015). In the context of L-A coupling studies, biogeophysical processes can be

connected in process chains such as the local coupling (LoCo) process chain (see section 2.5, which

have a terrestrial leg connecting soil moisture or vegetation characteristics with the turbulent heat

fluxes at the land surface and an atmospheric leg connecting the heat fluxes with an ABL quantity.

Hence, L-A coupling strength can be considered an umbrella term, and as different studies exam-

ine different relationships under the umbrella of L-A coupling strength, their comparability can be

challenging (Knist et al., 2017). Besides the choice of the variable, also the choice of the coupling

metric (measure to quantify L-A coupling strength; see section 2.6) influences the coupling strength

estimate (Lorenz et al., 2015).

Generally speaking, L-A coupling strength is defined here as the degree of communication between

the land surface and the atmosphere mostly shown in a co-variability of a land surface and an at-

mospheric variable. The role of the land surface for local weather and climate is the result of the

prevailing land surface conditions and their (detectable) communication with the atmosphere and

vice versa. In the analyses (sections 4 and 5), L-A coupling strength refers more specifically to the

coupling between surface wetness and the potential to trigger convection during the subsequent day

which can lead to the development of convective precipitation.
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2.2 Coupling Hotspots

L-A coupling strength varies spatially and temporally. Temporal variability, e.g., arises from vari-

ability in the large-scale circulation, which allows for strong coupling mainly during the summer

months and suppresses strong feedback in winter (see also B). The investigation of so called L-A

coupling hot spots targets the evaluation and understanding of spatial variability. Similar to the L-A

coupling strength, there is no unique definition of coupling hot spots. Guo et al. (2006) for instance

refer to “[...] robust regions [across models] of significant soil moisture impact on precipitation and

near-surface air temperature; [...]” which is similar to Lorenz et al. (2015) who call “[...] regions

of strong land-atmosphere coupling [...]” hot spots. Paul Dirmeyer considers regions a hot spot,

where the complete coupling pathway is in effect (soil moisture linked to the boundary layer via

turbulent heat flux partitioning; Dirmeyer et al. (2014)), but others investigate the terrestrial or the

atmospheric legs separately and define strong coupling regions rather relative to the rest of the study

domain.

Findell and Eltahir (2003b) consider regions as high potential for feedback, when more than 20 % of

the days in a study period have the potential for a surface influence on convection triggering. In this

dissertation, the definition of coupling hot spot follows the rationale of Findell and Eltahir (2003b)

but resets this threshold. A region is considered a strong coupling region or hot spot when more than

10 % of the days have a high potential coupling strength between the land surface and subsequent

convection triggering. The decrease of the threshold builds on the fact that Germany experiences

large-scale weather patterns associated with convective conditions in about 10% of the summer days

(Lang, 2010). Convective summer precipitation events are considered socio-economically relavent

and lowering the threshold aims at ensuring that also the dominant coupling signal of these events

can be captured by the analyses. The practice does not effect the frequency of favorable precondi-

tioning for convection triggering.

2.2.1 Global Coupling Hotspots

In a global model intercomparison effort, the "Global Land Atmosphere Coupling Experiment"

(GLACE), found that hot spots for both temperature and precipitation coupling with soil moisture

usually resemble in transition regions between wet and dry climates under semi-arid conditions

(Koster et al., 2004; Koster et al., 2006; Guo et al., 2006). The most intense coupling was identified
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over the central Great Plains of North America, the Sahel, equatorial Africa and India. Regions

identified as less intense hot spots or only concerning either temperature or precipitation coupling

are China, central Asia and South America.

Lorenz et al. (2015) confirmed the hot spots for soil moisture-temperature coupling using a suite of

different coupling metrics which agree on the location of very strongly coupled regions but found

disagreement in less intensely coupled regions. Further they showed that the Northern and the

Southern Hemisphere diverge in their coupling behaviors. While in the Northern Hemisphere, strong

coupling occurred in the transition regions between wet and dry climates as reported before, in the

Southern Hemisphere strongest coupling was shown rather in the tropics and mid-latitudes.

The US Southern Great Plains (SGP) evolved to be one of best-studied hot spot regions globally (e.g.

Phillips et al., 2017). The SGP atmospheric radiation measurement (ARM) site is heavily equipped

with remote sensing devices to measure the various reservoir and flux variables involved in the LoCo

process chain. These data form a valuable basis for improving the understanding of L-A feedback

and understand the complex weather phenomena in this region.

2.2.2 Strong Coupling over Europe

In the global hot spot identifications, Europe has a weak soil moisture-precipitation and soil moisture-

temperature coupling hot spot over Northeastern Europe (Koster et al., 2004). Taylor (2015) ex-

plained two physical causes for weaker coupling over Europe than e.g. over the Sahel. Firstly,

Europe experiences stronger synoptic forcing which suppresses the development of daytime circu-

lations. Additionally, strong winds move convective cells downwind potentially causing the devel-

opment of precipitation in downwind direction (Froidevaux et al., 2014). Secondly, the dependence

of ET on soil moisture availability is weaker than in semi-arid regions due to higher soil moisture

availability and denser vegetation cover. Though not identified as very strong coupling hot spot rel-

ative to other regions globally, L-A coupling processes came to the fore of climate researchers also

over Europe.

Most L-A coupling studies over Europe focused on the influence of soil moisture on the turbulent

flux partitioning and their connection to near-surface temperature. This is of particular interest un-

der extreme conditions such as droughts, heat waves or their compound occurrence (Dirmeyer et al.,

2021), as depleted soil moisture reservoirs were shown to exacerbate heat and drought conditions.
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Jaeger and Seneviratne (2011) as well as Vogel et al. (2017) have shown that soil moisture variability

impacts temperature extremes stronger than mean temperatures over Europe. Merrifield et al. (2019)

added that the effect of dry surfaces on the climate is a composite of short-term influences of the flux

partitioning and long-term impacts changing the atmospheric circulation. These large-scale impacts

possibly cause remote amplifications of heat waves, e.g. due to reduced cloud cover.

Though the impact of soil moisture variability on mean temperature was shown to be smaller than

for extremes (Lorenz et al., 2012), Knist et al. (2017) found coupling of soil moisture with the latent

heat flux, as well as the latent heat flux with temperature also on the decadal timescale for Southern

Europe. Soil moisture availability is limiting ET under Mediterranean climate and thus controls the

turbulent heat flux partitioning, while energy (radiation) availability predominantly limits ET in the

high latitudes (Seneviratne et al., 2010). Beside moisture and energy availability, also the vegetation

properties themselves control ET. The land cover acts as an interface between the soil and the at-

mosphere, which influences L-A interactions through various mechanisms as long as the soil is not

severely dry (more on the role of the land cover interface for L-A coupling is presented in section

2.3.1). Seneviratne et al. (2006) have shown the evolution and expansion of a coupling hot spot in

Central and Eastern Europe along with climate change. They attribute this evolution to increasing

greenhouse gas concentrations and increasing temperature variability in future projections, which

enhances the atmospheric moisture demand and causes higher latent heat fluxes. This in turn indi-

cates a higher dependence on soil moisture variability, and finally suggests increasing importance of

the land surface for the weather and climate in the future.
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2.3 Physical Influences on Land-Atmosphere Coupling Strength

Up to now, characterization and quantification of L-A coupling relationships are subject to uncer-

tainties. On the one hand, L-A coupling is highly dynamic, resulting from the dynamic, turbulent

nature of the atmosphere and spatiotemporal variability existing at the land surface. On the other

hand, L-A coupling relationships need to be estimated with measures tailored for their quantification

(see section 2.6) or using models to conduct sensitivity studies (Seneviratne et al., 2006; Hoheneg-

ger et al., 2009; Tuttle and Salvucci, 2016; Lawrence et al., 2016; McDermid et al., 2019). They

cannot be observed directly, and spatially comprehensive observational data covering periods of at

least a decade for verifying model based estimates remain lacking. This chapter aims at providing

an overview about the existing literature on how land state and atmosphere impact L-A coupling

strength estimates.

2.3.1 Land State

The land state and its changes include availability of moisture in the soil, vegetation cover and orog-

raphy (e.g. Knist et al., 2020). Noblet-Ducoudré et al. (2012) showed that biogeophysical forcing

from the land surface (mostly soil moisture and vegetation) can compensate radiative forcing from

greenhouse gases in some regions. This highlights the importance of biogeophysical L-A feedbacks

for the climate system, and the importance of the land state to control the climate is likely to increase

under global warming (Dirmeyer et al., 2013b).

Since most identified hot spot regions are located in semi-arid regions, soil moisture availability

is one of the key factors to determine spatial variability in L-A coupling strength. Additionally,

moisture availability introduces also temporal variability e.g. on the interannual timescale (Guo and

Dirmeyer, 2013) and during hydrological extremes (droughts e.g. Dirmeyer et al., 2021; floods e.g.

Lo et al., 2021). However, apart from soil moisture, the vegetation cover and its spatial distribution

strongly controls the coupling, as the vegetation properties determine the ET rate (e.g. Breil et al.,

2021). The vegetation influence makes soil moisture-surface flux coupling highly nonlinear in re-

gions, where soil moisture is not severely limiting ET. In consequence, a correlation with soil mois-

ture can suggest weak L-A coupling strength, despite a strong vegetation -and thus land surface-

influence on the turbulent flux partitioning (Williams and Torn, 2015). Therefore, the EF will be

used for the analyses of this dissertation, as it includes the effects of soil moisture and vegetation. It
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informs whether the land surface is predominantly moistening (high fraction of LH suggesting wet

surface conditions) or heating (low fraction of LH suggesting dry surface conditions) the ABL.

Each vegetation type has characteristic radiative and non-radiative properties which considerably

influence the energy balance at the land surface. Changes in the land use, land cover or land man-

agement modify the vegetation properties (Duveiller et al., 2018b), which can lead to changes in the

local climate (e.g. Chen and Dirmeyer, 2020a; Devanand et al., 2020; Findell et al., 2017). The ex-

act climate impact depends of the specific LULCC, the location and its evaporative regime, and the

background climate (Duveiller et al., 2018b; McDermid et al., 2019). The impacts of non-radiative

processes are typically dominant under moisture-limited conditions, whereas those from radiative

processes mostly occur under energy-limitation (Davin and Noblet-Ducoudré, 2010). Chen et al.

(2020) added that the temperature response to increases in the vegetation cover is dominated by

changes in the aerodynamic resistance over most regions around the globe including Europe, which

is linked to the surface roughness. Laguë et al. (2019) showed that the net climate responses to

LULCC are greatly defined by atmospheric feedback which modify temperature, cloud cover and

the circulation. Consequently, atmospheric feedback amplifies the direct impacts, and changes in

the circulation additionally drive remote effects.

Nevertheless, uncertainties exist in modeled responses to LULCC arising from different model pa-

rameterizations or the way vegetation phenology is represented (Pitman et al., 2009). In conse-

quence, the models do not agree in the sign of the response to various vegetation transitions (Du-

veiller et al., 2018a), which is largely attributable to disagreements in models’ approaches to com-

pute ET (Davin et al., 2020). However, models show less disagreement among each other and more

agreement with observations of the temperature response to afforestation, when analyzing the skin

temperature, which is a prognostic variable, rather than the diagnostically derived 2-meter tempera-

ture (Breil et al., 2020).

2.3.2 Atmospheric large-scale circulations

Synoptic conditions crucially shape L-A interactions on various temporal scales. Differences in

the distribution of moisture in the atmosphere (Baur et al., 2018; Leutwyler et al., 2021), inversion

strength, and wind speed (Froidevaux et al., 2014) greatly determine, whether a local feedback is

likely to occur during a day or not. On the seasonal to multi-decadal time-scale, the frequency
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of occurrence of predominantly favorable versus inhibiting synoptic conditions affects whether a

region is a soil moisture-precipitation coupling hot spot or only weakly coupled. Findell and Eltahir

(2003c) describe atmospheric controls with relatively extreme humidity (very dry, very wet) or the

initial inversion strength of the early-morning ABL. Taylor (2015) e.g. concluded that coupling

is weaker in the mid-latitudes than in tropical semi-arid regions, because the mid-latitudes face

stronger surface winds, than in their case the Sahel, and ET is usually less dependent in soil moisture

availability.

Global warming and the amplification of the hydrological cycle will influence the occurrence and

persistence of different synoptic conditions, which likely increases the role of the land surface to

shape climate (Dirmeyer et al., 2013b). Seneviratne et al. (2006) projected increasing soil moisture-

temperature and soil moisture-precipitation coupling over Europe until the end of the century, which

they attributed to warming of the atmosphere from rising greenhouse gas concentrations.
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2.4 Convection Triggering

Generally speaking, convection means the vertical transport of heat and moisture in the atmosphere

via updrafts and downdrafts under unstable atmospheric conditions (NOAA Glossary, https://

forecast.weather.gov/glossary.php?word=CONVECTION). One can distinguish shallow con-

vection (vertical motion capped below 500hPa) and deep convection. Further, distinguishable are

dry convection which is usually invisible as opposed to moist convection, where the upward motion

becomes visible as clouds. In this dissertation, convection usually refers to deep moist convection,

and convection initiation and convection triggering - meaning that convection occurs - are used as

equivalent terms.

Triggering deep moist convection is complex and involves a variety of quantities and processes

(Markowski and Richardson, 2010). Initially, upward motion from the surface can be induced by

the occurrence of fronts, along orography or by thermals evolving from differential heating at the

land surface. In the process of lifting, the air parcel first rises dry adiabatically up to the LCL, where

it reaches saturation. Further lifting of the air parcel initiates condensation as it cools, and cloud

formation can start. Condensation implies that latent heat is released, which slows down the cooling

rate of the air parcel in comparison to the environment. At the level of free convection, the parcel

gets warmer than its surroundings, creating positive buoyancy. The parcel further rises moist adia-

batically without external force up to the equilibrium level.

One necessary condition for triggering deep moist and potentially precipitating convection is the

availability of enough integrated positive buoyant force depicted by the CAPE (Markowski and

Richardson, 2010), which is the area between environmental temperature and the moist adiabat inte-

grated between the level of free convection and equilibrium level. Additionally, the air parcel needs

to reach the level of free convection to experience positive buoyancy in the first place. The strength

to which an initial upward motion is inhibited or in other words the amount of energy necessary to

reach the level of free convection is depicted by the convective inhibition (CIN). Convection can be

triggered through various mechanisms in the ABL and in connection with different ABL features

(Weckwerth and Parsons, 2006; Kottmeier et al., 2008). In the absence of an external lifting force

(e.g. a mountain range or a frontal system), the initial lifting from the land surface needs to be ther-

mally induced, which can be inhibited e.g. by temperature inversions or subsidence.
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Both conditions depend on the synoptic-scale conditions as they i.a. influence the environmen-

tal temperature gradient (Weckwerth and Parsons, 2006), and therefore the instability of the atmo-

sphere. Further, the synoptic scale conditions can determine predominant convergence or divergence

(support or dampen upward motion), horizontal wind speed (strong surface wind speed dampens

dominant local upward motion), low-level humidity and advection (influences at which height sat-

uration is reached), as well as entrainment (cooling and drying of ABL top, Heerwaarden et al.,

2009). Additionally, the land surface plays a key role in triggering convection by moistening and

heating the ABL through turbulent heat fluxes (e.g. Ek and Mahrt, 1994). Heterogeneity in the land

surface conditions can initiate differential heating, and thus cause thermals to rise from the surface.

2.4.1 Surface Influence on Convection Triggering

This section gives an overview about knowledge on surface influences on convection triggering and

convective precipitation focusing on Europe. Convective precipitation occurs most frequently over

Central and Eastern Europe (Rüdisühli et al., 2020), and the majority of surface impacts on precipi-

tation are attributable to the average moisture availability and its spatial distribution.

Guillod et al. (2015) showed that more precipitation occurs during wet periods (positive temporal

coupling) but over dry patches in relation to surrounding areas (negative spatial coupling), which

is enhanced by heterogeneous surface conditions as they initiate differential heating. Air moistens

over wet patches, and converges at the upwind border of a wet patch over the abut dry patch, where

surface heating initiates lifting of the air masses, and finally can cause the formation of convective

precipitation (Baur et al., 2018; Taylor, 2015). However, the results of Baur et al. (2018) also indi-

cated a dependence of the predictability of convective cells on the scale of a soil moisture anomaly.

Implementing artificial dry and wet patches of different size in a checkerboard pattern showed that

the above described behavior occurred most prominently with patches between 40-80 km. When

the patch size was smaller, convective cells collided and diminished before convective precipitation

formed, while precipitation occurred more arbitrarily over the wet patch, when the patch size was

larger than 80 km. This shows the importance of spatial scales e.g. of soil moisture anomalies in

L-A coupling studies.

Several studies also highlighted that the synoptic forcing influences the strength of the soil moisture

influence on precipitation (Froidevaux et al., 2014; Keil et al., 2019). Moderate to strong synoptic
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forcing dampen or even diminish local feedback, while under weak synoptic forcing, local processes

can trigger deep moist convection in orographically complex terrain, despite initially considerable

CIN (Barthlott et al., 2011). Koukoula et al. (2019) additionally showed that beside the synoptic

forcing itself also the persistence of a synoptic weather situation influences the soil moisture impact

on convective precipitation. They showed that differences in the soil moisture initialization impact

convective precipitation only in case the weather system persisted long enough.

Beside the physical processes, model based coupling studies have to deal with uncertainties e.g.

from the need to parameterize physical processes, and the models’ grid increment. Hohenegger

et al. (2009) performed two sets of one-month sensitivity simulations on convection resolving and

on convection parameterizing resolution. They found not only differences in the coupling strength,

but also a switch in the sign of soil moisture-precipitation feedback over Central Europe and the

Alpine Region. Leutwyler et al. (2021) examined similar sensitivity tests, but for a domain covering

Europe entirely, and for 10 summers. They found a positive feedback sign for both the convection

resolving and the convection parameterizing simulations. However, disentangling the precipitation

characteristics (intensity, frequency, amount) showed that when convection is resolved, wetter soils

predominantly increased precipitation intensity, while they predominantly increased the precipita-

tion frequency in simulations with parameterized convection. Both initiated a higher precipitation

amount over wet than over dry soils. Finally, the representation of feedback with precipitation in

models depends on the respective cumulus parameterization, and specifically on how the convective

mass-flux closure is implemented in the parameterization scheme (CAPE- vs CIN-based convective

mass-flux closure, Williams, 2019). Chen et al. (2017) also showed improvements in precipitation

patterns of a global climate model, when they added a triggering criterion based on the thermody-

namic preconditioning to a purely CAPE-based mechanism.
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2.5 LoCo Working Group and its Process Chain

FIGURE 2.2: LoCo process chain (Santanello et al., 2018)

The LoCo working group (https://www.gewex.org/loco/) is an initiative under the Global Energy

and Water Exchanges (GEWEX) project which was established in the mid-2000s to promote the

coordination of research on L-A coupling with the aim to improve the understanding and quantifi-

cation of local L-A coupling on process-level (Santanello et al., 2018). A schematic depiction of

various L-A interactions is shown in figure 2.1.

Its main focus resembles around the investigation of physical processes in the LoCo process chain

(Figure 2.2, Santanello et al., 2009; Santanello et al., 2011; Santanello et al., 2018), which connects

the impact of soil moisture anomalies with subsequent cloud formation and precipitation develop-

ment through a chain of physical processes. This process chain covers a terrestrial component,

which is the link between soil moisture and the surface fluxes usually referred to as the terrestrial

leg (Dirmeyer, 2011; Feldman et al., 2019; Knist et al., 2017; Berg and Sheffield, 2018). The at-

mospheric component considers the sensitivity of the boundary layer evolution to the surface fluxes.

The two components are amended by the influence of entrainment fluxes at the ABL-top to the ABL

evolution and effects of the ABL on near-surface temperature and humidity.

Unlike the studies inferring on soil moisture-precipitation feedback by the means of sensitivity ex-

periments with models or based on case studies as introduced in subsection 2.4.1, the LoCo working
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group uses process-based or statistical measures to quantify isolated or combined relationships be-

tween different variables. This approach bears the potential to disentangle the role of individual

processes determining the coupling and investigating impacts of e.g. changes in the land cover on

the process chain. Further details on the coupling metrics are noted in subsection 2.6. The LoCo

working group’s research builds on four pillars covering studies on 1) the local-scale offline, 2) the

large-scale offline, 3) the local-scale coupled and 4) the large-scale coupled studies using model

simulations and increasingly multi-sensor synergies to target the various and complex relationships

in the climate system. The recent focus of the group and its parent the Global Land/Atmosphere

System Study (GLASS) panel is the development and improvement of ABL observations and the

continuation of implementing LoCo components in field campaigns to improve the verification basis

for LoCo process studies.
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2.6 Quantification of L-A Coupling Strength

The LoCo working group developed and gathered a suite of different metrics to quantify L-A

coupling strength during the last two decades (Santanello et al., 2018). The coupling metrics

are generally distinguishable in statistical and process-based approaches. While physical met-

rics are based directly on physical processes and are primarily used to understand the nature of

feedback processes or to evaluate their representation in models, statistical metrics usually target

the quantification of relationships on longer time scales, which are already known to be causally

related, and thus imply physical relationships. The L-A coupling metric cheat sheets (https:

//www.pauldirmeyer.com/coupling-metrics) provide an overview about the coupling metrics

gathered by the community.

2.6.1 Process-Level Coupling Metrics

Process-level coupling metrics infer on L-A coupling strength based on the instantaneous state or

the evolution of a variable in the L-A system. This means that a metric e.g. uses the thermodynamic

conditions in the ABL to deduce on whether the land surface crucially influences the ABL structure

and convection triggering during a subsequent day. Most of the process-level coupling metrics target

the land surface influence on hydro-meteorological relationships in the L-A system up to a potential

influence of soil moisture and surface flux partitioning on precipitation.

Coupling metrics targeting soil moisture and its influence on the surface fluxes, include the memory

decomposition (Koster and Suarez, 2001; Seneviratne and Koster, 2012), the vegetated coupling

little omega (e.g. Ek, 2016), and the latent heating tendency (Heerwaarden et al., 2010; Stap et al.,

2014). The memory decomposition metric is used to disentangle four to five distinct controlling

factors for determining soil moisture persistence in the climate system. The vegetated coupling little

omega relates a change in root zone soil moisture to a change in the EF while considering soil and

canopy properties. Another metric investigating the turbulent heat fluxes at the land surface is the

latent heating tendency. It can be used to analyze the diurnal cycle of ET using a budget equation

for ET.

Mixing diagrams are kind of at the border between the terrestrial and atmospheric coupling legs.

They assess the co-evolution of the surface temperature and humidity, which is used to infer on

the influence of the surface fluxes versus entrainment of dry air from the free troposphere on ABL
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evolution during daytime (Santanello et al., 2009). An advection term can be added in case these

information are available. Santanello et al. (2011) combined the mixing diagram approach with an

evaluation of the atmosphere’s tendency toward saturation at the ABL top by quantifying the LCL

deficit, which refers to the difference between the ABL height and the LCL height. Recall, that the

LCL is the height at which an air parcel reaches saturation, and reaching saturation within the ABL

is a necessary condition for local cloud and precipitation formation. This condition, and the fact

that the LCL is directly linked to the low-level temperature and humidity, make a combined analysis

of mixing diagrams and the LCL deficit a valuable pairing for analyzing L-A coupling. Another

metric investigating relative humidity at the ABL top is the relative humidity tendency metric by Ek

and Mahrt (1994) and Ek and Holtslag (2004). This metric disentangles the influences of surfaces

moistening and heating as well as entrainment of cold and dry on the relative humidity at ABL top,

and quantifies their respective contributions under different ABL conditions.

The final two process-level coupling metrics mentioned here inform about the surface influence

on the potential for locally triggered convection based on 3D atmospheric temperature and mois-

ture data. The heated condensation framework (Tawfik and Dirmeyer, 2014; Tawfik et al., 2015a;

Tawfik et al., 2015b) and the CTP-HIlow framework (Findell and Eltahir, 2003b; Findell and Eltahir,

2003c; Findell and Eltahir, 2003a) rely on ABL properties in order to quantify a pre-conditioning for

convection triggering without directly including information about the surface wetness. However,

several approaches have been published which add soil moisture or EF as a third dimension to the

CTP-HIlow framework and thus combine pre-conditioning with moisture availability (see subsection

2.6.2).

2.6.2 CTP-HIlow Framework

This section gives an overview about applications, modifications and extensions of the CTP-HIlow

framework, which was the coupling metric mainly used for the analyses of this dissertation. Detailed

descriptions of the CTP-HIlow framework are included in both publications and won’t be repeated

here. There is a total of 47 studies including the ones presented in this dissertation (status: 15.2.2022)

using at least parts of the CTP-HIlow framework in evaluations or applications for different temporal

and spatial scales, and based on various datasets (observational, reanalysis, model). An overview is

presented in Figures 3 and 4.
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(A) Spatial scales of studies applying the CTP-HIlow
framework

(B) Temporal scales of studies applying the CTP-HIlow
framework

FIGURE 2.4: Data base for studies applying the CTP-HIlow framework

The framework was originally developed with data from radiosondes over Illinois (Findell and

Eltahir, 2003b), and tested over the entire US (Findell and Eltahir, 2003c). In 2015, Findell et al.

identified the minimum data length required to provide a robust estimate of the long-term coupling

signal using various coupling metrics including the CTP-HIlow framework. They found that due to

the atmospheric component of the metric, one requires at least 1104 data points corresponding to 12

summers of data, to establish a coupling estimate, which covers the full variability. As the spatial

coverage of vertical profiles in the atmosphere is sparse and thus, the application of the framework

limited by data availability, Wakefield et al. (2021) evaluate the uncertainty of using data with lower

vertical resolution against high resolution radiosonde profiles and show that lower resolution data

still provide reasonable estimates of the framework variables. They further showed that profiles are

comparable within ±1 UTC time step, but the comparability decreases for profiles from regions fur-

ther apart due to the rapid early-morning boundary layer evolution.

By far most studies use the framework, its measures or modifications and extensions on the regional

scale to domains covering the US or parts of it. A smaller proportion covers other regions such

as India (Tuinenburg et al., 2011; Kar et al., 2014; Huggannavar and Indu, 2020), Afrika (Dione
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et al., 2014; Hurk and Meijgaard, 2010), the Arabian Peninsula (Branch and Wulfmeyer, 2019),

South America (Doyle et al., 2013; Ghate and Kollias, 2016), and Asia (Li et al., 2019; Zhang et al.,

2019; Ma et al., 2021; Zhao et al., 2022). The studies presented in this dissertation provide the first

studies applying the framework specifically over Europe. Tuinenburg et al. (2011) showed that not

all threshold values as identified by Findell and Eltahir (2003b) for Illinois fit optimally to detect the

pre-conditioning for triggering deep convection over other regions such as India in their case. Fer-

guson and Wood (2011) performed a nearly global investigation and modified the framework based

on the climatology of CTP and HIlow to ensure its applicability to different regions. The similar

reasoning led to the study of Wakefield et al. (2019).

Over the US, the framework measures were used and extended by soil moisture as a third dimension

to analyze and improve drought prediction. Roundy et al. (2013) developed the Coupling Drought

Index for drought detection and prediction, and in order to understand the influence of L-A coupling

on drought development. The coupling drought index was tested both based on a forecasting system

(Roundy et al., 2014; Roundy and Wood, 2015) and on satellite remote sensing data (Roundy and

Santanello, 2017). Basara et al. (2019) and Gerken et al. (2018) used the framework variables to

investigate the evolution and convective suppression of the flash droughts of 2012 and 2017, re-

spectively, over the Central US. Also in China, the framework was used in the context of drought

detection (Li et al., 2019).

Berg et al. (2013) and Findell et al. (2011) complemented the atmospheric variables CTP and HIlow

with the surface fluxes for deriving the triggering feedback strength and the amplification feedback

strength. They assessed the influence of the morning surface flux partitioning on triggering or am-

plifying afternoon convection precipitation. Frye and Mote (2010) combined a reformulated version

of the CTP to information about soil moisture and the low-level jet over the Central US to investigate

relationships between soil moisture and the occurrence and severity of thunderstorms. Findell and

Eltahir (2003a) themselves added low-level wind as a third dimension to the original formulation and

found that low-level backing or unidirectional winds with great wind shear can suppress convection.

Another approach to combine CTP and HIlow with wind was presented by Branch and Wulfmeyer

(2019), who derived a Global Feedback Index to detect arid regions in which desert plantations have

maximum impacts on convection initiation through L-A feedback processes.
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2.6.3 Statistical Coupling Metrics

The range of complexity of statistical coupling metrics spans from simple correlations (Pearson,

1895; Spearman, 1907) and linear regression measures such as the terrestrial and atmospheric cou-

pling indices (Dirmeyer, 2011; Dirmeyer et al., 2014) over conditional probit models (Granger,

1969; Salvucci et al., 2002; Tuttle and Salvucci, 2016), to using singular value decomposition to

detect cross-influences of land surface and atmospheric fields (Navarra and Tribbia, 2005; Alessan-

dri and Navarra, 2008; Catalano et al., 2016). As feedback processes are usually highly non-linear,

recent research also evolved in the direction of using neural networks (DelSole and Tippett, 2007;

Ruddell and Kumar, 2009a; Ruddell and Kumar, 2009b; Goodwell and Kumar, 2017), and non-

linear feedback metrics (Hsu and Dirmeyer, 2021).

Statistical coupling metrics do not necessarily establish causality, which is why they should be

mainly used to quantify relationships between variables, where a physical relationship was already

determined. Especially in case of soil moisture-precipitation or surface flux-precipitation feedback,

it is difficult to establish causality. Tuttle and Salvucci (2017) determined and investigated several

‘confounding factors’ which may falsely lead to the detection of a statistically significant relation-

ship between soil moisture and precipitation using statistical metrics. Thus, they need to be ac-

counted for in the investigation of causal feedback: seasonal to interannual variability, precipitation

persistence, and endogeneity. The most commonly used statistical coupling metric are the terrestrial

coupling index and the two-legged coupling metric by Dirmeyer (2011). It has been applied to a

range of variables in global and regional studies to detect mean L-A coupling strengths (Dirmeyer

et al., 2013a; Dirmeyer et al., 2014; Warrach-Sagi et al., 2022) and temporal variability (Dirmeyer

et al., 2012; Dirmeyer et al., 2013b; Guo and Dirmeyer, 2013; Lorenz et al., 2015).
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Flagship Pilot Study on “Land Use and

Climate Across Scales”

3.1 Experiments

All simulations analyzed within this dissertation were conducted in the context of the WCRP FPS

LUCAS. LUCAS is a model intercomparison effort hosted by the Euro-CORDEX (Jacob et al.,

2020) and since 2021 also the CORDEX-North America (Asselin et al., 2022) communities, which

was endorsed in 2017 with the aim to investigate and quantify the impact of implementing land cover

changes in regional climate simulations. The experiments of phase I were conducted with the aim

of testing the sensitivity of different climate parameters (temperature, snow, precipitation) to land

cover changes in commonly used regional climate models (RCMs) within Euro-CORDEX. Thus,

beside an evaluation run with realistic land cover initialization, two sensitivity runs were conducted

– one with Europe fully covered with forests and one with Europe fully covered with grasslands for

the historical period 1986-2015 and forced with ECMWF ERA-Interim reanalysis data.

3.2 Outcome of sensitivity experiments

The LUCAS ensemble currently comprises of 11 different RCM configurations (table 3.1), which

partly share the same atmospheric or land surface set-up. This allows for an objective determination

of the origin of uncertainties in the simulated responses to the implemented LULCCs (Davin et al.,

2020). Table 3.2 adds an overview about the atmospheric physics parameterizations used in the three
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Model Label RCM LSM Institute

CCLM-TERRA COSMO_5.0_clm9 TERRA-ML JLU/BTU/CMCC
CCLM-VEG3D COSMO_5.0_clm9 VEG3D KIT
CCLM-CLM4.5 COSMO_5.0_clm9 CLM4.5 ETH
CCLM-CLM5.0 COSMO_5.0_clm9 CLM5.0 ETH
RegCM-CLM4.5 COSMO_5.0_clm9 CLM4.5 ICTP
REMO-iMove REMO2009 iMOVE GERICS
WRFa-NoahMP WRF3.8.1 NoahMP IDL
WRFb-NoahMP WRF3.8.1 NoahMP UHOH
WRFb-CLM4.0 WRF3.8.1 CLM4.0 AUTH
WRFc-NoahMP WRF3.8.1 NoahMP BCCR
RCA RCA4 SMHI

TABLE 3.1: Overview about participating models in LUCAS Phase I. JLU –
Justus-Liebig-University Gießen; BTU – "Brandenburgische Technische Univer-
sität"; CMCC – Euro-Mediterranean Center on Climate Change; KIT – Karlsruhe
Institute of Technology; ETH – "Eidgenössische Technische Hochschule" Zürich;
ICTP – International Centre for Theoretical Physics; GERICS – Climate Service
Center Germany; IDL – "Instituto Dom Luiz" University of Lisbon; UHOH – Uni-
versity of Hohenheim; AUTH – Aristotle University of Thessaloniki; BCCR – Bjerk-
nes Center for Climate Research; SMHI – Swedish Meteorological and Hydrological
Institute

WRF configurations. The model configuration of the runs used in the thesis is marked in bold in

both tables. Several intercomparison studies were already published from this effort which mainly

target differences the temperature response to LULCC in different RCMs (Davin et al., 2020; Breil

et al., 2020; Daloz et al., 2022; Mooney et al., 2022; Sofiadis et al., 2022). The key outcomes of

the publications using also the simulations examined in this disseration will be summarized in the

following paragraphs.

Davin et al. (2020) analyzed the LUCAS ensemble with regard to differences in the 2m-temperature

as well as daily maximum and minimum temperatures between the two sensitivity runs. They found

that in winter and spring, the models agree in the sign of the temperature response to afforestation

showing warmer temperatures in the forest than in the grass run. Conversely, in summer and au-

tumn, the models disagree in the direction of changes, which they attribute largely to differences

in the simulated evaporative fraction coming from disagreement in simulated evapotranspiration

changes. Hence, land processes primarily determine the simulated summer temperature responses,

while they found that the atmospheric processes play a dominant role e.g. for winter precipitation.

Breil et al. (2020) investigated LULCC impacts on the diurnal cycle of skin temperature, 2-meter

temperature and temperature in the lowest atmospheric model layer. They found opposing responses
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WRFa WRFb WRFc

Planetary Boundary
Layer scheme

MYNN Level 2.5
PBL (Nakanishi and
Niino, 2009)

MYNN Level 2.5
PBL

YSU scheme (Hong
et al., 2006)

Shortwave and Long-
wave Radiation
schemes

Rapid Radiative
Transfer Model
(RRTMG)scheme
(Iacono et al., 2008)

RRTMG scheme RRTMG scheme

Convection scheme Grell-Freitas scheme
(Grell and Freitas,
2014)

Kain-Fritsch
scheme

Kain-Fritsch scheme
(Kain, 2004)

Shallow Convection
scheme

GRIMs scheme
(Hong et al., 2013)

none none

Microphysics scheme WRF double mo-
ment 6-class scheme
(Lim and Hong,
2010)

New Thompson
scheme

New Thompson
scheme (Thompson
et al., 2004)

TABLE 3.2: Atmospheric physics parameterizations of the LUCAS WRF model
configurations.

in the diurnal cycles of skin temperature and the temperature of the lowest model layer to afforesta-

tion, and showed that the skin temperature response of the models agrees with that of observation-

based studies for the mid-latitudes. Further, they disentangled the impact of these findings for the

modeled 2-meter temperature. The 2-meter temperature is a diagnostic quantity in the models which

is derived from the prognostic skin temperature and the temperature of the lowest model layer. They

found that analyzing modeled 2m-temperatures can be misleading in the context of LULCC studies,

as it does not solely reflect the land processes in summer due to the additional influence of the lowest

atmospheric model layer, which exhibited another behavior.

Sofiadis et al. (2022) round up the analyses of different temperatures on the phase I model ensemble

by analyzing the response to afforestation in the seasonal cycle of soil temperature in connection

with ground heat fluxes and soil moisture. They found that forest-covered grounds tend to be dryer

and cooler than grassland-covered grounds and the majority of models agrees in the sign of the soil

temperature signals. The same signal was found in in-situ observations from paired FLUXNET sta-

tions over grasslands and forests. Soil temperature and moisture are crucially influencing biochem-

ical processes such as soil carbon sequestration, and thus need to be investigated when discussing
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afforestation as a mitigation measure for climate change in the mid-latitudes.

The findings up to now highlight the importance of accurately depicting the land cover in regional

climate simulations in order to reduce biases originating from a misrepresentation of land processes

or ‘misparameterization’ of the vegetation in models. Further analyses are currently in preparation

for publication. They cover the evaluations of precipitation and cyclones, soil moisture - extreme

temperature feedback during compound events, as well as changes in the snow-albedo feedback in

northern Europe.
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Impacts of large-scale land cover

changes on L-A coupling strength

Publication I: Jach, L., K. Warrach-Sagi, J. Ingwersen, E. Kaas, and V. Wulfmeyer, 2020: Land

cover impacts on land-atmosphere coupling strength in climate simulations with WRF over Europe.

J. Geophys. Res-Atmos. 125(18), 1-21 DOI: 10.1029/2019JD031989

4.1 Overview

As LULCCs modify the energy and moisture exchange between the land surface and the atmo-

sphere, they also impact ABL structure and dynamics. Following the rationale of Findell and Eltahir

(2003b), the ABL structure in turn determines whether locally triggered convective precipitation

can occur. Hence, by changing the ABL structure, LULCC may change the potential L-A coupling

strength and the likelihood for local convective precipitation. Three experiments with different land

cover were conducted with a regional climate model over Europe to investigate LULCC impacts on

the ABL and their influence on the potential L-A coupling strength in conjunction with a statistical

assessment of changes in the precipitation patterns. The experiments followed the experimental plan

of LUCAS Phase I and involved a scenario where Europe is fully covered by forests. In a second

land cover change scenario, Europe was fully covered by grassland. In both the forest and grass-

land scenarios, ice and desert regions were not covered by vegetation, as this would be biologically

implausible. The final scenario applied a realistic land cover distribution and was used to relate the

magnitude of LULCC impacts. The simulations were performed with WRF in version 3.8.1 which
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was coupled to the Noah land surface model with multi-parameterization options (Noah-MP) and

forced with ECMWF ERA-Interim reanalysis data. LULCC induced changes in the ABL structure

and the potential L-A coupling strength were analyzed by comparing CTP and HIlow, as well as the

coupling variables from the classification procedure between the three experiments. This analysis

was performed for the summer months of the period 1986-2015, as changes in the ABL structure and

the coupling strength mainly occurred during summer. Monthly estimates of the coupling strength

are provided in Appendix C. which show that the land surface impact on convection triggering is

generally lower in the other seasons (dominant atmospheric control). Additionally, the greatest mod-

ifications on the ABL structure occurred in summer. In a next step, differences in soil moisture and

surface fluxes were associated with differences in the ABL structure and the L-A coupling strength.

Finally, changes in cloud fraction and precipitation were evaluated using simple statistical measures

to see whether the greatest impacts indeed occurred in the strong coupling region or not. The anal-

ysis showed that both afforestation (forest-evaluation) and transition to grassland (grass-evaluation)

modified the ABL structure and thus the preconditioning for strong coupling besides the surface flux

partitioning over Europe in summer. However, the atmospheric drivers in favor for inhibiting feed-

back everywhere else as in the hot spot region in the northeast of Europe (mainly stable layering,

and dry air in the early-morning boundary layer) were not modified by the LULCC. This limited the

major LULCC impacts on the L-A coupling strength to the strong coupling region which coincides

with the region under continental climate in Europe (Peel et al., 2007). Also the cloud occurrence

was mainly influenced in the strong coupling region, although soil moisture and the surface fluxes

were influenced all over the domain. The evaluation of precipitation indicated a higher likelihood for

precipitation occurrence with higher evaporative fractions, but statistically significant changes in the

precipitation patterns occurred rather limited in space. Besides mountainous regions, the strongest

changes in the precipitation patterns happened over the strong coupling region.

4.2 Publication

This publication titled “Land cover impacts on land-atmosphere coupling strength in climate simu-

lations with WRF over Europe” is an open access article published under the terms of the Creative

Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in

any medium, provided the original work is properly cited and is not used for commercial purposes.
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©2020 The Authors. Journal of Geophysical Research: Atmospheres published by John Wiley and

Sons Ltd on behalf of the American Geophysical Union.
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Land Cover Impacts on Land‐Atmosphere Coupling
Strength in Climate Simulations With WRF
Over Europe
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Abstract Land use and land cover changes are important human forcings to the Earth's climate. This
study examines the land‐atmosphere coupling strength and the relationship between surface fluxes and
clouds and precipitation for three land cover scenarios in the European summer. The WRF model was used
to simulate one scenario with extreme afforestation, one with extreme deforestation, and one with
realistic land cover for the time period between 1986 and 2015. The simulations were forced with
ERA‐Interim reanalysis data. The analysis followed a two‐step approach. First, the convective triggering
potential–low‐level humidity index framework was applied to locate potential coupling hot spots, which
were then analyzed with regard to their sensitivity toward land use and land cover changes. Second, actual
feedbacks between evaporative fraction, cloud cover, and precipitation were analyzed statistically with
focus on sign and location of the feedbacks. The results demonstrate that coupling hot spots, exhibiting
predominantly positive feedbacks, were identified over parts of Eastern Europe and Scandinavia. In this
strongly coupled region, afforestation and deforestation modified the atmospheric humidity and stability by
changing the surface flux partitioning. Afforestation is associated with a net drying of the atmosphere
due to a disproportionately strong increase in the sensible heat flux. In contrast, deforestation initiated a
moistening of the atmosphere. The total precipitation changed only in limited areas significantly, which are
mostly located in mountainous regions and the northeast of the domain. In summary, the results
indicate a land surface influence on the atmospheric background conditions, and an impact on the potential
strength of land surface‐precipitation feedbacks.

1. Introduction

Land‐atmosphere (L‐A) interactions are key processes in the Earth's climate system. Feedbacks are manifold
and strongly interconnected. Thus, modifications on the land surface due to land use and land cover changes
(LULCCs) can impact the climate significantly. They affect biogeochemical cycles like carbon storages as
well as energy and water fluxes at the land surface (Intergovernmental Panel on Climate Change, 2014,
2019). Variations in the latter appear due to modifications in biogeophysical properties of the land surface
such as albedo, roughness length, leaf area index, or stomatal resistance.

Underestimating biogeophysical forcings to the climate in models may lead to significant biases in a number
of variables. de Noblet‐Ducoudré et al. (2012) find that the regional biogeophysical impacts of LULCC can
exceed the magnitude of radiative forcing caused by greenhouse gas emissions, although their assessment
is still uncertain in sign and magnitude within climate models (Davin & de Noblet‐Ducoudré, 2010). This
is because counteracting effects of radiative and nonradiative processes on water and energy exchanges vary
in time and space and depend on the type of LULCC (Duveiller, Forzieri, et al., 2018; Duveiller, Hooker, &
Cescatti, 2018; Snyder et al., 2004). Deforestation, for example, increases the surface albedo, because crop-
land or grassland usually have a brighter surface than forests. The resulting loss in available energy cools
the surface. The concurrent decrease in leaf area and stomatal resistance reduces transpiration, which leads
to a reduction of evaporative cooling and, hence, to a warming. The net effect depends on which of these pro-
cesses dominates (Davin & de Noblet‐Ducoudré, 2010). Different forest types diverge in their biogeophysical
and biogeochemical forcings, too. Transitions of boreal forests have the largest biogeophysical effects of all
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vegetation types as they have a lower summertime evaporative fraction (EF) than other forests. Their lower
albedo increases the available energy at the surface. The additional energy is partitioned into sensible rather
than latent heat (Baldocchi et al., 2000; Bonan, 2008; Snyder et al., 2004). Studies of global climate‐vegetation
dynamics reveal a significant impact of vegetation on the climate and vice versa (e.g., Kumar et al., 2013).
Thus, LULCCs have recently become the focus of studies aiming to assess their role in past temperature
trends (e.g., Boisier et al., 2012; Huang et al., 2020; Pitman et al., 2009), extreme events (e.g., Findell
et al., 2017; Hirsch et al., 2015), and modification of precipitation patterns (e.g., Bagley et al., 2014; Chen
et al., 2017; Chen & Dirmeyer, 2017; Lawrence & Chase, 2010). Mahmood et al. (2014) provide an overview
of the most notable LULCC and their effects on the climate, and Snyder et al. (2004) assess the influence of
vegetation biomes on the climate.

The L‐A coupling strength is an approach to quantify the relationship between the land surface and atmo-
spheric states and fluxes. The coupling strength is subject to regional variability (Findell & Eltahir, 2003b;
Koster et al., 2004) and temporal variability (Dirmeyer et al., 2014; Guo & Dirmeyer, 2013; Seneviratne
et al., 2006), which raises the question of which factors determine the strength of L‐A coupling. The lack
of a common definition along with the fact that different studies and metrics address different quantities
and processes (Knist et al., 2017) complicates the comparability of studies on L‐A coupling strength.
Additionally, disparate atmospheric models and resolutions, high land surface complexity, and lack of obser-
vations make assessments difficult as well (Santanello et al., 2009). Furthermore, many studies have been
performed on a global scale and on rather coarse resolutions. Koster et al. (2004), for example, examine
the soil moisture‐precipitation coupling using an ensemble of atmospheric general circulation models.
They find a weak coupling hot spot in Eastern Europe. However, studies on the continental scale are still
rare for Europe. Knist et al. (2017) investigate the coupling between soil moisture and surface fluxes as well
as surface fluxes and near‐surface air temperature variations. They locate a coupling hot spot in
eastern‐central Europe and attribute this link to reduced ormissing dominantmoisture or energy limitations
on evapotranspiration. Only a limited number of L‐A observational studies are currently available, for exam-
ple, the Land Atmosphere Feedback Experiment (LAFE; Wulfmeyer et al., 2018, 2020). Therefore, new
observations dedicated to measuring L‐A interactions are under development in Europe. One example is
the Land Atmosphere Feedback Observatory (LAFO; https://lafo.uni-hohenheim.de/, Späth et al. (2019).

Until now, few studies have employed regional climate models (RCMs) to investigate LULCC forcings on the
climate in Europe (Cherubini et al., 2018; Davin et al., 2014; Tölle et al., 2014). The studies usually apply sta-
tic land cover maps to investigate biogeophysical impacts of single LULCC such as afforestation (e.g., Gálos
et al., 2013; Gao et al., 2014). However, realistic, transient LULCCs have not been included in previous
RCM‐intercomparison studies in Europe (e.g., Christensen & Christensen, 2007). In 2017, the World
Climate Research Program Flagship Pilot Study “Land‐Use and Climate Across Scales” (LUCAS) was
endorsed to investigate the effects of implementing LULCC in RCMs in a coordinated initiative. LUCAS is
part of the European branch of the Coordinated Regional Climate Downscaling Experiment (CORDEX,
https://www.cordex.org/; Giorgi et al. 2009; Gutowski et al. 2016). They aim at examining biogeophysical
impacts and their influence on the regional climate on different spatial and temporal scales. The overarching
goal is to investigate the potential of the land surface to mitigate climate change and to provide an improved
basis for regional climate impact assessments (Rechid et al., 2017). In LUCAS phase I, three land cover sce-
narios are implemented in an ensemble of RCMs to compare the impacts of (1) extreme afforestation
(FOREST) and (2) extreme deforestation (GRASS) with a (3) realistic land cover (CORINE) as baseline in
Europe. In the following presented experiments, afforestation refers to a conversion from all nonforest vege-
tation types to forest. Deforestation refers to the conversion from all vegetation types to grassland in the
respective model run.

This study provides an analysis of WRF‐NoahMP simulations made by the University of Hohenheim which
were included as part of the LUCAS ensemble (Davin et al., 2020). It is a test bed for future coupling strength
studies on the LUCAS‐ensemble investigating the effects of realistic LULCC. Simulation experiments with
idealized extreme LULCC are well suited for assessing the potential sensitivity of atmospheric responses
to land surface modifications. The first objective is to locate long‐termmean coupling hot spots between sur-
face fluxes and precipitation based on the early‐morning atmospheric structure (Findell & Eltahir, 2003a,
2003b) for the European summer. The coupling hot spots and the coupling strength are then analyzed with
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regard to their sensitivity to extreme LULCC. The second objective is to investigate the relationship between
the surface fluxes and clouds and precipitation patterns in dependence of land cover. This work is structured
as follows: Section 2 outlines the Materials and Methods, including a model description, the simulation set‐
up, the land cover scenarios, and the analysis metrics. Section 3 presents the results on L‐A coupling
strength. Section 4 reports the results on the statistical analysis of the link between surface fluxes, clouds,
and total precipitation. The results are discussed in section 5 and summarized in section 6.

2. Experimental Design and Methods
2.1. Model Description

The RCM used in this study is WRF V3.8.1 (Skamarock et al., 2008) coupled to the Noah land surface model
with multiparameterization options (NoahMP) (Niu et al., 2011). For the planetary boundary layer (PBL),
the MYNN level 2.5 local turbulence parameterization scheme was applied (Nakanishi & Niino, 2009). In
line with the WRFb‐CLM configuration of the LUCAS ensemble, the number of vertical levels was set to
40 and the model top to a pressure height of 50 hPa (Davin et al., 2020). The cumulus parameterization fol-
lowed the approach of Kain (2004). Additional parameterization schemes are listed in Table 1. The final phy-
sics configuration was based on previous studies from the authors and others (e.g., see Bauer et al., 2015;
Kotlarski et al., 2014; Schwitalla et al., 2017; Warrach‐Sagi et al., 2013). Soil moisture was initialized on
the 1 January 1984 from ERA‐Interim reanalysis data (Dee et al., 2011), and the soil texture was derived from
amodified version of the HarmonizedWorld Soil Database (HWSD) (Milovac et al., 2014). The vegetation in
each grid cell was considered using a dominant approach, and each land cover type was parameterized after
the IGBP‐MODIS 21‐category land use classification used in WRF. The vegetation dynamics were treated
through daily interpolation of monthly leaf area index (LAI) values from the MODIS vegetation parameter
table. The calculation of stomatal resistance was performed using the Ball‐Berry scheme in combination
with green vegetation fraction calculated from LAI and the stem area index.

2.2. Simulation Set‐Up

Three experiments, which differ in the applied land cover maps, were forced with 6‐hourly ERA‐Interim rea-
nalysis data on 0.75° resolution from the European Centre for Medium‐Range Weather Forecasts. They ran
for the years 1984–2015 including 2 years of spin‐up, which were excluded from the analyses. All experi-
ments were carried out for the CORDEX domain of Europe (EURO‐CORDEX; Jacob et al., 2020) on 0.44°
grid spacing. The analyses focused on the summer months of June–August because the sensitivity of convec-
tion to land surface influences is expected to be greatest in summer (Dirmeyer et al., 2013; Taylor et al., 2012).
Some analyses were carried out for the PRUDENCE subregions (Alps, British Isles, Eastern Europe, France,
Iberian Peninsula, Mediterranean, Mid‐Europe, and Scandinavia (Christensen & Christensen, 2007). The
original subregions were expanded by two additional ones covering the northeastern and eastern parts of
the study domain. The Eastern European Plain extends from 44°N to 70°N and 30°E to the eastern border
of the domain (Figure 1c). The Black Sea extends from 25°N to 44°N and 36°E to the eastern border of the
domain. The range of climate zones in the domain is heterogeneous. According to the Köppen‐Geiger clas-
sification (Peel et al., 2007), climates vary from cool continental climates with arctic influence in the high
latitudes to Mediterranean climate in southern Europe and from oceanic climate in coastal areas to warm,
humid continental climate in Eastern Europe. This variety makes L‐A feedback studies quite challenging
over Europe.

Table 1
Choice of Parameterization Schemes of the WRF Configuration

Model physics Parameterization scheme

Microphysics Scheme New Thompson scheme (Thompson et al., 2004)
Short‐Wave Radiation Scheme Rapid Radiative Transfer Model (RRTMG) scheme (Iacono et al., 2008)
Long‐Wave Radiation Scheme Rapid Radiative Transfer Model (RRTMG) scheme (Iacono et al., 2008)
Boundary Layer Scheme MYNN Level 2.5 PBL (Nakanishi & Niino, 2009)
Convection Scheme Kain‐Fritsch scheme (Kain, 2004)
Land Surface Model NOAH‐MP land surface model (Niu et al., 2011)
Surface Layer Scheme MYNN surface layer scheme (Nakanishi & Niino, 2009)
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2.3. Land Cover Scenarios

L‐A feedbacks were investigated for three land covers: (1) a realistic real land cover as baseline (CORINE),
(2) maximum forest coverage (FOREST), and (3) maximum grassland coverage (GRASS) in Europe. The
CORINE 2006 land cover classification (European Environmental Agency, 2013) was implemented for the
baseline run (Figure 1a). In the FOREST scenario, a land cover map was used where the total land area is
covered by forest where it can realistically grow. This means areas with cold and hot deserts were not cov-
ered with vegetation, as it would be biologically implausible. Similarly, all vegetation types were converted
to grassland in the GRASS scenario (see Davin et al., 2020, for a detailed description of the maps).

Figure 1. Land use maps of (a) the CORINE, (b) the FOREST, and (c) the GRASS experiments in the EURO‐CORDEX
EUR‐44 domain derived from IGBP‐MODIS 21‐category land use type classification used in the WRF model. Subplot (c)
also contains the boundaries of the expanded PRUDENCE‐regions: The Alps (AL), British Isles (BI), Black Sea (BS),
Eastern Europe (EA), Eastern European Plain (EP), France (FR), Iberian Peninsula (IP), Mediterranean (MD), Mid‐
Europe (ME), and Scandinavia (SC).
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The land cover maps for the FOREST and GRASS experiments were based on a global MODIS‐based
present‐day land cover map at 0.5° resolution with 17 plant functional types (Lawrence & Chase, 2007).
Shrub, crop, and grassland types were set to zero in order to produce the FOREST map. The sum of the
remaining forest classes was designed to be 100% excluding nonvegetated areas. The proportion of the indi-
vidual classes was conserved from the original map. Therefore, needleleaf forests mainly cover the
high‐latitudes and broadleaf forests grow further to the South. The forest plant functional types were con-
verted to C3 and C4 grassland to derive the grass map. Again, the proportion of each type was taken from
the original map. The fraction of bare soil was conserved in both experiments (Davin et al., 2020).

The implementation of the derived maps in WRF‐NoahMP required a transfer of the plant functional types
to the IGBP‐MODIS 21‐category land use type classification. Plant functional types that are only differing in
the climate as well as C3 and C4 grasses were merged. The IGBP‐MODIS classification neither represents
climates (tropical or temperate forests) nor diverse grassland types (C3 or C4 grasses). In the forest map, cells
were classified as Mixed Forests when they had a similar share of different forest types. Finally, cells classi-
fied as Ice and Snow in the CORINE 2006 land cover classification were used to mask both the forest and the
grass map (Figures 1b and 1c). In the following, afforestation denotes the comparison FOREST‐CORINE and
deforestation the comparison GRASS‐CORINE.

2.4. Land‐Atmosphere Coupling Metrics
2.4.1. CTP‐HIlow Framework
In the past decade, different studies suggested that among other things, the atmospheric conditions in the
early morning influence whether the land surface may impact convection triggering throughout the day.
While some atmospheric conditions favor convection initiation by increasing the atmospheric moisture
(positive feedbacks) (Guillod et al., 2015; Koster et al., 2004), others favor convection initiation by increasing
the boundary layer growth through high sensible heat fluxes (negative feedbacks) (Dirmeyer et al., 2014;
Taylor et al., 2012). Different regions exhibit a different dominant feedback sign in dependence of the pre-
vailing atmospheric conditions (Findell et al., 2011). The convective triggering potential (CTP)‐low‐level
humidity index (HIlow) framework (Findell & Eltahir, 2003a, 2003b) evaluates the potential for the triggering
of deep convection in dependence of land surface forcing. It uses the stability and the humidity deficit of the
residual layer around the hour of sunrise for this (Dione et al., 2014). It is composed of two atmospheric prop-
erties. The CTP is the departure of the modeled temperature profile from the moist adiabatic lapse rate
between 100 and 300 hPa above ground. The HIlow is the sum of dew‐point depressions at 50 and 150 hPa
above ground. The variables are fully defined in the Appendix. Further details on data processing are given
there, too.

At first, CTP and HIlow are used to assess the type of early‐morning profile within the CTP‐HIlow space on
each day for every cell (Figure 2a). The threshold values from Findell and Eltahir (2003a) are used to distin-
guish between days with a wet soil advantage favoring positive feedbacks (1), days with a dry soil advantage
favoring negative feedbacks (2), days in a transition zone (3), and atmospherically controlled (AC) days (4).
On days with AC conditions, an influence of the surface fluxes on convective precipitation is unlikely. Days
are considered AC in three cases. Negative CTP values indicate a temperature inversion in the early‐morning
atmosphere, which inhibits deep convection. When the humidity deficit is very high (HIlow > 15°C), preci-
pitation is generally unlikely, and when the humidity deficit is very low (HIlow < 5°C), precipitation is likely
over any surface (Findell & Eltahir, 2003b). Days in the feedback categories (categories 1–3) are jointly
referred to as nonatmospherically controlled (nAC) days. The quantity gives an idea of how frequently the
land surface may impact convection triggering. The distinction of the different feedback categories enables
the assessment of the predominant feedback sign. An atmosphere with a humidity deficit between 5°C and
10°C and unstable conditions (CTP > 0 J/kg) is associated with a wet soil advantage (Figure 2a). Dryer con-
ditions in the atmosphere (10 °C < HIlow < 15°C) and high instability (CTP > 200 J/kg) suggest a dry soil
advantage (Figure 2a). In the transition zone (Figure 2a), wet or dry soils can both be advantageous.
These days are characterized by lower humidity conditions (10°C < HIlow < 15°C) and low instability
(50 J/kg < CTP < 200 J/kg).

In a second step, the relative occurrence of each type of sounding is quantified to evaluate the potential
for land surface effects on convection triggering. When a high potential is apparent, the dominant feedback
sign is determined for the chosen period (Figure 2b). Each land grid point is classified either as AC, wet
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soil advantage, dry soil advantage, or transition zone with their respective subdivisions (Figure 2b).
Furthermore, subcategories of AC are included which indicate the major reason for classifying a cell as
AC. AC dry, for example, denotes that HIlow is larger than 15°C in the majority of days. Levels 1 and 2
denote the strength of the signal within the feedback categories. The labeling as wet soil advantage level 1
signifies a strong positive signal. This label requires that at least 50% of the nAC days are in wet soil
advantage. The same applies for the labeling as transition zone level 1 or dry soil advantage level 1. A cell
labeled with level 2 has likely a weaker signal. The labeling as wet soil advantage level 2 requires that less
than 20% of the nAC days are in dry soil advantage. For the label dry soil advantage level 2, less than 20%
of a cell's nAC days are in wet soil advantage. The label transition zone level 2 includes all remaining cells.

The threshold for determining whether a cell is AC or nAC was lowered from originally 20% to 10%
(Figure 2b). A review of the frequency of large‐scale weather patterns associated with high potential for con-
vective precipitation events in Europe showed that these occur in about 10% of the summer days (Dittmann&
Deutscher Wetterdienst, 1995; Lang, 2010). Local convective precipitation events in summer may cause
severe damages and floods also in Central Europe. Therefore, it is of social and economic interest to represent
potential feedbacks that could impact these events. Testing threshold values between 5% and 30% showed
that the choice of the value only affected the size of the region considered as feedback region. The fraction
of nAC days and the prevailing advantage for wet/dry soils within a cell was not affected (not shown).
2.4.2. Statistics on Land‐Atmosphere Feedbacks
Statistical analyses were used to explore the relationship between EF, clouds, and total precipitation with
diverging land cover. Due to the model grid increment (0.44°), the model data did not permit a reasonable
distinction of convective and synoptic clouds and precipitation. The link between EF [latent heat flux/ (sen-
sible + latent heat flux)] and total precipitation, as well as HIlow and total precipitation were further explored
on the basis of statistical analyses. Daily mean EF, daily early‐morning HIlow, and daily total precipitation
were used for these analyses. Please note that LULCCs are expected also to affect the relationship between
soil moisture and EF. This relationship and the influence of EF on precipitation would need to be disen-
tangled. Therefore, EF was used to represent the land surface rather than soil moisture. The cloud statistics
in section 4.1 are based on 3‐hourly cloud fractions. The significance of differences between the experiments
was tested using a Student's t test applying a significance level of 5%.

The dependence of precipitation on either EF or HIlow was examined by calculating a regression coefficient
and multiplying it by the standard deviation of the respective variable. Combining the regression coefficient
as a sensitivity measure with the standard deviation as a variability measure follows the reasoning of the

Figure 2. (a) Schematic of the CTP‐HIlow framework adapted from Findell and Eltahir (2003a) their Figure 15 showing the respective profile types in CTP‐HIlow
space. (b) The long‐term classification of a cell is based on the relative frequency of occurrence of each class from (a) in a cell. The schematic displays the
descriptions of long‐term labeling explained in Findell and Eltahir (2003b).
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two‐leggedmetric by Dirmeyer (2011). The coefficients of determination of the regressions were investigated
to estimate the share of the variance in precipitation that can be explained by EF or HIlow dynamics,
respectively.

The probability for precipitation (precipitation >1mm) was compared for AC and nAC days. The probability
for precipitation was calculated for each bin by first fitting a probability density function for a Gamma dis-
tribution. Second, the area under the function was integrated to approximate the probability of precipitation.
As the chosen interval size equals 1, the probability density is an approximation for the probability for the
chosen interval. Furthermore, the probability for precipitation was analyzed for different ranges of EF.
For this purpose, the summer days were subdivided in four equal bins according to their prevailing EF:
(1) EF between 0 and 0.25, (2) EF between 0.25 and 0.5, (3) EF between 0.5 and 0.75, and (4) EF between
0.75 and 1 before calculating the probability. The control group contains the total range of EF.

3. Land‐Atmosphere Coupling Strength Analysis
3.1. Coupling Hot Spots

The CTP‐HIlow framework was used to identify potential hot spots for surface moisture‐precipitation feed-
backs and to determine their dominant sign in Europe. The highest potential for a surface impact on deep
convection triggering was found in the northeast of the study area (Figure 3, areas in green or orange), where
continental climate prevails (Peel et al., 2007). Typically, continental climate is characterized by pronounced
variability in weather patterns because of the missing dampening effect of oceans (Bonan, 2016). Figure 4
displays the components of the CTP‐HIlow framework. Atmospheric conditions were frequently weakly
unstable and intermediately humid (Figures 4a and 4d) in the Northeast. This led to a potential nAC in
up to 42.2% (CORINE, Figure 4g) of the summer days over the Eastern European Plain (FOREST: 37.2%
and GRASS: 37.8%; not shown).

Feedbacks were predominantly positive in the strong coupling region in each experiment. The share of wet
soil advantage days in summer was particularly high in the high‐latitudes and decreased southward
(Figure S2 in the supporting information). The shares of transition zone and dry soil advantage days both
increased toward the south, which was due to a higher humidity deficit and, in case of the dry soil advantage
days, higher instability in the residual layer. Dry soil advantage days represented the lowest share all over the
domain. The north‐south gradient in the frequency distribution of the feedback categories appeared inde-
pendently of the land cover (Figures S1 and S2).

In southern Europe and at the Atlantic coast, the summer days were almost entirely AC (Figures 3 and 4g) in
all experiments. Over the British Isles and at the Scandinavian coast, most early‐morning soundings were
stable (CTP < 0 J kg−1) and rather humid (HIlow < 5°C) (Figures 4a and 4d). This indicated that convection
was regularly inhibited by a stable layer, and the surface fluxes hardly initiated any precipitation event
(Findell & Eltahir, 2003a; van den Hurk & van Meijgaard, 2010). Summers were typically dry in southern
and southwestern Europe, because the subtropical high extends to up to 40°N. Therefore, the probability
for precipitation was low, and along with that, the humidity deficit was on average too large to permit a land
surface impact on precipitation (Figure 4d). In other words, the moisture flux into the atmosphere was too
small to produce clouds and develop precipitation locally. Findell and Eltahir (2003b) applied similar rea-
soning within their explanations of atmospheric controls in the United States. Similar to the European high
latitudes, soundings at the northwestern US Pacific coast were almost entirely stable and humid, while
soundings at the southwestern Pacific coast were very dry. The reasoning for atmospheric controls was valid
in all experiments, and the location of potentially strong feedbacks appeared rather insensitive to LULCC
(Figure 3). The robustness of the location was further tested by perturbing the initial temperature and moist-
ure profiles before classifying the feedback regions (see supporting information). A shift to a completely dif-
ferent region only occurred with extreme and unrealistic moisture increases combined with considerable
decreases in temperature (Figure S4).

3.2. Land Surface Impact on Coupling Strength

Although the location of the potential coupling hot spot appeared to be robust, modifications of the surface
flux partitioning could influence the local L‐A coupling strength (Figures 4h and 4i) and the predominance
of the feedback sign.
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In this RCM configuration, afforestation caused a decrease in EF (Figure 5b) everywhere except for western
Europe and south of the Black Sea. An albedo decrease led to an increase in available energy, which was pre-
dominantly partitioned into sensible heat flux. The resulting significant destabilization and drying of the
atmosphere at a significance level of 5% (Figures 4b and 4e) decreased the nAC days per summer. Thus,
the feedback strength declined. The strongest impact of afforestation on the atmosphere appeared north
of the Black Sea, where increases in CTP and HIlow caused a significant loss of nAC days of up to 9.75%.
The contrary effect was observed in western Europe, where EF increased by 0.03 and HIlow decreased by
−0.35°C. In consequence of these changes in western Europe, the fraction of nAC days increased signifi-
cantly by up to 6.5% in some cells over the Alps.

Figure 3. Long‐term feedback regimes classified after the CTP‐HIlow framework for (a) the CORINE run, (b) the
FOREST scenario, and (c) the GRASS scenario. Atmospheric control is indicated in blue and the shadings depict the
probable cause for atmospheric control. The nonatmospherically controlled feedback regime wet soil advantage is
represented in green, the transition zone in yellow/orange, and the dry soil advantage in red. Levels 1 (L1) and 2 (L2)
depict the strength of the signal. Level 1 cells have a strong signal, whereas the signal in level 2 cells is weaker.
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In the FOREST run, the northern part of the feedback region was in wet soil advantage similarly to the base-
line run. In the southeastern part of the feedback region, a transition occurred from wet soil advantage to
transition zone level 2 (Figure 3b). Afforestation decreased the share of wet soil advantage days both relative
to the nAC days in summer (Figure S1b) and relative to all summer days (Figure S2b) in most of the domain.
The largest decrease appeared in eastern Europe. Simultaneously, afforestation increased the share of nAC
days in transition zone and dry soil advantage (Figures S1e and S1h) leading to a weakening in the predomi-
nance of positive feedbacks and a change in the classification. Therefore, afforestation decreased not just the
frequency of occurrence of nAC days (Figure 4h) in eastern Europe but also weakened the potential for posi-
tive feedbacks all over the domain. The combined effect is expected to result in a lower impact of the latent
heat flux on local precipitation in comparison with the conditions of the baseline run.

The major impacts of deforestation on the summer L‐A coupling strength occurred in the higher latitudes
(Figures 4i, S2c, S2f, and S2i). The higher albedo of grassland generally initiated a decrease in net radiation
(not shown) in Europe. In the high latitudes, the conversion of needleleaf forest to grassland caused a
considerable increase in EF in GRASS (Figure 5c). This resulted from minor reductions in the latent heat

Figure 4. (a) Mean convective triggering potential (CTP) (J kg−1) of the CORINE run, (b) the FOREST‐CORINE difference in CTP, and (c) the GRASS‐CORINE
difference. (d) Mean summertime low‐level humidity index (HIlow) (°C) of the CORINE run, (e) FOREST‐CORINE difference in the HIlow, and (f) the
GRASS‐CORINE difference in HIlow. (g) The share of nonatmospherically controlled (nAC) days in summer (%), and (h and i) the corresponding differences
between FOREST and CORINE and GRASS and CORINE, respectively. Dashed areas indicate statistical significance at the 5% level tested with a Student's t test.
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flux and strong decreases in the sensible heat flux (not shown). The impacts of decreasing both the
atmospheric instability and humidity deficit on the coupling were contradicting (Figure 4c and 4f). On the
one hand, the cooling and moistening of the atmosphere indicates that relative humidity approaches
saturation more frequently. Occasionally, up to 10% less summer days were in nAC compared to CORINE
in the high‐latitudes (Figure 4i), and wet AC days occurred more frequently. On the other hand, the
predominance of the wet soil advantage was considerably strengthened in the nAC day partitioning
(Figure S1c). Transition zone as well as dry soil advantage days occurred less frequently (Figures S1f and
S1i). This means when a feedback was probable, wet surface conditions were very likely in favor for
triggering precipitation rather than dry surface conditions. Consequently, the feedback region was mostly
in levels 1 or 2 wet soil advantage in the GRASS run. In the rest of the domain, LULCC caused a net
decrease in EF. This resulted from a reduction in the latent heat flux and minor reductions (cropland) or
increases (mixed/deciduous forests) in the sensible heat flux. The changes in both the share of nAC days
(average ± 0.3%) in summer (Figure 4i), and the share of summer days in wet or dry soil advantage or
transition zone (Figures S2c, S2f, and S2i) were patchy and insignificant.

Figure 5. Results from CORINE and their differences due to afforestation (FOREST‐CORINE) and deforestation (GRASS‐CORINE) in summer. (a) Average
evaporative fraction (EF), (b) difference in EF due to afforestation, (c) difference in EF due to deforestation, (d) frequency of occurrence of cloud coverage
>3%, (e) difference in the occurrence of clouds due to afforestation, (f) difference in the occurrence of clouds due to deforestation, (g) mean seasonally
accumulated, total precipitation, (h) difference of precipitation due to afforestation, and (i) difference of precipitation due to deforestation. All values
correspond to the June–August average of the period 1986–2015.
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4. Effects on Clouds and Precipitation

Given the information about a potential coupling hot spot and a predominance of positive feedbacks, the
question arises whether modifications in the surface flux partitioning from LULCC can be associated with
changed cloud cover and total precipitation patterns in the predicted manner. Therefore, the aim of this
chapter is to assess whether the sign of the response of cloud occurrence and precipitation distribution to
afforestation and deforestation match the sign of EF differences.

4.1. Clouds

First, this chapter deals with modifications in the spatial distribution of cloud occurrence induced by
LULCC. Second, differences in the frequency of occurrence of clouds in summer on different model heights
are explored (Figure 5d). Coverage or occurrence of clouds was assumed, when the degree of coverage in an
atmospheric layer exceeded 3% (threshold from Görsdorf & Seifert 2011).

In all experiments, clouds occurred most frequently in the high latitudes. The frequency (Figure 5d) and also
the degree of coverage (not shown) decreased southward with the lowest frequencies south of the Black Sea.
Besides the regional variance of cloud distribution, clouds also appeared in different altitudes depending on
the region (Figure 6) in all experiments. In the high latitudes, lower‐level clouds appeared with a higher fre-
quency (Figures 6e and 6f) than in southern Europe (Figures 6i and 6j). Please note that by far most clouds
appeared with a degree of coverage of 1 (meaning 100% of coverage) in most layers and in all subregions and
experiments (Figures 6a and 6e; values of the CORINE run). In the highest model levels, cirrus clouds
appeared with a maximum cloud coverage of 0.2.

Afforestation and deforestation had contrasting effects on clouds in Europe. While the atmospheric drying
from afforestation (Figure 5e) coincided with fewer (Figure 5e) and less thick clouds (not shown), the atmo-
spheric moistening from deforestation (Figure 5f) coincided with an increase in the frequency of cloud
occurrence there (Figure 5f). The sign of the response to the respective LULCC scenario was consistent in
the domain apart from southern Europe (Figures 5e and 5f). In the southern part of the domain, the response
in cloud occurrence switched sign in both scenarios. Though the sign of differences was largely consistent,
the magnitude of differences from both afforestation and deforestation varied, and the strongest effects from
both LULCC scenarios appeared over the Eastern European Plain (Figures 5e and 5f).

Figure 6 shows the frequency distribution of cloud occurrence on model levels. The first row shows the fre-
quency distribution of the whole domain, and the second row shows the results for the Eastern European
Plain as an example for a relatively strong influence. The results for the Iberian Peninsula are shown as
an example for a southern and rather dry region with weak potential surface influence. Similarly to the spa-
tial averages, the changes in cloud coverage on different model levels were strongest over the Eastern
European Plain relative to the rest of the domain (Figures 6g and 6h). Low‐level clouds occurred less fre-
quently in FOREST with a maximum loss of 6.5%. Midlevel clouds were slightly increased by 1.9%.
Similarly, deforestation mostly impacted the occurrence of low‐level clouds, which increased by +5% over
the Eastern European Plain (Figure 6h). Both afforestation and deforestation barely influenced the occur-
rence of clouds over the Iberian Peninsula (Figures 5e and 5f). This is also reflected in the changes of cloud
occurrence across different atmospheric heights (Figures 6k and 6l). In general, LULCC predominantly
influenced the occurrence of low‐level clouds in the whole domain.

4.2. Precipitation

This subsection examines the impacts of LULCC on total precipitation and precipitation probability.
Further, it aims to estimate the connections of both EF and HIlow changes with the magnitude of changes
in precipitation and the probability for precipitation in dependence of the previously identified coupling
regimes. The EF‐precipitation and HIlow‐precipitation connections were analyzed by applying an extended
regression analysis (denoted as “Coupling Index” in Figures 7a and 7b) and looking at the coefficient of
determination of the regression. These were introduced in section 2.4.2.
4.2.1. Precipitation Distribution
All experiments showed a similar spatial distribution of total precipitation (Figure 5g; CORINE run exem-
plarily). Maxima in precipitation were mostly found in mountainous regions like the Alps, the
Scandinavian Mountains, the Carpathians, and the Caucasus in all experiments.
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Afforestation and deforestation initiated small but statistically significant differences in the total precipita-
tion in summer. The impact on precipitation varied spatially in sign and magnitude (Figures 5h and 5i) in
both scenarios. On the one hand, the LULCC impacted the day‐to‐day potential for local triggering of pre-
cipitation by modifying the flux partitioning (Figures 4h and 4i). On the other hand, an enhanced or

Figure 6. Cloud statistics (a) frequency distribution of different cloud fractions for each atmospheric layer (%) for the EURO‐CORDEX domain (EUR44), taken
into consideration are only cases with more than 3% cloud coverage, (b) the frequency of occurrence of clouds (degree of coverage >3%) regardless of the
cloud fraction for EUR44, (c) the FOREST‐CORINE (FC) difference in cloud occurrence on all model levels for EUR44, and (d) the respective difference for the
difference GRASS‐CORINE (GC) for EUR44. Similarly, (e–h) the results for the Eastern European Plain (EP) as an example for a rather wet region and
(i–l) the results for the Iberian Peninsula (IP) as an example for a rather dry region.
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decreased transport of moisture and heat into the atmosphere modified the average atmospheric conditions
(Figures 4b, 4c, 4e, and 4f). This modifies the probability for total precipitation and the preconditioning for
convection triggering in the atmosphere. In eastern and northeastern Europe, both LULCC resulted in sig-
nificant decreases in precipitation (significance level: 5%). With afforestation, lower EF and higher humidity
deficits in the low‐level atmosphere supported the reduction in precipitation (Figures 7a and 7b). The max-
imum decrease in precipitation occurred over the Eastern European Plain with −63.8 mm per season
(Figure 5h). The local connections of precipitation with EF and HIlow are further explored in section 4.2.2.
In GRASS, the transition from cropland to grassland resulted in a lower EF (Figure 5c), which coincided
with less precipitation in this region.

In western Europe, both LULCCs initiated a small increase in precipitation (Figures 5h and 5i). The increase
in FOREST may be related with an increase in the latent heat flux, raising the moisture transport into the
atmosphere. The additional moisture increased the relative humidity (HIlow) and considerably increased
CAPE (not shown). Both quantities are expected to favor the occurrence of precipitation in the model, espe-
cially, as the Kain‐Fritsch convection scheme is known to react sensitively to CAPE. The effect of deforesta-
tion was not as straightforward. The local connection between surface moisture and precipitation was
particularly weak in France and impacts on atmospheric quantities like CAPE were small.

In the remaining regions, the impact of afforestation on precipitation diverged from the impact of deforesta-
tion. Afforestation caused an increase in rainfall over the Alps (+6.1 mm/season) and the Black Sea
(+3.0 mm/season), while deforestation caused a decrease over the Alps (−2.1 mm/season) and the Black
Sea (−2.6 mm/season). Both regions have a complex orography which possibly shapes the connection
between surface moisture and precipitation (see section 4.2.2). In the high latitudes, the local connection

Figure 7. Subregion wise (a) coupling index between the evaporative fraction (EF) and daily total precipitation, (b) coupling index between the low‐level
humidity index (HIlow) and daily total precipitation, (c) coefficient of determination of regressions between EF and precipitation, and (d) coefficients of
determination of regressions between HIlow and precipitation. Triangles denote regional means and crosses denote regional maxima. (e) Fractions of summer
days in atmospheric control (dark colors), with and without precipitation and nonatmospheric control (nAC; light colors). Fractions of AC and nAC days without
precipitation are stripped. Colors are blue: CORINE, red: FOREST, and yellow: GRASS.
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of the surface moisture appeared to be strong in all scenarios (Figures 7a and 7b). Thus, the surface drying
from afforestation was expected to support a decrease in precipitation, whereas the moistening from defor-
estation rather supported an increase (Figures 5c and 5i).
4.2.2. Surface Flux‐Precipitation Connection
The strength of local connections of precipitation with EF and HIlow was varying regionally. Please note that
local refers to the connection between variables in a certain cell, here. Modifications in surface moisture and
low‐level humidity are likely to affect also the precipitation of neighboring cells, but these nonlocal influ-
ences are difficult to disentangle and they were not quantified within this study.

The coupling index of EF and precipitation was positive in all subregions and experiments (Figure 7a). This
confirmed the conclusion drawn from the CTP‐HIlow framework, that surface moisture‐precipitation feed-
backs are generally more likely to be positive in the study area. A relatively strong connection between EF
and precipitation emerged in the domain's Northeast as well as in regions with complex orography (Alps,
Black Sea) in all experiments. In the rest of the domain, total precipitation was less correlated with EF
(Figure 7a). The weakest coupling indices were found over southern Europe and France in each experiment
(Figure 7a), which was characterized by rather dry conditions. Since the coupling index was low, differences
in the precipitation of the different scenarios (Figures 5h and 5i) were not locally attributable to changes in
the surface flux partitioning there. However, the modifications in the surface flux partitioning impacted the
humidity deficit (Figures 4e and 4f), and hence, they changed the preconditioning for convection triggering
and for precipitation development in general (Figure 7b) during the 30‐year period.

Though the Black Sea region also faced comparably dry conditions (Figure 4d), the coupling index was con-
siderably higher than in the rest of southern Europe. The presence of mountains was expected to support the
vertical motion of air through orographic lifting. Since orography supported the lifting of moist air, more
moist surface and low‐level atmospheric conditions presumably foster the probability for local precipitation.
This is reflected in the EF‐precipitation and the HIlow‐precipitation connections (Figure 7). Both the cou-
pling indices and the coefficients of determination were high in relation to the rest of the domain. All of
the maximum values (crosses in Figures 7c and 7d) were observed over mountains. This effect was also
observable over the Alps and the Scandinavian mountains.

The share of variance in precipitation explainable by EF amounted to 7.8%, averaged over the domain
(FOREST: 10.0% and GRASS: 7.5%) with strong variance between subregions (Figure 7c). While the lowest
share of explained variance was found in Central Europe, the largest share was apparent in the high latitudes
in all scenarios. In individual cells, up to 40% of the variance in precipitation is explainable by EF over nee-
dleleaf forest, there (Figure 7c). However, the pattern of the coefficient of determination did not follow the
distribution of the share of nAC days (Figure 4g). Rather, it reflected features of the respective vegetation
map. Especially over needleleaf forest, the fraction of explained variance was high, whereas over cropland
it was clearly lower (data not shown). Afforestation generally tended to enhance the share of variance in pre-
cipitation explainable by the EF—everywhere except for the Alps. Deforestation initiated a mixed response
in the EF‐precipitation relationship (Figure 7c). On the one hand, in the high latitudes and over the Iberian
Peninsula, the share of variance in precipitation explainable by EF decreased due to the conversion from
needleleaf forest to grassland. On the other hand, in central and southeastern Europe, converting forests
and croplands to grassland increased the variance explained by EF. These findings confirm the conclusion
that LULCC has an impact on coupling strength itself. It also highlights the importance of considering
the concrete type of vegetation transition.
4.2.3. Atmospherically Versus Nonatmospherically Controlled Days
This subsection describes the difference in precipitation probability between AC and nAC days for the sub-
regions. Table 2 depicts the probability for precipitation on AC and nAC days, as well as the proportion of the
total precipitation that fell on nAC days. Please note that precipitation on nAC days is not equated with con-
vective precipitation which was triggered by the land surface.

Although the majority of summer days were AC in every grid cell and most precipitation fell on AC days in
absolute terms in each subregion (Figure 7e), the probability for precipitation was clearly higher on nAC
days than on AC days. This applied for every subregion except for Scandinavia and the British Isles in all
experiments (Table 2). In southern Europe, where precipitation occurrence was rare, the probability for pre-
cipitation was considerably higher on nAC days than on AC days (Table 2). In the Mediterranean, the share
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of total summer precipitation falling on nAC days corresponded to about 40% in all experiments, even
though the occurrence of nAC days was rare in summer. However, the total amount of precipitation was
low and so was the net effect of the surface on precipitation. In central and eastern Europe, nAC days had
a higher probability for precipitation than AC days, as well, but the differences between AC and nAC days
were smaller than in the dry‐regions. Between 20% and 33% of the total precipitation per season fell on nAC
days (Table 2).

In Scandinavia and over the British Isles, the probability for precipitation was generally high and did not dif-
fer considerably between AC and nAC days. Over these two regions, the majority of AC days were wet and
stable, and more than 80% or 95%, respectively, of their total precipitation amounts occurred on AC days in
all experiments (Figure 7e). A very high relative humidity (low HIlow) fostered precipitation on the wet AC
days and explained why the probability is similar on AC and the wet soil advantage dominated nAC days.
Presumably, the surface flux partitioning was not decisive for the triggering of precipitation on these days.
However, investigating the probability for precipitation for different EF bins showed a divergence in the
probability of precipitation for different ranges of EF on both AC and nAC days (not shown). The same
applied for the daily amount of precipitation. Both increased gradually from very low (probability: 0.01–
0.26) to very high EF values (probability: 0.37–0.75) throughout the domain. This did not apply for
Scandinavia and the British Isles. In these regions, the probability for precipitation and the amount of rain-
fall were both higher with a clearly dominating sensible heat flux (EF < 0.25) than with a slightly dominat-
ing to equal share of sensible heat (0.25 < EF < 0.5). This indicated that the surface flux partitioning could
still support or inhibit precipitation from large‐scale systems, even though they are not decisive for its
occurrence.

5. Discussion

Strong, positive, local surface moisture‐precipitation feedbacks were identified under continental climate in
northeastern Europe by using the CTP‐HIlow framework in all experiments (section 3.1). Under oceanic,
Mediterranean or arctic climate, large‐scale atmospheric forcings predominantly inhibit local feedbacks—
in accordance with the argumentation of Findell and Eltahir (2003b). The region of potentially strong cou-
pling roughly coincided with the hot spot region of soil moisture‐precipitation coupling that Koster
et al. (2004) found in their global L‐A coupling strength ensemble study in Europe. The robustness of the
feedback region's location and the predominant sign of potential feedbacks were further examined with a
sensitivity test (description in supporting information). In the summer of 1986, the initial temperature
and moisture profiles of the baseline run were perturbed before calculating CTP and HIlow and performing
the classification. The degrees of temperature and moisture perturbation were chosen to mimic a realistic
model spread in moisture and temperature variance for the current climate in Europe. Extremer modifica-
tions were tested, as well. Perturbations within the realistic range slightly shifted the coupling hot spot,
though it was not moved to a different European region (Figures S3 and S5). Therefore, the location of the
coupling hot spot and also the predominance of positive feedbacks are considered robust under current cli-
matic conditions.

The L‐A coupling strength is generally a rather model specific quantity (Pitman et al., 2009), whose results
may be influenced by the choice of PBL and convection parameterization (Hirsch et al., 2015; Milovac
et al., 2016). In section 3.2, it was shown that both LULCC scenarios modified the potential feedback
strength by changing the relative humidity and the instability in the early‐morning boundary layer. In the
presented model configuration, the frequency of potential nAC days decreased in both scenarios. Thus,
the probability for a surface influence on precipitation is estimated to decrease from both afforestation
and deforestation. Furthermore, the LULCC changed nAC day partitioning between the feedback categories
(Figures S1 and S2). Afforestation decreased EF as a result of a dominant albedo effect, and a disproportio-
nately strong increase in the sensible heat flux in most European regions. This finally led to a weakened wet
soil advantage in the domain (Figure S1). In GRASS, most transitions to grassland caused a net decrease in
the EF. The only exception was the transition from evergreen needleleaf forest to grassland, which mostly
occurs in the high latitudes. It caused a loss in available energy as well as an increase in EF which originated
from a stronger decrease in the sensible heat flux than in the latent heat flux. The transition from needleleaf
forest to grassland also caused the largest impact on the coupling strength due to deforestation in the high
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latitudes. On the one hand, feedback days occurred less frequently in summer. On the other hand, it
strengthened the predominance of the wet soil advantage on nAC days (Figure S1c). The LULCC responses
in surface flux partitioning mostly coincided with the findings of Duveiller, Forzieri, et al. (2018) who exam-
ined the effects of a suite of vegetation transitions on the radiation and energy balances at the land surface.

Nevertheless, Davin et al. (2020) demonstrated a divergence in the temperature response to afforestation
between the models of the LUCAS ensemble, in which these simulations were included (their WRFb‐
NoahMP). They showed that the temperature response is directly linked to how afforestation modified the
surface flux partitioning in the models. They attributed this inconsistency to a lack of agreement in the cal-
culation of evapotranspiration between models (de Noblet‐Ducoudré et al., 2012; Lejeune et al., 2017).
Simulations with, for example, the RCAmodel rather simulated an increase in EF and a concurrent decrease
in temperature in response to afforestation in Europe, caused by a net evaporative cooling effect (e.g., Belušić
et al., 2019; Davin et al., 2020; Strandberg & Kjellström, 2019). The disagreement in the temperature
response to afforestation has implications for the conclusions drawn on the LULCC effects on the coupling
strength. The sensitivity test showed that the average temperature and moisture conditions impacted the
coupling strength (Figures S5 and S6) and the occurrence of the feedback categories (Figures S3 and S4).
While warming and drying enhanced the number of days in dry AC and transition zone (Figure S3i), cooling
and moistening enhanced the wet and stable AC (Figure S3a). Hence, the temperature response of a model
to LULCC (and likely also the moisture response) is expected to determine how these LULCC modify the
coupling. Therefore, the conclusions drawn on the afforestation and deforestation effects on the coupling
strength are specific for this model configuration. Further analysis would benefit from the use of an
ensemble.

Both LULCC scenarios yielded differences in cloud occurrence and precipitation. The predominating
decrease in EF from afforestation was accompanied by a significant decrease in relative humidity in the
lower PBL and a concurrent reduction in low‐level cloud occurrence and cloud coverage in northeastern
and central Europe (section 4.1). Concomitantly, the total precipitation was significantly lower in confined
areas within the hot spot region and over mountains (section 4.2.1). In western Europe, afforestation consid-
erably increased relative humidity and CAPE what could be an explanation for the additional precipitation
in this region. Although the low‐level relative humidity and the occurrence of low‐level clouds were signifi-
cantly increased in the Northeast in GRASS, the total precipitation was lower compared to the baseline run
in that area. One possible explanation could be that less CAPE is available for convection triggering over
grassland. The higher albedo of grassland reduces the amount of available energy for flux partitioning,
wherefore less precipitation is triggered.

Over the study period, the surface fluxes could influence the probability and amount of total precipitation in
three different ways. First, moisture and energy enter into the atmosphere throughout the day and either
trigger deep convection by increasing the atmospheric humidity through the input of latent heat (e.g.,
Dirmeyer, 2011) or support PBL growth by adding sensible heat (Dirmeyer et al., 2014; Taylor et al., 2012)
(section 4.2.1). Second, the surface fluxes impact the humidity and stability in the residual layer in the sea-
sonal average of June–August in 1986–2015 (section 4.2.1). Hence, the preconditioning changes to more or
less favorable conditions for convection and for precipitation in general. Nonlocal effects of the background
climate are likely (Winckler et al., 2017), but further research is necessary to identify and quantify remote
effects. Third, the surface fluxes may enhance or suppress precipitation from large‐scale circulations on days
with very humid atmospheric conditions, which mainly occur in Scandinavia and over the British Isles (sec-
tion 4.2.3). Precipitation is known to dominantly occur there due to either large‐scale circulations or
cyclones (Belušić et al., 2019; Pfahl & Wernli, 2012) rather than due to local triggering of convection.
However, the prevailing EF on a certain day still influences the occurrence and to a minor extent the inten-
sity of precipitation in summer (not shown). It is notable that very low (EF < 0.25) values of EF were
observed to favor the occurrence of precipitation and rather than intermediate (0.25 < EF < 0.5) ones in
the wet regions.

Altogether, an increase in the EF coincides with an increase in precipitation, pointing toward reinforcing
interactions between surface fluxes and precipitation in the whole study area. The strongest changes in pre-
cipitation were predominantly located over mountains and within the strong coupling area which was pre-
viously identified with the CTP‐HIlow framework. Nevertheless, the change in EF distribution from both
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LULCC scenarios was small and significant impacts on precipitation occurred only in confined areas. This
finding coincides with previous LULCC studies targeting precipitation in Europe, who also found that
extreme afforestation had only minor impacts on precipitation (e.g., Seneviratne et al., 2013).

6. Summary

In this study, we investigated the potential L‐A coupling strength in connection with actually modeled feed-
backs between the turbulent surface fluxes and both clouds and precipitation patterns for the European
summer. The study aimed at identifying land surface‐precipitation coupling hot spots in dependence on land
cover. Further, the intention was to test whether the strongest impacts of LULCC on clouds and precipita-
tion were observed in regions where strong coupling is to be expected. The results give a range of hypothe-
tical maximum impacts of LULCC by comparing the outcome of an extreme afforestation and deforestation
scenario with a realistic baseline. To the knowledge of the authors, this is the first study for Europe that
addresses L‐A coupling strength in terms of surface flux‐precipitation feedbacks on the regional scale and
in dependence of land cover.

A coupling hot spot was identified in the northeast of the simulation domain mostly covering the Eastern
European Plain and parts of Scandinavia and Eastern Europe. Feedbacks were predicted to be predomi-
nantly positive in all experiments. The scenarios mainly diverge in the fraction of potential feedback days
and, hence, the likelihood of convection initiation by the land surface. With this model configuration, com-
plete afforestation reduced the likelihood of land surface contribution to the triggering of convection in the
east of the domain and slightly enhanced it in the west. Conversely, deforestation caused a significant reduc-
tion in the likelihood for a land surface impact in the high latitudes. Modeled impacts of the LULCC on
clouds and total precipitation confirmed a predominance of reinforcing interactions, and a decrease in EF
tended to be accompanied by a decrease in low‐level clouds and total precipitation in all European subre-
gions. This is on one hand attributable to local impacts of the surface fluxes during the day and, on the other
hand, also to modifications of the boundary layer conditions in the 30 year average.

The presented analyses serve as a test bed for future studies on the impacts of realistic LULCC on the cli-
mate, keeping the focus on the impacts of L‐A feedbacks and their modifications to climate change. Since
studies based on a single RCM have limited generalizability, a possible extension of this work is a multimo-
del ensemble analysis of the L‐A coupling strength to improve the robustness of the obtained results. Besides
impacts of PBL and convection parameterization (Chen et al., 2017; Hirsch et al., 2015; Milovac et al., 2016)
on estimating the L‐A coupling strength, further dependencies, for example, on increasing the model resolu-
tion, and, hence, also the resolution of the land surface, to convection‐permitting scale, or dynamic vegeta-
tion development (Ingwersen et al., 2018), are conceivable. Davin et al. (2020) highlight the need to
understand the discrepancies in modeling the evapotranspiration. This is a prerequisite to understanding
how and why feedbacks are spatially and temporally variable and how clouds and precipitation are impacted
by LULCC. Additional variables, which characterize the boundary layer structure, need to be included in the
analysis in order to improve the understanding of different links between the land surface and precipitation.
Further studies targeting the understanding of biogeophysical impacts of land cover changes on the climate
will be conducted in the scope of LUCAS. The sensitivity of the feedback strength and the sign of feedbacks
to differences in atmospheric temperature and moisture will be further explored in a comprehensive sensi-
tivity study. These findings as well as findings from further studies within LUCAS have provided a spring-
board for future L‐A feedback analyses in Europe and improved our understanding about implications of
LULCC on the climate.

Appendix A: Definitions of CTP and HIlow
Convective Triggering Potential. The CTP (J kg−1) is a measure of the atmospheric instability. It represents the
deviation of the modeled temperature profile (Tenv) from the moist adiabatic lapse rate between 100 and
300 hPa above ground (formula from Ferguson & Wood 2011).

CTP ¼ ∫
zpsfc − 300

zpsfc − 100
g

Tparcel − Tenv

Tenv

� �
dz;

with zpsfc − 300 and zpsfc − 100 representing the height at surface pressure psfc − 300 hPa and psfc − 100 hPa,
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respectively. Tparcel represents the temperature of an air parcel, which is lifted along the moist adiabatic
lapse rate originating from 100 hPa above the surface and g is the gravitational acceleration.

Low‐Level Humidity Index. The HIlow (°C) measures the humidity deficit in low‐level air. It corresponds to
the sum of dew point depressions at 50 and 150 hPa above ground.

HIlow ¼ Tsfc − 50 − Td; sfc − 50
� �þ Tsfc − 150 − Td; sfc − 150

� �

Data. CTP and HIlow are calculated from daily early morning atmospheric profiles of temperature and
humidity. Early morning profiles represent the state of the atmosphere within the hour of sunrise. Here
this is defined as the time step of each day, where incoming shortwave radiation is first larger than zero.
It is used as index to extract the temperature and humidity profiles of the local hour of sunrise from hourly
model output for each cell and each day.

Data Availability Statement

The alternative land cover maps and the NCL scripts used for the computation of the CTP‐HIlow framework
as well as the name lists can be downloaded from the repository link (http://doi.org/10.5281/
zenodo.3722520).
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5.1 Overview

LULCCs are not the only factor causing differences in the ABL structure. Brogli et al. (2019) for in-

stance projected changes in the temperature lapse rates over Europe with climate change, which will

also influence the atmospheric stability. Dirmeyer et al. (2013b) and Seneviratne et al. (2006) already

showed that the coupling strength exhibits a strengthening trend with climate change. Dirmeyer et

al. (2013b) attribute changes to an acceleration of the global water cycle due to soil moisture except

during winter, which enhances the land-driven controls on surface fluxes and a growing impact on

the boundary layer properties. Seneviratne et al. (2006) link the strengthening to enhance green-

house gas concentrations, causing warming, increased temperature variability and through this the

formation of a new strong coupling zone in Central Europe. In this second paper, the influence of

differences in the temperature and moisture profiles on L-A coupling strength was investigated in

a comprehensive manner. As the quantification of L-A coupling strength is still challenging, the
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analyses aimed at assessing uncertainties in the coupling strength assessment in dependence of at-

mospheric temperature and moisture. This was done by implementing a posteriori modifications

to the modeled thermodynamic profiles of the evaluation run as presented in Jach et al. (2020) and

evaluate their effects on the coupling strength. This work expends the work by Jach et al. (2020) in

the sense that all possible combinations of temperature and moisture changes in the atmosphere were

considered in the analysis. Thus, besides warming and relative drying (forest-evaluation), as well

as cooling and relative moistening in the atmosphere (grass-evaluation), also warming and relative

moistening as well as cooling and relative drying and isolated changes in temperature and moisture

were examined. Additionally, the effects of differences in the vertical distribution of temperature

and moisture modifications were considered. The findings indicate reliability of the hot spot loca-

tion in Northeastern Europe as well as predominance of positive feedback in the northern part of the

hot spot, as they were only modified under extreme changes in relative humidity. These would have

pushed the northern European climate to semi-arid conditions, and thus are considered unrealistic.

At the same time, the dry conditions over the Iberian Peninsula and the Mediterranean inhibited

local feedback in all cases. However, variability of more than 10 percent between the modification

cases with regard to the occurrence of potential coupling days that uncertainty remains in the accu-

rate quantification of L-A coupling strength. In the southern part of the hot spot, additionally the

predominant coupling pathway switched between wet soil advantage (positive coupling) and tran-

sition zone (shallow convection only) on a frequent basis, which also indicates uncertainty in the

dominant atmospheric response to varying surface conditions. There occurs a north-south dipole in

the sensitivity of L-A coupling strength to temperature and moisture changes with a stronger temper-

ature impact in the north and dominant moisture control in the south. Modifications in temperature

gradients appear as important as the change in the mean. An increasing temperature gradient usu-

ally increases the number of non-atmospherically controlled (nAC)-days while a decreasing gradient

indicates a stabilization of the atmosphere which reduces the number of nAC days.

5.2 Publication

This publication titled “Sensitivity of land-atmosphere coupling strength to changing atmospheric

temperature and moisture over Europe” is an open access article published under the terms of the

Creative Commons Attribution 4.0 License, which permits use, distribution and reproduction in any
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Abstract. The quantification of land–atmosphere coupling strength is still challenging, particularly in the atmo-
spheric segment of the local coupling process chain. This is in part caused by a lack of spatially comprehensive
observations of atmospheric temperature and specific humidity which form the verification basis for the com-
mon process-based coupling metrics. In this study, we aim at investigating where uncertainty in the atmospheric
temperature and moisture affects the land–atmosphere coupling strength over Europe, and how changes in the
mean temperature and moisture, as well as their vertical gradients, influence the coupling. For this purpose, we
implemented systematic a posteriori modifications to the temperature and moisture fields from a regional cli-
mate simulation to create a spread in the atmospheric conditions. Afterwards, the process-based coupling metric
convective triggering potential – low-level humidity index framework was applied to each modification case.

Comparing all modification cases to the unmodified control case revealed that a strong coupling hotspot region
in northeastern Europe was insensitive to temperature and moisture changes, although the number of potential
coupling days varied by up to 20 d per summer season. The predominance of positive feedbacks remained un-
changed in the northern part of the hotspot, and none of the modifications changed the frequent inhibition of
feedbacks due to dry conditions in the atmosphere over the Mediterranean and the Iberian Peninsula. However,
in the southern hotspot region in the north of the Black Sea, the dominant coupling class frequently switched be-
tween wet soil advantage and transition zone. Thus, both the coupling strength and the predominant sign of feed-
backs were sensitive to changes in temperature and moisture in this region. This implies not only uncertainty in
the quantification of land–atmosphere coupling strength but also the potential that climate-change-induced tem-
perature and moisture changes considerably impact the climate there, because they also change the predominant
atmospheric response to land surface wetness.

1 Introduction

Land–atmosphere (L–A) coupling describes the covariabil-
ity between the land and atmospheric states, and plays a key
role for understanding states in the climate system such as the
evolution of the atmospheric boundary layer (ABL) temper-
atures and humidities. It shapes, e.g., the atmospheric water
and energy cycles, and through this influences the intensity
and duration of extreme events such as heat waves (Ukkola
et al., 2018; Jaeger and Seneviratne, 2011; van Heerwaarden
and Teuling, 2014; Schumacher et al., 2019), drought peri-

ods (Miralles et al., 2019) or the occurrence of heavy rain-
fall events. Furthermore, the feedback processes influence
the climate response to land surface modifications (Hirsch
et al., 2014; Laguë et al., 2019) suggesting the importance of
the processes’ accurate representation in climate models to
improve projections.

The local coupling (LoCo) process chain outlines the con-
nection between soil moisture and precipitation through the
turbulent surface fluxes modifying the evolution of the ABL,
and finally, leading to different conditions for cloud and pre-
cipitation formation (Santanello et al., 2009, 2011). Various
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coupling metrics have been developed to investigate the na-
ture and intensity of this and other relationships in the climate
system (Santanello et al., 2018). Individual processes in the
chain exhibit different intensities and the feedback sign can
diverge in dependence of the region (e.g., Findell et al., 2011;
Findell and Eltahir, 2003a, b; Knist et al., 2017; Koster et al.,
2004) and the period of time investigated. Coupling hotspots
mainly occur in transition regions between dry and wet cli-
mates (e.g., Gentine et al., 2013; Koster et al., 2004; Taylor
et al., 2012). Temporal variability is apparent at interannual
scales (Guo and Dirmeyer, 2013; Lorenz et al., 2015) and in
trends of the coupling strength (Dirmeyer et al., 2012, 2013;
Seneviratne et al., 2006).

Uncertainty remains in the accurate quantification of the
coupling strength along the LoCo process chain, especially
in the atmospheric segment. From the physical perspective,
the strength is influenced by both the prevailing land surface
and the atmospheric state. Jach et al. (2020) showed that ex-
treme afforestation led to weaker coupling between surface
moisture and convection triggering, and a less pronounced
favor for convection triggering over wet soils in the Euro-
pean summer. The conversion of current vegetation to grass-
land had the opposite effect. However, Davin et al. (2020)
showed that the same land use and land cover change scenar-
ios as used in Jach et al. (2020) initiated different responses
in near-surface temperature within the ensemble of regional
climate models from the flagship pilot study “Land-Use and
Climate Across Scales” (LUCAS) due to deficiencies in the
computation of evapotranspiration. Understanding potential
implications of these uncertainties for impacts of land use
and land cover changes on L–A coupling strength and cli-
mate variability was one motivation of our study.

From the technical perspective, the coupling strength is
influenced by the choice of the dataset used for the inves-
tigation (Dirmeyer et al., 2018; Ferguson and Wood, 2011)
and, in the case of models, their configuration such as pa-
rameterization schemes (Chen et al., 2017; Milovac et al.,
2016; Pitman et al., 2009), initialization (Santanello et al.,
2019) or model resolution (Hohenegger et al., 2009; Knist
et al., 2020; Sun and Pritchard, 2016, 2018; Taylor et al.,
2013). Studies on the regional scale over Europe often use a
single model (Baur et al., 2018; Jach et al., 2020; Lorenz
et al., 2012) or target only the terrestrial segment (soil
moisture–surface flux coupling) of the local coupling process
chain (Knist et al., 2017). Coordinated model intercompari-
son studies such as the Global Land–Atmosphere Coupling
Experiment (GLACE) initiative apply general circulation or
earth system models (Guo et al., 2006; Koster et al., 2006,
2011; Comer and Best, 2012). On the one hand, this circum-
vents the need to use lateral boundary layer forcing. On the
other hand, the horizontal resolution of these model runs is
usually on the order of 1 to 2◦ grid spacing. This reduces
the models’ ability to represent detailed surface characteris-
tics. These, in turn, play a key role for triggering convection,
e.g., due to differential heating.

The “convective triggering potential – low-level humid-
ity index” (CTP-HIlow) framework (Findell and Eltahir,
2003a, b) is a commonly used process-based coupling metric
to investigate the link between surface moisture and convec-
tion triggering. It is based on the hypothesis that the structure
of the early morning ABL (atmospheric pre-conditioning)
gives an indication about the likelihood for locally trig-
gered afternoon precipitation over differently wet soils. Later
works added soil moisture (Roundy et al., 2013) or the evap-
orative fraction (Findell et al., 2011; Berg et al., 2013) as
a third dimension. Efforts have been made to test the global
applicability of the framework, which made use of climatolo-
gies of the metrics (Ferguson and Wood, 2011; Wakefield et
al., 2019).

Analyzing the atmospheric segment on a process-based
level requires information about the vertical structure of the
atmosphere. The data requirements for studying the atmo-
spheric segment of L–A coupling on the process level and in
a spatially explicit way can be summarized as follows: ver-
tical temperature and moisture profiles are needed (1) with a
sufficiently long data record (period of at least 12 summers
for metrics targeting convection triggering), to comply to the
data length requirements for robust results (Findell et al.,
2015), (2) with a high-enough temporal resolution to be able
to extract the time step close to the local sunrise and (3) in-
creasing vertical resolutions improve the estimate (Wakefield
et al., 2021). These high requirements limit the datasets avail-
able for a study on the continental scale for Europe. Obser-
vations of early morning vertical temperature and moisture
profiles are rare and usually point measurements. The typical
radiosonde launch times (00:00 and 12:00 UTC) do not cover
the early morning hours over Europe. Other observational
products such as satellite-based profile data have been suc-
cessfully used to apply the CTP-HIlow framework on Roundy
and Santanello (2017), although they often have coarse ver-
tical resolutions (Wulfmeyer et al., 2015). The lack of suit-
able observations challenges the validation of results, which
provides the incentive for building up a network of coor-
dinated measurement sites like the Land-Atmosphere Feed-
back Observatory (LAFO) of the University of Hohenheim
(Wulfmeyer et al., 2020; Späth et al., 2019).

To study how sensitive the atmospheric segment of L–
A coupling strength responds to differences in the atmo-
spheric pre-conditioning, we developed an approach with
which the temperature and moisture output fields from a re-
gional climate model run were modified after the simulation
and before applying the CTP-HIlow framework. The modifi-
cations are expected to change the pre-conditioning and thus
potentially the coupling classification. First of all, frequent
changes in the classification show that it lies at the bound-
aries of different classes. However, assuming that the classi-
fication framework is accurate enough, frequent changes also
reveal that the expectable coupling signal remains uncertain.
This is shown as changes in the atmospheric conditions in a
presumably realistic range for the current climate could initi-
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ate different atmospheric responses such as triggering deep,
shallow or no convection in different cases in the same re-
gion. Furthermore, it indicates a sensitivity of the coupling to
changes in the atmosphere, e.g., arising from climate change
or changes at the land surface.

The approach is based on our hypothesis that the temper-
ature and moisture fields can diverge in their mean, as well
as their vertical, temporal and horizontal distributions, and
the framework only recognizes the differences regardless of
their origin. Hence, besides identifying regions with a high
sensitivity to differences in the atmospheric conditions, we
are able to approximate a range in coupling strength of the
atmospheric segment. Here, we focus on the impacts of dif-
ferences in the mean states and the vertical gradients of tem-
perature and specific humidity in the posterior modification
cases compared to the CTRL. For this purpose, we have set
up two sets of cases: one targeting the analysis of differences
in the mean state and one the analysis of differences in the
vertical gradients. Temperature modifications at the surface
range between ±2 K, which is derived from an acceptable
range of near-surface temperature biases occurring in cli-
mate simulations as defined by Kotlarski et al. (2014), and
decrease over height. The a posteriori modifications of mois-
ture were implemented under consideration of the close re-
lationship between temperature and water vapor in the atmo-
sphere, thus taking into account the respective temperature
modification (e.g., Willett et al., 2010; Bastin et al., 2019).

With this approach we focus on two research questions:

1. How sensitive is the L–A coupling strength to modifi-
cation of temperature and moisture profiles during the
European summer months (JJA)?

2. Where can we identify reliable L–A coupling hotspots
over Europe?

The paper is structured as follows: Sect. 2 describes the
dataset analysis methods applied. This is followed by the
analysis of the impacts of temperature and moisture modifi-
cations on estimates of L–A coupling strength over Europe in
Sect. 3. The discussion of the results follows in Sect. 4, and
finally, in Sect. 5, we summarize our findings and provide
potential implications and an outlook on future research.

2 Materials and methods

2.1 Data

2.1.1 Model data

The database for the following analysis is a model simu-
lation of Jach et al. (2020) hereafter named CTRL. It is a
regional climate simulation on a 0.44◦ grid increment con-
ducted with the Weather Research and Forecasting (WRF)
model version 3.8.1 (Skamarock et al., 2008; Powers et al.,
2017) coupled to the Noah-MP land surface model (Niu et
al., 2011). The applied parameterizations are summarized in

Table 1. The simulation was forced with ERA-Interim re-
analysis data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Dee et al., 2011) for the pe-
riod 1986–2015 over the EURO-CORDEX domain (Jacob
et al., 2020). The vegetation map is based on the CORINE
land cover classification from 2006 (European Environmen-
tal Agency, 2013), and the soil texture was derived from the
Harmonized World Soil Database at 30 arcsec grid spacing
(Milovac et al., 2014). The simulation is part of the model
ensemble of the regional model intercomparison project LU-
CAS. LUCAS investigates impacts of the implementation of
land use and land cover changes in regional climate simula-
tions.

2.2 CTP-HIlow framework

The coupling metric CTP-HIlow framework (Findell and
Eltahir, 2003a, b) was used to estimate the coupling strength
between land surface moisture and convection triggering.
It utilizes vertical temperature and moisture profiles around
sunrise to calculate an atmospheric stability (CTP) and hu-
midity deficit (HIlow) measures.

CTP depicts the divergence of the temperature profile from
the moist adiabatic lapse rate integrated between 100 and
300 hPa a.g.l. (above ground level) and is given in the
unit J kg−1. Its calculation is analogous to that of CAPE for
the predefined layer using modeled air temperature. Analyz-
ing this specific layer follows the hypothesis that the ABL
top is almost always incorporated, and hence differences in
the atmospheric structure may reveal differences in the likeli-
hood for convection triggering. The pressure height estimates
are valid for Europe but may limit the investigation of pre-
conditioning in hot and arid regions, where the ABL usually
grows to higher altitudes throughout the day. However, the
variables CTP and HIlow have been used in combination with
wind shear before within arid regions with good predictive
skill for convection initiation triggered by differential sur-
face heating (e.g., Branch and Wulfmeyer, 2019). Large CTP
values denote strong divergence of the temperature profiles
from the moist adiabat and hence greater instability. Small
but positive values indicate temperature profiles that are close
to the moist adiabat, i.e., conditionally unstable, and negative
CTP values indicate a temperature inversion in the layer be-
tween 100 and 300 hPa above ground, which would inhibit
deep convection and the formation of precipitation through-
out the subsequent day.

The HIlow measures the dew-point depression at 50 and
150 hPa a.g.l. and has the unit ◦C:

HIlow =
(
Tpsfc−50 hPa− Td,psfc−50hPa

)
+
(
Tpsfc−150 hPa− Td,psfc−150 hPa

)
, (1)

where Tpsfc−50 hPa is the temperature at 50 hPa a.g.l. and
Td,psfc−50 hPa the dew-point temperature at 50 hPa a.g.l.
Equivalently, Tpsfc−150 hPa and Td,psfc−150 hPa are the tempera-
ture and dew-point temperature, respectively, at 150 hPa a.g.l.
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Table 1. Applied parameterizations of the simulations from Jach et al. (2020).

Model physics Parameterization scheme

Microphysics scheme New Thompson scheme (Thompson et al., 2004)
Shortwave radiation scheme Rapid Radiative Transfer Model (RRTMG) scheme (Iacono et al., 2008)
Longwave radiation scheme Rapid Radiative Transfer Model (RRTMG) scheme (Iacono et al., 2008; Mlawer et al., 1997)
Boundary layer scheme MYNN level 2.5 PBL (Nakanishi and Niino, 2009)
Convection scheme Kain–Fritsch scheme (Kain, 2004)
Land surface model Noah-MP land surface model (Niu et al., 2011)
Surface layer scheme MYNN surface layer scheme (Nakanishi and Niino, 2009)

CTP and HIlow form the basis for categorizing early
morning ABL conditions on a daily basis in (1) prone-to-
triggering convection over wet or (2) dry soils, (3) a tran-
sition zone between wet and dry advantages, or (4) condi-
tions inhibiting a contribution of the land surface to the trig-
gering of deep convection. In the latter case, the occurrence
of precipitation is purely atmospherically controlled (AC).
This can have three causes: either the ABL is very humid
(HIlow < 5 ◦C) and rainfall is just as likely to occur over any
surface, or the ABL is very dry (HIlow > 15 ◦C) and moist
convection and precipitation rarely occur in general. Finally,
when the ABL is stable (CTP < 0 J kg−1), deep convection
is inhibited by an inversion. Only shallow clouds can oc-
cur. The first three defined classes (1–3) are jointly consid-
ered as non-atmospherically controlled (nAC). These indi-
cate the percentage of days within the study period with high
potential for feedbacks of any kind. Triggering convection
over wet soils (1) follows the hydrological pathway meaning
positive soil moisture–evapotranspiration–precipitation feed-
backs. Hence, greater soil moisture leads to a moistening of
the ABL through evapotranspiration and more precipitation.
Conversely, triggering convection over dry soils (2) occurs
along the thermal triggering pathway during which a high
sensible heat flux leads to boundary layer growth and up-
ward mixing of moist air to heights where condensation and
formation of rainfall can occur (Dirmeyer et al., 2014). In
the transition zone, convection can be triggered over wet or
dry soils, though no convection is the most likely outcome.
Here, we apply the original threshold values from Findell and
Eltahir (2003a), which are shown in Fig. 1a.

The daily coupling classes are then used to derive a long-
term coupling regime for each grid cell, based on the relative
occurrence of each class during the study period (Fig. 1b). At
first, a cell with more than 90 % of the days in the study pe-
riod under atmospheric control is defined as AC. If this is not
the case, the partitioning of the nAC days in wet and dry soil
advantage, as well as transition zone days, is used to deter-
mine the dominant coupling class. A level-1 coupling regime
denotes that > 50 % of the nAC days in the cell are in the
respective coupling class. Level-2 wet or dry soil advantage
means that less than 20 % of the respective other class occurs

in the cell during the study period, while level-2 transition
zone covers all cells remaining unlabeled.

2.3 Modification approach

Early morning profiles of temperature and moisture are re-
quired to compute the CTP-HIlow framework investigating
the pre-conditioning for convection triggering during the day.
Due to the large expansion of the domain covering several
time zones, the ABL evolution on the eastern edge of the do-
main is in a different stage as that of the western edge at the
same UTC time step, which can lead to substantial differ-
ences in the results of the coupling metric (Wakefield et al.,
2021). Hence, the accurate UTC time step to depict the pre-
convective ABL for the coupling assessment cannot be uni-
fied throughout the domain. To ensure this comparability be-
tween eastern and western Europe, we determined the sunrise
hour in the model using shortwave downward radiation. The
profiles were extracted for the UTC time step in which short-
wave downward radiation exceeded a value of zero the first
time for each day and cell. The profiles from model output
around local time sunrise of each day serve as the basis for
the sensitivity analysis. In the following section, we describe
how the profiles were modified. The approach is based on our
hypothesis that the temperature and moisture fields can vary
in terms of their mean, and their horizontal, vertical and tem-
poral distributions. In this study, we investigate the impact of
modifying the mean and the vertical distribution. The tempo-
ral and horizontal distributions were not modified, although,
e.g., warming is known to widen and flatten the distribu-
tion of temperature over time and therefore slightly change
the shape of the distribution. The processes and mechanisms
leading to a change in the temporal distribution are complex
and non-linear, meaning that they cannot be reproduced eas-
ily by the modifications. Differences in the spatial distribu-
tion (such as warmer conditions in France with colder con-
ditions over eastern Europe) were not specifically depicted.
The CTP-HIlow framework utilizes single columns and does
not recognize horizontal connections.
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Figure 1. Schematic depicting the coupling strength classification with the convective triggering potential – low-level humidity (CTP-
HIlow) framework by Findell and Eltahir (2003a, b) (adopted from Jach et al., 2020). Panel (a) shows the threshold values from Findell and
Eltahir (2003a); their Fig. 15. Panel (b) summarizes the approach for the long-term classification as explained in Findell and Eltahir (2003b).

2.3.1 Temperature modifications

The temperature profiles were modified by adding a constant
temperature (T ) factor in Kelvin to the daily profiles. The
factor is fixed in time, homogeneous over the domain and de-
creases with altitude. Decreasing the impact over height fol-
lows the hypothesis that a surface temperature change does
not propagate evenly throughout the atmospheric column.
The T factor for each atmospheric layer was derived using a
simple linear regression model and calculating the mean co-
efficient of determination for each atmospheric layer. There-
fore, it corresponds to the fraction of variance in temperature
for each atmospheric layer explainable by the temperature
variance at the surface.

The first set of temperature modifications (hereafter called
the core set) captures differences in the mean air temperature
near the surface and in the vertical by applying the temper-
ature factor. In this case, the modification amounts to ±2 K
at the surface (= 2× T factor). This range was derived from
the acceptable range of biases in temperatures in Kotlarski et
al. (2014). Plots with stronger modifications of ±5 K cover-
ing the full range of the model bias of this particular run are
provided in the Supplement. A second set of modifications
served to investigate the effect of differences in the shape of
the profiles (e.g., greater or smaller inversions) leading to dif-
ferences in the gradients. For this purpose, we determined the
divergence of the mean temperature profiles of summers with
the highest near-surface temperature or near-surface moisture
anomalies from the mean temperature profile of all 30 years
to produce five divergence T factors. Chosen were the sum-
mers with (1) minimum (cold) and (2) maximum (hot) near-
surface temperature, as well as the summers with the (3) min-
imum (dry) and (4) maximum (wet) near-surface relative hu-

midity, as well as (5) maximum near-surface specific humid-
ity (wet_abs). The year with the minimum near-surface spe-
cific humidity corresponds to the cold summer. Table 2 sum-
marizes the years chosen for the divergence T factors and the
sign of their surface temperature and moisture anomalies, re-
spectively. These were added to the temperature profiles from
the CTRL run on a daily basis. In a second step, the diver-
gence cases were further modified by adding the same factor
used for the core set in order to investigate the effect of dif-
ferences in the gradient with additional surface warming or
cooling on the coupling strength. Larger modification factors
up to±5 K led to similar patterns of differences and diverged
in the magnitude of the impact in most cases.

2.3.2 Moisture modifications

Besides the temperature, also the moisture content in the
atmosphere is expected to have an impact on the coupling
strength. Willett et al. (2010) investigated the scaling of
concurrent temperature and moisture changes for different
regions around the globe based on observations and mod-
els. For the Northern Hemisphere, they found that tempera-
ture and moisture are strongly positively correlated and that
1 K temperature changes corresponds to on average 8.81 %
change in moisture. The factors for northern (9.66 % K−1)
and southern (7.74 % K−1) Europe slightly deviate. Under
the assumption that the scaling is valid through the entire at-
mospheric column, the Northern Hemisphere factor was used
for the moisture modifications. Hence, the magnitude of the
change is dependent on the respective temperature modifica-
tion and the moisture present in the atmosphere in the CTRL.
This ensures two things: first, the relation of temperature and
moisture is maintained, and second, the higher atmospheric
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Table 2. Anomalies from the JJA mean of the CTRL run in temperature and moisture in years chosen as basis for the alternative factors; ∗

indicates that the cold and dry_abs are the same year.

Negative T anomaly Positive T anomaly

Negative q anomaly cold/dry_abs∗ dry – – –
(1986) (1994)

Positive q anomaly – – hot wet_abs wet
(2003) (2010) (2013)

layers do not experience unrealistic increases in moisture,
which could have occurred using fixed factors. As for the
temperature modifications, the mean moisture and the shape
of the profiles were modified but the temporal and spatial
variances were not.

To further prevent the development of unrealistically high
moisture content in the atmosphere in humid regions, the
saturation vapor pressure was determined for the tempera-
ture after modification and used to cap the moisture increase.
Negative moisture content was prevented by setting a lower
boundary of 0 g kg−1. Thus, the relative humidity (in terms
of specific humidity divided by saturation specific humidity)
is designed to remain between 0 % and 100 % in all atmo-
spheric layers.

2.4 Statistical sensitivity assessment

A sensitivity index was used to achieve a grid wise estimate
whether temperature modifications or moisture modifications
have a higher impact on the corresponding variable. The in-
dex compares the magnitude of differences in a variable x

caused by modifying moisture or temperature only from the
CTRL. The approach is described using the following for-
mula:

xsens =∑((
xQlow − xref

)2
+
(
xQhi − xref

)2)
−
∑((

xTlow − xref
)2
+
(
xThi − xref

)2)
∑((

xQlow − xref
)2
+
(
xQhi − xref

)2)
+
∑((

xTlow − xref
)2
+
(
xThi − xref

)2) ,

(2)

where xref is the value of the unmodified case, xQlow is the
value of the modification case of isolated decrease in mois-
ture, xQhi is the case with an isolated increase in moisture,
xTlow is the case with an isolated decrease in temperature, and
xThi is the case with an isolated increase in temperature, re-
spectively. Thus, the modification cases with isolated temper-
ature or moisture modifications were used for this analysis.
The index was then normalized to a value between −1 and 1
by dividing the squared sum of differences induced by mois-
ture changes minus the squared sum of differences induced
by temperature changes by the total squared sum of differ-
ences from the CTRL in all cases. A sensitivity index close
to −1 indicates a strong temperature control on the variable,
while a sensitivity index close to 1 indicates a strong mois-

ture control. With a sensitivity index around 0, moisture and
temperature variations have an equal impact on changes in x.

In this study, we used the temperature modification of
±2 K, and the cases with the corresponding moisture modifi-
cations of±2·8.81 % K−1, from the core modifications set to
estimate the relative importance of temperature versus mois-
ture changes for CTP, HIlow and the occurrence of nAC days,
wet and dry soil advantage as well as transition zone days.
We limited the analysis to regions where on average at least
2 d per summer (∼ 2.5 % of the summer days) are in the re-
spective category.

2.5 Uncertainty of hotspot location and feedback sign

Two measures were used to depict the sensitivity of the
long-term coupling regimes in the modification cases. The
first metric Ifeed measures the degree of agreement of the
long-term classification based on the CTP-HIlow framework
among the modification cases with that of the CTRL case.
A value close to 1 indicates that nearly all modifications had
the same long-term coupling regime no matter which modi-
fication factors were applied. A value close to 0 indicates an
overall disagreement in the long-term coupling regimes with
the CTRL case indicating that the classification is sensitive
to differences in the temperature and moisture profiles.

Ifeed = 1−

n∑
1

(catn 6= catCTRL)

n
, (3)

with
n∑
1

(catn 6= catCTRL) denoting the sum of modification

cases in which the long-term coupling regimes disagree with
that of the CTRL case, and n being the number of all modifi-
cation cases tested. A second metric Icat was used to quantify
the share of modification cases in which each of the cou-
pling classes occurred. It was determined for nAC days, and
days in wet soil advantage, dry soil advantage or transition
zone. Level-1 and level-2 cells of the coupling classes were
grouped together before deriving the metric.

Icat =

∑
ncat

n
, (4)

with ncat being the number of modification cases in the re-
spective regime. A value of 0 denotes that the class was never
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dominant and a value of 1 denotes that the class was always
dominant.

3 Results

3.1 Comparison model and reanalysis

This section provides a statistical comparison of the mean
and temporal distribution of near-surface temperature and
specific humidity from the CTRL run with an ERA5-based
bias-corrected reanalysis dataset (C3S, 2020) to quantify un-
certainty originating from climatological inconsistencies of
the model as compared to the reanalysis data. The statisti-
cal analyses comprise of the bias and two measures to com-
pare the temporal distributions: a statistical z test and the
probability density function (PDF) skill score after Perkins
et al. (2007).

The model has a dry bias over the Mediterranean, France
and the British Isles, and the z test showed that the tem-
perature distribution is shifted towards warmer conditions
(Fig. 2a and b). Over the eastern part of the domain, the
model has a cold bias and overestimates the frequency of
cooler days. The z value, which remained consistently be-
low 2 throughout the domain, indicated that the differences
in the temporal distribution are statistically insignificant. The
PDF skill score drew a similar picture (Fig. 2c). The distribu-
tions strongly resemble with values > 0.8 over most of cen-
tral and eastern Europe as well as over the high latitudes.
The skill is weaker in the southern part of the domain. The
model particularly misrepresents the temperature distribution
over the Alpine region, in the south of the Black Sea and the
northern African desert.

The moisture bias is presented in terms of the specific hu-
midity. The model has a dry bias of up to −2 g kg−1 over
the Mediterranean and southeastern Europe (Fig. 2d), which
corresponds to maximally 20 % difference from the climato-
logical mean of the reanalysis data in summer. The specific
humidity is slightly overestimated by up to 0.5 g kg−1 over
Scandinavia and the British Isles and slightly underestimated
in central and eastern Europe in the same range. The dif-
ferences in specific humidity correspond to less than 10 %
difference from the climatological mean (not shown). The
z statistic showed that the temporal distribution of specific
humidity was shifted to dryer or more humid conditions cor-
respondingly (Fig. 2e). However, the z value remained con-
sistently below 1, indicating that the differences in the tem-
poral distributions between model and reanalysis data are in-
significant. Again, the PDF skill score matched the findings
from the z statistic (Fig. 2e and f). The skill of the model
to represent the distribution of specific humidity is partic-
ularly high over the East European Plain and central Europe
with scores mostly > 0.9. The skill is lower over the Mediter-
ranean, dropping to a range between 0.4–0.6.

3.2 Sensitivity analysis

In this section, we describe how differences in the mean tem-
perature and moisture profiles impact the frequency of favor-
able conditions for local land-surface-triggered deep convec-
tion, how the likelihood for convection triggered over wet
versus dry soils changes and how these influences are repre-
sented in classifications of long-term coupling regimes with
the CTP-HIlow framework.

3.2.1 Regional differences introduced by modifications

In the core set, the modifications reach to approximately
500 hPa a.g.l. The cases cover a range of different combina-
tions of temperature and moisture modifications to estimate
(1) modifications with the same sign that represent changes
following the observed positive correlations between T and q

in Europe. Additionally, examining (2) the isolated effects of
temperature and moisture allows for the disentanglement of
their impacts on the coupling strength as well as (3) modifi-
cations with opposing signs. The core set aimed at covering
four possible combinations of differences in the climate con-
ditions, namely, cooler and moister conditions, cooler and
dryer conditions, warmer and moister conditions, as well as
warmer and dryer conditions.

Previous observational and global model studies suggested
that temperature and moisture are considerably positively
correlated in most regions around the globe and trends lie
around 7 % change in moisture per Kelvin change in tem-
perature, reflecting the Clausius–Clapeyron rate for increases
in moisture, which maintains a quasi-constant relative hu-
midity (Bastin et al., 2019; Willett et al., 2010). In Europe,
the scaling of moisture to temperature was slightly higher
(Sect. 2.3.2). In addition to the rates described before, a
rate of 5 % K−1 was tested to represent a change in mois-
ture per Kelvin change in temperature below the Clausius–
Clapeyron rate. Figure 3 depicts the divergence in frequency
of nAC days from the CTRL run with 2 K warmer and
cooler conditions for all land points. Impacts on the coupling
strength and the pre-conditioning for the different coupling
regimes have the same sign for each tested rate. A higher
scaling of moisture with temperature – as observed in north-
ern Europe – enhanced the effects on the coupling.

For the following analysis, we combined the rate of the
Northern Hemisphere (8.81 % K−1) with 2 K temperature
changes at the land surface. Figure 4 shows the coefficient of
determination used as basis for the modification over height
as well as the temperature and dew-point temperature profiles
after modification. CTP and HIlow changes were uniform
throughout the domain. Their spatial patterns were largely
maintained from the CTRL run, which were considered rea-
sonable (Jach et al., 2020). When temperature and moisture
modifications had the same sign (e.g., warmer and moister),
the sign of differences in nAC days was uniform throughout
the domain (Fig. 5a and i). Cooler and dryer conditions re-

https://doi.org/10.5194/esd-13-109-2022 Earth Syst. Dynam., 13, 109–132, 2022

Chapter 5. Impacts of changing atmospheric temperature and moisture on L-A coupling strength

66



116 L. Jach et al.: Sensitivity of land–atmosphere coupling strength to changing atmospheric temperature

Figure 2. Statistical metrics for comparison of modeled temperature and specific humidity from CTRL with bias-corrected ERA5 reanalysis
data (C3S, 2020). Panel (a) shows the value of a Z statistic comparing the temporal distribution of modeled temperature with reanalysis;
panel (b) shows the PDF skill score as a second measure to compare the temporal distribution of modeled temperature with reanalysis.
Panels (c, d) are the same as (a, b) but for specific humidity.

duced potential coupling days by about 5 %, whereas warmer
and moister conditions increased the frequency of nAC days
by 3 %–5 %.

Analyzing the cases with individual modifications in tem-
perature and moisture was used to disentangle their respec-
tive impacts on different coupling variables. Isolated temper-
ature changes primarily influenced the coupling strength in
northern Europe, where lower temperatures weaken the cou-
pling over energy-limited regions – such as Scandinavia and
over the East European Plain. This happened as a conse-

quence of more early morning profiles showing stable con-
ditions. Conversely, a warming initiated a strengthening of
the coupling (Fig. 5h). The impact was smaller in southern
Europe, and it switched sign. Lower temperatures reduced
the humidity deficit, and thus decreased the amount of days
during which a low atmospheric moisture content inhibited
convective precipitation. Moisture modifications had a larger
impact in the south of the domain. While dryer conditions
were favorable for the occurrence of coupling days in the
north, moister conditions were favorable in the south. The
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Figure 3. Changes in frequency of non-atmospherically controlled (nAC) days in response to different combinations of temperature and
moisture changes in the core modification set. m2K denotes a cooling by 2 K at the surface, p2K a warming of 2 K at the surface, m2per
denotes a drying of 2 times the scaling factor, and p2per denotes a moistening of 2 times the respective scaling factor in the domain for
different T − q scaling factors. Blue: 5 % K−1, orange: 7.74 % K−1, yellow: 8.81 % K−1, purple: 9.66 % K−1.

Figure 4. Temperature modification factor derived using a simple linear regression model and extracting the coefficient of determination
for each atmospheric layer (a). Profiles of temperature (T ) and dew-point temperature (Td) after modification (b). Red indicates warmer
temperature and blue cooler temperatures, and unchanged temperature is denoted in black. Dash-dotted lines indicate a reduction in moisture,
solid lines unchanged moisture and dashed lines an increase in moisture.

same spatial patterns occurred when the implemented modi-
fications differed in sign (Fig. 5c and g). Spatial patterns of
impacts on the coupling variables were similar, and therefore
differences added up, leading to relatively high differences
in the frequency of nAC days (Fig. 5c and g) and their par-
titioning in wet and dry advantages (Fig. 6). Differences in
the frequency of nAC days reached up to 10 % of the sum-
mer days. Nevertheless, following the argument that mois-
ture scales positively with temperature, real-world tempera-
ture and moisture impacts are expected to counteract each
other, leading to weak net effects.

The partitioning of nAC days experienced some small
shifts of up to ±10 % between the categories (Fig. 6). The
predominance of the wet soil advantage in the north and

of the transition zone around the Black Sea remained unaf-
fected. The spatial patterns of changes in wet soil advantage
days closely followed that in nAC days in most modification
cases. A change in the partitioning predominantly occurred
between wet soil advantage and transition zone days. Dryer
and warmer conditions increased the frequency of transi-
tion zone days relative to the CTRL case, vice versa for
moister and cooler conditions. Any modification case initi-
ated a dominant dry soil advantage.

The impact on the long-term classification of coupling
regimes did not reflect the changes in nAC days and their par-
titioning in wet and dry advantages for convection (Fig. 7).
Differences to the CTRL case mainly occurred over eastern
Europe at the edges of the coupling region, and the predomi-
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Figure 5. Difference in the seasonal share of non-atmospherically controlled (nAC) days [%] from CTRL for each modification case of the
core set. The center image is the CTRL case modified after Jach et al. (2020) (their Fig. 4g). The columns denote the temperature change and
the rows the relative change in moisture.

nance for positive feedbacks remained unchanged also in the
cases with strong changes in relative humidity. The modifi-
cations initiated changes between wet soil advantage levels 1
and 2, as well as transition zone levels 1 and 2. None of the
modification cases experienced a considerable shift in loca-
tion or a change in the predominant sign of feedbacks com-
pared to the CTRL (Figs. 6 and 7).

3.2.2 Sensitivity of the coupling to separated changes in
temperature and moisture

This section further examines the relative importance of tem-
perature versus moisture modifications for the variables CTP,
HIlow, as well as the share of nAC days, wet soil advantage,
transition zone and dry soil advantage days in Europe. The
sensitivity index as described in Sect. 2.4 was used to esti-
mate the magnitude of the control of temperature and mois-
ture relative to each other for each variable throughout the
domain.

The temperature and moisture modifications changed CTP
and HIlow linearly. Differences in CTP, the stability of the at-
mospheric layering, were almost solely controlled by modi-
fications of the temperature, as indicated by a sensitivity in-

dex of −1 throughout the domain (not shown). In the case
of HIlow, the impacts of temperature and moisture modifi-
cations were of similar magnitude, though, moisture had a
slightly higher impact, indicated by small but positive val-
ues. The magnitude of temperature and moisture controls on
HIlow became more equal in mountainous regions.

The sensitivity index for the share of nAC days in sum-
mer showed a clear dipole pattern (Fig. 8a). In northern Eu-
rope, the coupling is rather impacted by temperature varia-
tions. Temperature controls the coupling by determining the
stability of the atmosphere.

In southern Europe, moisture was the controlling factor,
and little relative humidity in the low-level ABL limits the
occurrence of feedbacks in consequence of limited mois-
ture availability for deep moist convection. The sensitivity
index computed for the wet soil advantage showed a sim-
ilar pattern. Hence, sensitivity of the coupling exhibited a
regional dependency to temperature and moisture changes,
which hints at humidity- and energy-limited regimes con-
trolling the coupling. The dry soil advantage rarely occurred,
but its occurrence is rather controlled by temperature vari-
ations in northeastern Europe (Fig. 8d) and by moisture in
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Figure 6. Composition of the non-atmospherically controlled days comprising wet soil advantage, dry soil advantage and transition zone
days for all core modification cases. The columns denote the temperature change and the rows the relative change in moisture.

southeastern Europe. The sensitivity of the transition zone
shows a complete different pattern. The moisture modifica-
tions caused higher differences in the occurrence of transi-
tion zone days in the coupling hotspot, while temperature
modifications only had a higher impact towards the south-
west (Fig. 8c).

3.2.3 Effects of changing temperature and moisture
gradients

The following section deals with the analysis of how changes
to steeper or less steep temperature and moisture gradients
can influence the coupling classification and to compare how
such differences can impact the result of the coupling metric.
Figure 9 shows the divergence factors for each case which
were derived from the temperature difference of the corre-
sponding summer (Table 2) from the climatological mean
temperature averaged over the domain. The other subplots
show the resulting temperature and dew-point temperature
profiles in the lower ABL. For the cases chosen because of
their moisture anomaly – namely the dry and the wet cases
– the moisture factor was derived by multiplying the T fac-
tor with −1 to derive moister conditions in the wet and dryer
conditions in the dry case. This was done to circumvent that,
in the dry case, a higher temperature would be associated

with an increase in moisture (thus a moistening) of the ABL
with positive temperature–moisture relationship. As CTP is
almost entirely controlled by the air temperature, this prac-
tice only affected HIlow.

We first investigated the impact of shifting the tempera-
ture and moisture gradients from the CTRL case using the
divergence factors of the extreme years (see Sect. 2.3.1). The
main impact concerned changes in CTP, since this is an inte-
grated variable. Changes in the temperature gradient moved
the lapse rate more toward the dry or moist adiabats, and
hence influence the atmospheric stability. The hot and the
dry divergence factors increased the early morning tempera-
ture gradients between 100–300 hPa above ground, shifting
them closer to the dry adiabat, but also enhanced the sur-
face inversion (Fig. 9). This caused an increase in CTP, while
the enhancement of the surface inversion, which is likely re-
sulting in a higher convective inhibition, is not accounted
for in the framework. In the other three cases (cold, wet,
wet_abs), the temperature gradient was decreased between
100–300 hPa a.g.l., consequently decreasing CTP (Fig. 10).
The cases diverge in the mean temperature change among
each other. Likewise, the temperature inversion decreased in
the lower atmospheric layers (Fig. 9). Differences in HIlow
resulted from both temperature and moisture changes. How-
ever, HIlow changes were small in most cases (Fig. 10),
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Figure 7. Long-term classification of coupling regimes for the core set modification cases. The columns denote a temperature change and
the rows a change in moisture. The center image is the CTRL case and modified after Jach et al. (2020) (their Fig. 3a). The columns denote
the temperature change and the rows the relative change in moisture.

because temperature and moisture change simultaneously,
which led to small changes in relative humidity. The only
considerable exception was the dry case, where the T factor
was multiplied by −1. In this case, HIlow increased by about
1 ◦C.

The combination of temperature and moisture changes in
each case determines the difference for the share of nAC
days (Fig. 11a). The effects are summarized in the follow-
ing points:

– In the hot case, a higher temperature and temperature
gradient between 100–300 hPa a.g.l. was caused with
corresponding changes in moisture. These led to greater
instability with a constant humidity deficit, which in-

creased the expansion of the hotspot and the fraction of
nAC days within the L–A coupling hotspot.

– The dry case involved a larger temperature gradient but
less moisture in the atmosphere. A greater instability
was combined with a higher humidity deficit, which
jointly caused an increase in the fraction of nAC days
in summer in the hotspot, but the area of the domain in-
cluded in the hotspot remained unchanged. Higher hu-
midity deficits reduced the coupling of land surface and
convection around the Black Sea but increased the like-
lihood for convection triggering over wet soils in the
north.
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Figure 8. Sensitivity score of (a) non-atmospherically controlled days per summer season, (b) wet soil advantage days per summer season,
(c) transition zone days per summer season and (d) dry soil advantage days per summer season to changes individual modifications in the air
temperature profile (−1 indicates totally temperature controlled) and specific humidity profiles (1 indicates totally humidity controlled).

– The cold case resulted in a combination of lower tem-
perature, a decrease in the temperature gradient between
100–300 hPa a.g.l. and moisture changes corresponding
to 8.81 % K−1, which led to a reduction in the expan-
sion of the hotspot region in the study area and a loss of
nAC days.

– The wet_abs and wet cases showed temperature in-
creases but shallower temperature gradients with corre-
sponding changes in moisture, which resulted in minor
impacts on the coupling.

Further examination of the differences in the share of the
coupling categories shows that the area in wet soil advantage
shrinks in all divergence cases (Fig. 11b). Warmer tempera-
tures strengthened the frequency of the wet soil advantage in
the hotspot and cooling weakened it. Days in the transition
zone experienced the opposite effect (Fig. 11c). However, all
combinations of changes in the gradients led to an expan-

sion of the transition-zone-labeled region over land. Though
the dry soil advantage never became dominant, which can be
seen in the unchanged expansion over land (Fig. 11d), tem-
perature changes still influenced the frequency of days dur-
ing which negative feedbacks could occur. Similar to the wet
soil advantage, higher temperatures increased the frequency
of days in dry soil advantage during summer.

3.3 Uncertainty of the coupling regimes

Here, we examine changes in the occurrence of the coupling
classes during summer which is based on the daily classifica-
tion (comp. Fig. 1a), and to which extent the long-term clas-
sification, indicating the dominance of a coupling class in a
cell, reflects these changes. Under the assumption that the
modification cases cover a reasonable spread in atmospheric
temperature and moisture for the prevailing climate, it aims
at understanding how sensitively the coupling strength and
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Figure 9. (a) Divergence temperature (T ) factors derived from differences of the domain average temperature profiles of the corresponding
summers to the 30-year mean (Table 2) which were used to modify daily model output, (b) domain average of T and Td profiles for the
divergence T factors, and (c) their additional modifications with the core T factor. Purple: cold, red: hot, yellow: dry, blue: wet, turquoise:
wet abs; solid lines represent temperature and dashed lines represent dew-point temperature.

Figure 10. Changes in convective triggering potential (CTP) and
low-level humidity index (HIlow) due to the divergence factors.

the pre-dominant coupling class respond to temperature and
moisture differences within this spread. For this purpose, we
first looked at the sensitivity of the long-term regime clas-
sification by determining the share of modification cases in
which the coupling classification coincided with that of the
CTRL case (Fig. 12). A high share as assessed with Eq. (3)
indicated high agreement in the classified coupling regimes
of the modification cases (red areas), and therefore low sensi-
tivity, while green-to-blue colors indicate weak or no agree-
ment of the modified coupling regimes with that of the CTRL
case and therefore high sensitivity. Please note that no agree-
ment also involves changes between a coupling regime in
level 1 and level 2. We further quantified the frequency of

occurrence of each coupling regime in the modification cases
using Eq. (4) to explore which coupling regimes occurred in
the different cases. The Iberian Peninsula, northern Africa
and the northeast of Europe showed high agreement in the
regime classification of all modification cases and thus low
sensitivity to temperature and moisture changes. Over the
Iberian Peninsula and over northern Africa, the dry atmo-
spheric controlled regime reliably predominated in all cases,
whereas over northeastern Europe, it was reliably classified
in one of the nAC coupling regimes (Fig. 13a). In the transi-
tion between these two regions there was a belt, where the
coupling regime changed on a regular basis. Thus, it ap-
peared to be sensitive to temperature and moisture changes.
The absence of several coupling regimes suggests that over
Scandinavia, the British Isles and central Europe, the ques-
tion is whether or not feedbacks occur. When feedbacks oc-
curred, wet soils were in favor (Fig. 13a and b). In southeast-
ern Europe, from the Alps to around the Black Sea, summers
were reliably in non-atmospherical control (Fig. 13a), but the
dominant coupling regime switched between wet soil advan-
tage and transition zone (Fig. 13b and c). Some cells had an
equal share of modification cases in wet soil advantage and
transition zone. A dominant dry soil advantage occurred only
in single cells and cases over Turkey.

Secondly, we explored differences regarding the occur-
rence of the different coupling classes within all summer
days between the modification cases. This is based on the
daily classification of the profiles in CTP-HIlow space. The
analysis of sensitivity in the long-term coupling regimes al-
lows to distinguish five regions used for a spatial aggrega-
tion: (1) pure nAC, where less than two modification cases
changed the coupling regime maintaining nAC in nearly
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Figure 11. Impacts of the divergence cases on the spatial expansion and the occurrence of the coupling classes in summer for (a) non-
atmospherically controlled (nAC) days, (b) wet soil advantage (WSA), (c) transition zone (TZ) and (d) dry soil advantage (DSA). The x axis
depicts the changes in the average frequency of occurrence during summer and the y axis shows changes in the fraction of land area covered
by the respective coupling regime.

all cases, and (2) pure AC, where less than two modifica-
tion cases changed the coupling regime maintaining AC in
nearly all cases. Further, there are three regions with frequent
switches (at least two cases) in the coupling regime. In re-
gion (3), the coupling regime changed between any AC class
and the wet soil advantage, in region (4) the changes were
between AC classes, the wet soil advantage and the transi-
tion zone, and in region (5) the changes were between the
wet soil advantage and the transition zone. The cell remained
in nAC in any of the modification cases. Figure 14 shows
the distribution of summer days in the coupling classes for
these regions and all cases. Figure 15 further adds sensitiv-
ity maps depicting the average dominance of each coupling
regime relative to the other coupling classes and their occur-
rence (given in days) in summer. Hatched areas denote that
the number of days in the respective coupling regime varied
considerably by more than 10 % of the summer days between
the modification cases.

In the pure AC region, the modification cases’ impact on
the distribution was negligible. Dry AC days dominated, and
modifications of temperature and moisture barely influenced
the atmospheric pre-conditioning. Considerable variance in
the occurrence of coupling days of in part more than 20 %
of the summer days occurred mainly in the hotspot region
(Figs. 14 and 15d). In the pure nAC region, the number of
nAC days ranged on spatial average between 19.2 and 28.5 d
per season. The number of wet soil advantage days was rela-
tively stable (ranged between 12.4 and 17.7 d), but the num-
ber of transition zone days varied in part considerably (be-
tween 4.3 and 11.8 d) with cases showing warming and great
relative drying (p2K–m2per, dry amplification) having the
most days in transition zone (Figs. 14a and 15b).

As indicated before, the classification was most variable
in the WSA–TZ transition region. Similar to the pure nAC
region, the number of nAC days varied in spatial aver-
age between 15 and 26.1 d between the modification cases
(Fig. 15d), but in contrast to the pure nAC region, the num-
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Figure 12. Comparison of modification cases with CTRL from no
modification case as CTRL. Red colors indicate that the coupling
classification is sensitive to modifications in temperature and mois-
ture, and greenish colors indicate that the coupling classification is
insensitive to modifications in temperature and moisture.

ber of days in the transition zone was relatively stable, and
the number of days in wet soil advantage varied considerably
(between 5.2 and 13.3 d) (Fig. 15a and b). The cases experi-
encing a strong reduction in relative humidity again showed
the strongest shifts in the average occurrence of coupling
classes throughout the season, which can be seen in clearly
less nAC days and wet soil advantage days compared to the
rest of the modification cases. In the AC–WSA transition re-
gion, the number of nAC days was at about the threshold of
10 % distinguishing AC and nAC (compare Fig. 1b), and dif-
ferences in the distribution of coupling classes were usually
small. Only the cases experiencing warming combined with
great reductions in relative humidity exhibited a considerable
impact. These cases experienced a clear increase in wet soil
advantage days.

The same analyses were also performed for modification
cases with higher temperature modifications between ±5 K
and all combinations of moisture changes, as done in the
core modification set (not shown). This slightly enlarged the
transition belt between AC and nAC, and increased the re-
gion where dominant wet soil advantage or transition zone
can occur. Apart from that, the patterns for sensitive regions
(Fig. 12) were substantially similar, and the absence of cells
in dominant dry soil advantage remained unaffected.

4 Discussion

We modified daily temperature and moisture profiles around
local sunrise of 30 summers from a regional climate simula-
tion to examine the sensitivity of land–convection coupling
strength to differences in the thermodynamic structure over
Europe. The CTP-HIlow framework was applied to each of 18
modification cases grouped into two sets, on the one hand, to
understand implications of warmer, cooler, moister or dryer
atmospheric conditions for the coupling strength, and on the
other hand, to investigate the sensitivity of the strong cou-
pling region’s location and the predominant sign of feed-
backs within the domain. Analyses of the latter base on the
idea that regions lying at the boundaries of two or more cate-
gories are particularly sensitive to changes in the atmosphere,
as small changes in the pre-conditioning could initiate a dif-
ferent atmospheric response to surface wetness conditions.

Comparing the model’s mean near-surface temperature
and moisture as well as their temporal distributions with re-
analysis data showed that the model has a dry, warm bias over
the southern part of the domain and rather a cold bias with
small differences in moisture over the northern part. The dif-
ferences between the temperature and moisture distributions
of model and reanalysis data were statistically insignificant
(Ferguson and Wood, 2011). Therefore, the relative frequen-
cies of wet soil advantage, dry soil advantage, transition zone
and AC days from the model in summer are assumed to be
represented in a realistic range and relation to each other.

Nevertheless, uncertainty in the quantification of the cou-
pling classes’ occurrence arising from model specific biases
has to be acknowledged. The cold bias over eastern Europe
results from an overestimation of cooler days at the expense
of warmer ones, while the tails of the distribution are repre-
sented well in the model (not shown). Assuming that cooler
days have a more stable atmospheric layering, the cold bias
suggests an underestimation of CTP, and, given that the mois-
ture bias in the same region is small, also an underestimation
of the humidity deficit. This could hint at an underestimation
of the modeled dry soil advantage days but also an overes-
timation of wet and stable AC days in the corresponding re-
gion. In the southern, mostly atmospherically controlled part
of the domain, the warm and dry bias suggests an underesti-
mation of the relative humidity and thus and overestimation
of HIlow. The dry atmospheric conditions were one of the ma-
jor inhibiting factors for coupling events in the model, which
hints at an overestimation of dry AC days in the model. How-
ever, the distributions of temperature and moisture diverge
more in the southern part; the quantification of potential cou-
pling days has to be treated with caution over the Iberian
Peninsula and the Mediterranean.

Studying spatial differences in the impacts of temperature
and moisture changes reveals a north–south dipole in the
coupling strength’s sensitivity to changes in both variables
indicated by a switch in the sign between the northern and
the southern parts of the domain. Furthermore, temperature
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Figure 13. Sensitivity of coupling classes of (a) any coupling class, (b) classified as wet soil advantage level 1 or level 2, (c) classified as
transition zone level 1 or level 2, and (d) classified as dry soil advantage level 1 or level 2.

and moisture changes have contrary effects on the coupling
strength throughout the domain. This means that simultane-
ous increases or decreases, respectively, in temperature and
moisture have small net effects, and given that atmospheric
temperature and moisture are strongly positively correlated
in the Northern Hemisphere (e.g., Willett et al., 2010; Bastin
et al., 2019), simultaneous changes of the same sign are con-
sidered most realistic. A strengthening of the coupling as a
result of atmospheric warming is in line with the trend of
stronger coupling in consequence of climate change over Eu-
rope. Seneviratne et al. (2006) showed the formation and ex-
pansion of a transitional region between wet and dry climates
over central and eastern Europe in which strong L–A inter-
actions can be expected. Dirmeyer et al. (2013) showed the
trend of increasing coupling strength from a global perspec-
tive for both the land and the atmospheric segment.

Analyzing the relative importance of temperature versus
moisture changes for the coupling strength within the do-
main suggests that the temperature control on the coupling
strength is stronger in northern Europe, in particular that of

coupling days in wet soil advantage (Fig. 8a and b), while
moisture variations rather control the coupling strength in
southern Europe. Please note that the sign of changes in nAC
days and the coupling classes is not sensitive to the choice of
the temperature–moisture scaling rate within a tested range
of about ±2 % K−1 around the Clausius–Clapeyron rate of
7 % K−1 (Fig. 3). However, the rate does impact the mag-
nitude of changes. In the event of a rate below 7 % K−1,
the impact of the respective modification cancels out in the
more moisture-controlled south. The areas of temperature
and moisture control for nAC days coincide with the energy-
and moisture-limited regimes for evapotranspiration over Eu-
rope (Knist et al., 2017; Denissen et al., 2020; Seneviratne et
al., 2006). Our findings suggest that the energy and mois-
ture limitations further propagate from the land segment of
the coupling (connection between soil moisture and surface
fluxes) to the atmospheric segment (connection between sur-
face fluxes and boundary layer properties) along the local
coupling process chain (Santanello et al., 2018).
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Figure 14. Average distribution of the classes in the daily classification for all modification cases spatially aggregated in (a) cells always in
nAC, (b) cells always in AC, (c) cells in which the long-term classification frequently switched between AC and nAC, (d) cells in which the
long-term classification frequently switched between wet soil advantage (WSA) and transition zone (TZ).

Differences in the impacts of modified temperature and
moisture gradients showed that the consideration of changes
in the gradients can be as important for understanding dif-
ferences in land–convection coupling as the temperature or
moisture change itself. Please note that the vertical resolution
of the model (40 levels) limits the representation of details in
the profiles, and a higher vertical resolution would provide a
more accurate estimate of the temperature and moisture gra-

dients (Wakefield et al., 2021). However, while they, on the
one hand, showed that lower vertical resolution introduces
uncertainty, they also showed that data with limited resolu-
tion still provide reasonable results. Thus, the effects of al-
tered gradients are expected to remain substantially similar
also with a higher vertical resolution model output. It shows
that increasing the temperature gradient, and hence desta-
bilizing the atmosphere, usually increases the number of
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Figure 15. Uncertainty maps of the non-atmospherically controlled classes: (a) wet soil advantage, (b) transition zone and (c) dry soil
advantage. The colors indicate whether a class is on average dominant in absolute or simple majority, or whether another class is dominant.
The color gradation denotes the average number of days. The hatching indicates that in these regions the variance in the number of days in
this class is larger than 10 %. Panel (d) shows which atmospherically controlled class dominated in all cases. The hatched area marks the
region in which the spread between the modification cases in occurrence of atmospherically controlled days per season is larger than 10 %.

nAC days, whereas shallower gradients reduce them. Thus, a
warming signal propagating deeply through the atmospheric
column (e.g., wet_abs, Figs. 10 and 11) leads to a smaller
increase in the coupling strength than one that warms only
the lower atmospheric levels, resulting in a greater temper-
ature gradient between 100–300 hPa a.g.l. (hot). However,
in the latter case, a stronger surface temperature inversion
needs to be dissolved by surface lifting, heating or moist-
ening to enable buoyant lifting and deep convection. Inver-
sions potentially reduce ABL growth during mixed layer de-
velopment and thus inhibit the triggering of deep convec-
tion during the subsequent day and hence weaken the cou-
pling again. This effect cannot be represented in the frame-
work, as it does not resolve inversions in about the lowest
1000 m of the ABL. Further, including the energy partition-
ing at the land surface in the analysis would inform about
ABL moistening and heating during the day and in particular
the period of mixed layer development. Brogli et al. (2019)
projected lapse-rate decreases in consequence of stronger
upper-tropospheric than surface warming over Europe by the
end of the 21st century, and that the decreases are stronger
over northern Europe than over the Mediterranean. Warming
and decreasing lapse rates are assumed to have contrary ef-
fects on the coupling strength, showing that further research
is necessary to understand and quantify impacts of future
warming on the L–A coupling strength.

Finally, the reliability of the coupling hotspot as suggested
by Jach et al. (2020) was analyzed, at first, by testing the

sensitivity of the daily classification of atmospheric pre-
conditioning in consequence of the modifications, and sec-
ondly, by checking whether and how frequently the dom-
inance of a feedback advantage was changed over the 30-
year period. We have shown that modifications of tempera-
ture and moisture cause considerable differences in both the
occurrence of nAC days and their partitioning in the different
coupling classes over the strong coupling region throughout
the summer season. However, this does not necessarily im-
ply a change in the dominance of a coupling class. There are
two regions in which the dominant coupling class is insen-
sitive to changes in the atmospheric structure, wherefore a
consistent regime can be expected. On the one hand, the at-
mospherically controlled southwest and Atlantic coastal ar-
eas of Europe remain in atmospheric control in every mod-
ification case. Even considerable increases in low-level at-
mospheric relative humidity did not decrease the humidity
deficit to a level in which local surface triggered deep con-
vection can occur on a frequent basis. On the other hand,
none of the modification cases reduced the coupling so that
the strong positively coupled region over the East European
Plain disappeared. Thus, this region is considered a reliable
hotspot region for positive feedbacks. Evidence for the loca-
tion of the hotspot is also found in Koster et al. (2004) or
Seneviratne et al. (2006), who investigated hotspots of soil
moisture–precipitation coupling in a global model ensemble.

Frequent changes in the coupling regime occur over parts
of Scandinavia, Germany and from the Alps to around the
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Black Sea. Regime changes are related to two effects or a
combination of those. Firstly, the modifications frequently
increase the number of nAC days above the threshold to be
considered nAC and hence expand the size of the hotspot.
This happens at the border between the reliable AC and the
strong coupling region. Differences among the modification
cases are usually small, which suggests that the effect in re-
ality is small. Secondly, the region from the Alps to around
the Black Sea has always enough nAC days to be consid-
ered nAC, but the dominant coupling class regularly shifts
between the wet soil advantage and transition zone depend-
ing on the atmospheric temperature and moisture. The num-
ber of wet soil advantage and transition zone days is fairly
equal in this region. Differences in temperature and moisture
control which class dominates, and hence, following their
definition, whether deep convection or shallow convection is
more likely. This makes the region particularly interesting for
future research on L–A feedback.

It has to be noted that the analysis focused on analyzing
differences in the mean and vertical gradients of temperature
and moisture to approximate a potentially realistic spread in
the atmospheric segment of L–A coupling strength for Eu-
rope. The horizontal and temporal distributions were main-
tained, as the modification factors cannot cover changes in
variability which would change the shape of the distribu-
tions. However, differences in the temporal distribution are
to be expected in consequence of non-linear feedback pro-
cesses, when a change in the mean temperature and moisture
occurs, which can also impact the L–A coupling (Hirsch et
al., 2014). Yet, a prediction of changes in the temporal dis-
tribution is complex and beyond what can be done with a
modification factor. This suggests that further investigation
is necessary to understand differences in the temporal dis-
tribution of temperature and moisture in the atmosphere and
link them to L–A coupling to improve the understanding of
modification in the coupling under changing climatic condi-
tions.

5 Summary

By studying the sensitivity of the atmospheric segment of
L–A coupling strength to modifications in vertical temper-
ature and moisture during 30 summers over Europe, we
have shown that the atmospheric pre-conditioning and the
coupling are indeed sensitive to changes in temperature
and moisture. However, no combination of temperature and
moisture changes relocated or reshaped the coupling hotspot
strongly over northeastern and eastern Europe. Differences
in the frequency of occurrence of advantageous atmospheric
conditions for feedbacks of any kind suggest that uncer-
tainty remains in the accuracy of the coupling strength it-
self, but stronger coupling relative to the rest of the domain
is considered reliable there. Further research including the
development of datasets usable for validation or the analy-

sis of L–A coupling in the most recent reanalysis datasets
is required for refined approximations of the L–A coupling
strength. Furthermore, the predominance of positive feed-
backs, meaning convection is preferably triggered over wet
soils, was preserved in all cases over the northern part of
the coupling hotspot. Therefore, it is predestined for future
studies on the impacts of natural and deliberate land sur-
face modifications on the local and regional climate as op-
tions for climate change mitigation, as an influence can be
expected and the dominant response is certain. This is partic-
ularly interesting in light of rising temperatures and the re-
lated trend of strengthened L–A coupling under global warm-
ing (Dirmeyer et al., 2013; Seneviratne et al., 2006). In the
southern part, the coupling classes wet soil advantage and
transition zone have an equal share throughout summer, and
temperature and moisture modifications cause a switch in the
regime in several cases, implying uncertainty in the domi-
nant coupling regime. This makes the region particularly in-
teresting for further studies on L–A coupling, because small
changes in the atmospheric conditions may lead to a different
atmospheric response. Additionally, the understanding and
improved representation of these feedback processes in re-
gional climate models are expected to reduce uncertainties in
summer precipitation predictions in climate projections. Es-
pecially, the parameterization of convective precipitation has
been shown to introduce uncertainties and more advanced
triggering mechanisms for convection may lead to an im-
provement of precipitation predictions (Chen et al., 2017).

Finally, process-based coupling studies still face a substan-
tial lack of spatially comprehensive data covering the ver-
tical structure of the ABL on the regional scale and hence
the reliance on model data. Efforts of creating a network of
coordinated continuous long-term measurements such as the
GLAFO initiative (Wulfmeyer et al., 2020) are required to
close the gap and provide a validation basis for modeling-
based studies. The modeling-based studies, in turn, are con-
fronted with data storage and computation limitations, which
currently leads to the practice of storing 3-D fields only with
a limited number of vertical levels. The trend of increasing
complexity of atmospheric models, higher temporal and spa-
tial resolutions, as well as spatial and temporal coverage of
simulations strongly exacerbates storage limitations. Though
single model studies are limited in their generalizability as,
e.g., the choice of parameterizations or lateral boundary con-
ditions cause uncertainty in coupling assessments, it is un-
likely that comprehensive model ensemble studies will be-
come feasible on the regional scale in the short and medium
terms. Therefore, we consider this modification approach as
a valuable alternative to study the sensitivity of the atmo-
spheric segment of L–A coupling providing evidence for the
location of a L–A coupling hotspot and a range for potential
coupling strength under current climatic conditions.
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Chapter 6

Summary

Coupling between land surface conditions and convectively triggered local precipitation is complex

and variable in space and time, which makes it hard to depict in models. The coupling happens

on various temporal and spatial scales, and is dependent on the land state in combination with the

prevailing thermodynamic and dynamic characteristics of the atmosphere. Land state and spatial

heterogeneity thereof determine the rates of surface moistening and heating of the ABL from the

surface, and can cause differential heating to trigger local updrafts, respectively. The atmospheric

conditions determine on the one hand, the moisture or heat demand of the atmosphere required to

reach saturation, and the atmospheric stability. On the other hand, the strength of horizontal and

vertical transport in form of wind can dampen or allow local updrafts to occur.

In this dissertation, a combination of sensitivity RCM experiments and a posteriori modifications

of the model output were combined with the application of a process-based coupling metric to

investigate the long-term mean coupling signal between land surface wetness and the potential to

trigger deep convection during the European summer. LULCCs and large-scale changes in the

atmospheric thermodynamic characteristics were investigated regarding their potential to modify

the long-term coupling strength and the predominant sign of feedbacks. The analyses focused on

the summers between 1986-2015. The analyses of the papers were complemented by assessing

whether the influence of the pre-conditioning on convection triggering was reflected in the modeled

precipitation frequency (Appendix A).
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Chapter 6. Summary

Objective 1: Investigate the influence of extreme LULCC on the coupling between the land

surface and convection triggering by comparing the L-A coupling strength of regional climate

simulations with different vegetation cover over Europe.

Each vegetation type has characteristic radiative and non-radiative properties which determine the

available energy and the turbulent flux partitioning at the land surface in conjunction with the pre-

vailing background climate (Duveiller et al., 2018b). It follows that LULCC change these char-

acteristics, which in consequence, impacts the air temperature, cloud cover, and can modify the

circulation (section 2.3.1). However, the impacts of LULCC on L-A coupling strength and local

convection triggering are not well understood, yet.

Therefore, the first part of this dissertation (section 4) focused on analyzing the impact of LULCCs

on the coupling between surface wetness and convection triggering by conducting sensitivity ex-

periments with extreme LULCCs and comparing the potential coupling strength of the simulations

against a reference simulation with realistic land cover. The sensitivity experiments were conducted

with the WRF model in version 3.8.1 coupled to the NoahMP land surface model for the period

1986-2015 over the Euro-CORDEX domain and forced with ERA-Interim reanalysis data. The sen-

sitivity cases comprised of a run with entirely afforested land surface, meaning that all vegetation

types which were not forest, bare land or ice were set to zero and the forest types were scaled to

cover the entire vegetated area. In the second sensitivity case, the vegetated area was converted to

grassland. The analyses followed a two-step approach. First, a coupling hot spot was identified

applying the CTP-HIlow framework and the potential coupling strength was analyzed regarding its

magnitude and the changes imposed by modifying the land cover. Second, changes in the cloud

cover and covariance of EF and precipitation were analyzed statistically.

The reference simulation showed a potential coupling hot spot over Northeastern Europe, which de-

notes the greatest frequency of favorable conditions for convection triggering due to surface moist-

ening or heating the ABL. Both afforestation and the transition to grassland initiated considerable

modifications of the atmospheric conditions due to the changes in the energy balance, which caused

statistically significant differences in the share of nAC-days per season. Using the presented model

configuration, afforestation caused warmer conditions and a decrease in the relative humidity, which

led to higher instability and an increase in the humidity deficit. The changes of the ABL structure

caused a decrease of the coupling strength with greatest impacts over Eastern Europe and the Black
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Sea region. Conversely, the transition to grassland initiated a cooling and more moist atmospheric

conditions over most of the European continent. The consequent decrease in coupling strength

mostly concentrated on Scandinavia and the North of the Eastern European Plain, where the atmo-

sphere was already stable and humid most of the time. The results from both sensitivity experiments

point out the LULCC’s potential to influence the degree to which the land state is important for

locally triggered deep moist convection. Since Davin et al. (2020) and Breil et al. (2020) indicated

disagreement in the models’ responses in temperature and EF within the LUCAS ensemble, which

was already found in other ensemble exercises (e.g. Pitman et al., 2009), the concrete impacts of

afforestation or the transition to grassland on the L-A coupling strength are limited in their gener-

alizability. However, despite uncertainty in the exact LULCC impact on coupling strength, which

depends on the respective temperature and humidity response of the model, it appears certain that

changes in the energy balance coming from LULCCs influence L-A coupling strength by changing

the ratio of ABL moistening and heating on a day-to-day basis and by modifying the average ABL

structure. These changes occurred predominantly in the hot spot region.

Objective 2: Quantify the impacts of modifying atmospheric temperature and moisture pro-

files for L-A coupling strength and analyze regional differences in the sign and magnitude of

impacts on L-A coupling strength during the European summer months.

Disagreement in the models’ temperature responses and the changes in the energy balance within the

LUCAS ensemble motivated a more comprehensive and holistic assessment of how modifications

of the atmospheric temperature and moisture fields impact L-A coupling over Europe. Addition-

ally, besides LULCC, the climate system contains also other causes for changes in the atmospheric

thermodynamic characteristics of the lower ABL. Climate change e.g. causes surface warming, but

also warming in the upper troposphere to another degree, which changes the temperature profiles

and thus the stability of the atmosphere (Brogli et al., 2019). The analysis of their impacts detached

from the cause of temperature and moisture changes allows for a more generalized picture.

For this purpose, a posteriori modifications of the atmospheric temperature and moisture were used

to change the respective output fields from the evaluation simulation with WRF-NoahMP before

assessing the L-A coupling strength. This approach followed the rationale that temperature and

moisture fields can diverge in their mean and variability, and the coupling metric can only assess
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these differences without recognizing their cause. The modification cases were set up in two groups.

One had the focus on changes in the temperature and moisture means, and the second targeted on

the influence of changes in the vertical gradients.

Temperature modifications dominated the impacts on coupling strength over Northern Europe, where

stable condition regularly inhibit local coupling. A temperature increase which also increased

the gradient, caused a destabilization of the atmosphere and through this an increase in coupling

strength. The importance of atmospheric moisture for the strength of L-A interactions increases

toward the South, where temperature and moisture jointly control the relative humidity of the lower

ABL. The frequency of days with low relative humidity increases, wherefore stronger ABL moist-

ening from the surface (or moistening from advection of moist air which was not studied explicitly

here) would be required to trigger convection. Comparing the relative frequency of days with fa-

vorable pre-conditioning (nAC-days) between the modification cases revealed that the coupling hot

spot with predominantly positive coupling over Eastern Europe appeared insensitive to the modifi-

cations, despite considerable variance (> 10% of all summer days) in the frequency of nAC-days. In

the South of the hot spot region, the modifications caused changes in the dominant coupling path-

way on a frequent basis implying uncertainty in the response of the atmosphere to differently wet

surfaces initiated by differences in the atmospheric conditions themselves. Though strong coupling

over Eastern Europe appears certain relative to the rest of the continent, uncertainty remains over

Central Europe. This was suggested on the one hand, by the variability in coupling strength initiated

by temperature and moisture changes, and on the other hand, by the model’s warm and dry bias in

this region indicating that it underestimates the atmospheric relative humidity, which was the major

inhibiting factor for coupling on a frequent basis. Over Iberia and most of Africa, locally triggered

deep convection remained limited by the atmospheric (and surface) dryness in all modification cases.

Final Concluding Remarks. The results of this dissertation demonstrate that the strongest local L-

A coupling with convection triggering and potentially local precipitation occurs over Eastern and

Northeastern Europe, which is in line with previous global scale assessments applying coarser grid

increments (Koster et al., 2004; Ferguson and Wood, 2011). The atmospheric conditions inhibiting

local coupling were not outweighed in any of the sensitivity tests providing evidence for physical

reasoning of a coupling hot spot over Eastern and Northeastern Europe. This conclusion is further

supported by the fact that the strongest impacts from LULCC on ABL properties and cloud cover
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were imposed in this region, which additionally led to the greatest LULCC influence on variability in

coupling strength itself. The finding that temperature and moisture modifications of the same mag-

nitude introduced the largest variability in the frequency of favorable pre-conditioning for convec-

tion triggering over Eastern and Northeastern Europe further undermines this conclusion. However,

though stronger coupling is a solid feature relative to the rest of the domain, the presented findings

also highlight the remaining uncertainty in the exact quantification of the magnitude of coupling

strength as it depends on both the implemented land cover and the temperature and moisture fields.

Both underlie data set specific inconsistencies which likely influence the magnitude of the coupling.

This also implies uncertainty in the spatial extent of the coupling hot spot over Central Europe, as

well as in the coupling pathway around the Black Sea shown by the variability in the dominant

coupling class found in the sensitivity tests. Furthermore, comparing the patterns of favorable ther-

modynamic pre-conditioning against that of the relative frequency of weak synoptic forcing (Figure

A.1) suggests that the favorable pre-conditioning does not necessarily assert due to dampening wind

effects. Thus, further research is warranted which considers the effects of atmospheric dynamics in

addition to the thermodynamic characteristics and the land surface wetness. Especially, with regard

to analyzing atmospheric dynamics in conjunction with L-A coupling strength or including convec-

tive precipitation directly in the analyses, future research would benefit from increasing the model

resolution to convection-permitting scale (<4 km grid increment). Higher model resolutions imply a

more detailed representation of the land surface including soil moisture distribution, land cover and

orographic features (Knist et al., 2020). Additionally, the large-scale flow patterns in the atmosphere

can be represented with more detail, which are influenced by the refined representation of the orog-

raphy (Knist et al., 2020). Convective precipitation events can be treated explicitly, rendering the

use of convection parameterizations unnecessary, which was found to be one of the major sources

of uncertainty for precipitation (e.g. Warrach-Sagi et al., 2013). The importance of discussing the

model resolution in L-A coupling studies was shown e.g by Hohenegger et al. (2009), who found

a switch in the feedback sign in their statistical assessment of soil moisture-precipitation feedback

between a convection-permitting and non convection-permitting simulation over the Alpine region.

However, as Wakefield et al. (2021) demonstrated that lower resolution thermodynamic profiles pro-

vide reasonable results for the CTP-HIlow framework, and this dissertation focuses on the thermo-

dynamic pre-conditioning for convection triggering excluding the effects of atmospheric dynamics,
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Chapter 6. Summary

the presented findings are assumed to be relatively insensitive to the model resolution. Despite the

advantages of an improved representation of the L-A system, raising the model resolution together

with the increasing demand for larger ensemble sizes in model intercomparison studies exacerbates

the demand for computational resources and data storage space. This pushes against boundaries

of current technical feasibility, when analyzing 3D-fields of the atmosphere over a climate period,

which is required to receive statistical robustness in the quantification. Thus, careful planning is

important not only scientifically, but also with regard to the efficient use of resources.

This dissertation offers advances in understanding the role of vegetation to influence precipitation

occurrence and how variability in the atmospheric temperature and moisture fields impact the role of

the land surface to trigger deep moist convection locally. The sensitivity experiments with LULCC

demonstrate that besides soil moisture, the vegetation cover is a key factor for L-A interactions, and

hence, also for a more precise quantification of L-A coupling strength. LULCCs impact whether

the land surface predominantly heats or moistens the ABL, wherefore, they can modify the thermo-

dynamic characteristics on the long-term and influence in which ratio the atmosphere is fueled by

moisture or heat during each day. This highlights again the importance of an accurate representa-

tion of the land cover in models to improve precipitation patterns in seasonal forecasts and climate

projections. Together with the connection of the energy balance with the thermodynamic charac-

teristics, disagreements in the LUCAS models’ responses in the energy flux partitioning to LULCC

suggest also a model dependence in the response of L-A coupling strength. It depends on each

models’ respective change in the energy balance and how it feeds back to atmospheric temperature

and moisture. The a posteriori modifications served to estimate the effects of other combinations

of changes in the thermodynamic structure on the coupling strength than simulated with the WRF-

NoahMP configuration detached from a concrete LULCC forcing. Further, they covered a realistic

range of temperature and moisture conditions for the recent climate over Europe to account for

the disagreement in the model responses. These sensitivity assessments revealed a dominant im-

pact from changes in the temperature gradient over Northern Europe, with warmer conditions and

stronger gradients increasing the coupling strength, and moisture impacts overweight in controlling

the coupling strength over Southern Europe. The areas of predominant temperature and moisture

controls on the coupling roughly resemble with the energy- and moisture-limited regimes for ET

as identified e.g. by Seneviratne et al. (2010) or Knist et al. (2017). In a nutshell, the findings
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advance our understanding on how physical influencing factors in the climate system contribute to

the development of local L-A coupling with precipitation considering the thermodynamic aspects

of convection triggering, and provides inside into causes for spatial and temporal variability in L-A

coupling strength.
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Chapter 7

Outlook

This dissertation concentrated on differences in the long-term coupling signal as well as spatial vari-

ability therein over a historical climate period. Future analyses could target the investigation of

temporal variability in coupling strength from sub-seasonal to interannual time-scales over Europe.

This includes analyzing whether links exist between different characteristics of large-scale weather

patterns (apart from the strength of synoptic forcing) and systematic anomalies in L-A coupling

strength in relation to the long-term mean. The responses of L-A coupling strength to differences in

the thermodynamic characteristics (Jach et al., 2022) likely also evolve in the comparison of differ-

ent summers, which would suggest interannual variability in L-A coupling strength. The analysis

could be based on RCM simulations on convection-permitting scale, as they allow for an improved

representation of land surface heterogeneities, large-scale flow patterns and precipitation patterns.

However, switching to convection-permitting scale necessitates evaluating the effect of different the

model resolutions on L-A coupling strength estimates calculated with process-level coupling met-

rics, beforehand.

Another interesting perspective is the evaluation of impacts from vegetation dynamics on coupling

strength in regional climate simulations, which would also benefit from increasing the model res-

olution as compared to the simulations analyzed here. Warrach-Sagi et al. (2022) showed that the

representation of dynamic crop growth and its impact on LAI and root growth leads to enhanced cou-

pling strength between soil moisture, surface fluxes, and ABL conditions as well as more favorable

preconditioning for convection compared to a fixed climatology. Simultaneously, its representation

reduces the model’s temperature bias. Additionally, climate conditions such as moisture availabil-

ity, temperature or incoming radiation influence vegetation growth in different years. Variability in
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Chapter 7. Outlook

the climatic conditions causes differences in LAI, thus impacting ET and the degree of evapora-

tive cooling on an interannual time scale. This in turn influences the atmospheric thermodynamic

structure (e.g. Jach et al., 2020) and thus is supposed to impact the development of convective pre-

cipitation events. Seneviratne et al. (2006) investigated the impact of dynamic soil moisture against

prescribed soil moisture climatologies in regional climate simulations. They showed an increase

in coupling strength in the fully coupled model system, compared to runs applying a soil moisture

climatology. Almost all state-of-the-art regional climate models use static climatologies for the veg-

etation variables, neglecting the aforementioned vegetation-climate dynamics. However, it has to be

acknowledged that most land surface models cannot represent fully coupled dynamics for the var-

ious vegetation types included, yet. Despite that, the results of Warrach-Sagi et al. (2022) suggest

a similar response in the coupling strength to that of Seneviratne et al. (2006) when allowing the

vegetation to dynamically respond to the climate conditions. This complements with the activities

planned for LUCAS phase 2, in which annual LULCCs will be implemented in transient regional

climate simulations to investigate their influence on climate.
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Appendix A

Excursus: Potential Coupling Strength

and Modeled Precipitation Frequency

Following the statement of Dirmeyer et al., 2018b, there is

"[...] a robust propagation of useful signal through land surface fluxes, near-surface meteoro-

logical states, and boundary layer properties, but largely disappearing at precipitation, implying

problems with the convective parameterization.".

Feedback mechanisms are usually not explicitly prescribed or parameterized in models, but result

implicitly from the complex interactions of processes in parameterization schemes (Koster et al.,

2006). Hence, the strength of different relationships can be overestimated or underestimated in

models (Dirmeyer et al., 2018a), and as precipitation results from of a complex chain of processes

and is calculated in different parameterization schemes influenced by the grid increment, it is partic-

ularly likely to suffer from an insufficient representation of L-A feedback processes.

Analyses of the surface influence on convective precipitation over Europe usually either evaluate

single convective cases using convection permitting models (Baur et al., 2018; Keil et al., 2019;

Koukoula et al., 2019) or observations (Wulfmeyer et al., 2011), or applying sensitivity simulations

to assess the response of precipitation amount, frequency or intensity to different perturbations of

soil moisture (Hohenegger et al., 2009; Leutwyler et al., 2021). However, it has rarely been explored

which conditions are necessary so that cumulus schemes trigger precipitation, and in which manner

surface wetness feedback with triggering convective precipitation are actually represented or not.

Thus, the following analyses make use of the information on atmospheric pre-conditioning for local
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Appendix A. Excursus: Potential Coupling Strength and Modeled Precipitation Frequency

convection as well as the surface flux partitioning to explore the occurrence of precipitation trigger-

ing in the WRF-NoahMP simulation. It examines whether precipitation is triggered under the L-A

conditions anticipated with most favorable conditions for convection triggering in the Kain-Fritsch

(KF) cumulus scheme (Kain, 2004) which applies a thermodynamically based-trigger function and

a CAPE-based convective mass flux closure. The vertical mass-flux is known to react sensitive to

relative humidity, particularly with low amounts of CAPE available (Kain and Fritsch, 1990).

To evaluate the model’s precipitation representation, firstly, the modeled wet-day frequency was

compared to the wet-day frequency from E-OBS (Cornes et al., 2018, version 25.0e). As the cou-

pling metric focuses on the triggering of convection, the analyses were limited to the frequency of

precipitation events and leaves out other attributes such as the precipitation amount, its intensity,

timing of precipitation occurrence during the day, and the duration. An event was defined as daily

accumulated precipitation > 1 mm. This is followed by investigating the frequency of occurrence

of precipitation for different combinations of EF and atmospheric pre-conditioning under the aspect

of whether the behavior of precipitation meets the assumed behavior of each coupling class with

different surface wetness (e.g. more frequent precipitation on wet soil advantage days with high EF

than with low EF).

A.1 Wet-day frequency

The modeled frequency of precipitation days was evaluated against that of E-OBS for all summers

between 1986-2015 in order to assess whether precipitation occurrence is over- or underestimated

in the model. The number of wet-days per season represents the frequency of precipitation occur-

rences in both datasets. All data were regridded to 0.44° on a regular lat-lon grid using the bilinear

interpolation algorithm of the Climate Data Operators (CDO).

Three types of precipitation were compared against each other of which only the total precipita-

tion was compared against E-OBS. The other two served to analyze under which conditions the

model triggers precipitation. The three types were: wet-days based on total precipitation, those

based on precipitation from the KF cumulus scheme only, and wet-days occurring under high pres-

sure conditions with low pressure gradients (HPA, high pressure area), thus filtering for favorable

dynamic conditions. The identification of HPA-precipitation events follows the attribution method
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A.1. Wet-day frequency

FIGURE A.1: Fraction of summer days under high-pressure conditions with low
pressure gradients in the WRF-NoahMP simulation.

of Rüdisühli et al. (2020) under the premise that convective summer precipitation events typically

occur during a high pressure system under weak synoptic forcing. The attribution method uses the

geopotential at 850 hPa to filter the total precipitation on an hourly basis before accumulating over

each day. A geopotential > 14500 m2/s2 denotes high-pressure conditions and a pressure gradient

below 0.02 m/m denotes weak synoptic forcing. Cells with an average surface pressure below 850

hPa have been masked out, because the criteria from Rüdisühli et al., 2020 would have required an

extrapolation of the geopotential below model topography. HPA-conditions predominantly occurred

over Southwestern (up to 100%) and Central Europe (70-90%)), and decrease towards the Northeast

of Europe (Figure A.1). Precipitation from the cumulus scheme is assumed to include the convective

precipitation in its physical sense, but broadly speaking rather represents small-scale precipitation

events and thus includes all local precipitation events independent of their trigger. For interpreting

the results it is worth to recall that the simulation was conducted on 0.44° resolution. Therefore,

on the one hand, precipitation from the cumulus scheme typically constitutes the major share of the

total precipitation. On the other hand, horizontal pressure gradients are assumed to be too weak in

the model because of the resolution, which can bias the filtering of precipitation events. Please note

that the precipitation types are not independent from each other as total precipitation is the sum of
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FIGURE A.2: Wet-day frequency per season from a) E-OBS over the period 1986-
2015 and b) the bias in wet-day frequency of the WRF-NoahMP evaluation simula-
tion.

precipitation from the convection scheme and the microphysics scheme, and the HPA-precipitation

is filtered from the total precipitation. Therefore, issues in the convection scheme will be visible in

all types.

The comparison of wet-days from total precipitation between E-OBS and WRF showed an underes-

timation of the wet-day frequency in the model, particularly over Central Europe (Figure A.2). Most

precipitation events in the cumulus scheme occurred over the Northeastern European Plain (Figure

A.3) resembling with the patterns of nAC-days (seeJach et al., 2022, their Figure 5e). The share

of cumulus scheme precipitation is highest in southern Europe, where it comprises 70-100% of the

precipitation events in the study period, while over France, Scandinavia and the coastal regions the

fraction decreased to 10-40%.

HPA-precipitation mainly occurred over Central Europe around the Alps and the Carpathian Moun-

tain range (Figure A.3c), matching the patterns from Rüdisühli et al. (2020) though suggesting a

lower share of total precipitation falling under HPA-conditions (Figure A.3d). The lack of precipita-

tion events over Central Europe in all three types of precipitation likely originated from the cumulus

parameterization. The area coincided with the region in which the model has a dry and warm bias

(see Jach et al., 2022 their Figure 2) and the KF scheme is known to be sensitive to RH at the surface.
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A.1. Wet-day frequency

FIGURE A.3: Wet-day frequency per season from a) the Kain-Fritsch cumulus pa-
rameterization and b) the fraction of total precipitation originating from the cumulus
scheme. c) and d) show the same for the high-pressure area (HPA) precipitation.
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A.2 Implications of Precipitation Occurrence on Feedback Represen-

tation

FIGURE A.4: Frequency of precipitation occurrence per evaporative fraction (EF)-
pre-conditioning bin for a) the total precipitation b) the cumulus scheme precipita-
tion, and c) high pressure area precipitation. The rows indicate the EF-bins, while
the columns depict the different coupling classes. The lowest row contains the fre-
quency of occurrence for each coupling class without considering differences in the
EF. The right-most column shows the frequency of occurrence of precipitation for
nAC-days, which is the sum of the columns for wet soil advantage, dry soil advan-
tage and transition zones days.

100



A.2. Implications of Precipitation Occurrence on Feedback Representation

Finally, EF and atmospheric pre-conditioning for convection triggering were used to bin the pre-

cipitation events according to the conditions under which they occurred. The aim was to examine

under which combination of surface wetness and atmospheric pre-conditioning precipitation occurs

most frequently, with and without filtering events under weak synoptic forcing as well as examining

cumulus scheme precipitation alone. The triggering mechanism implemented in the KF scheme is

based on the thermodynamic characteristics of the atmosphere, wherefore the convective precipita-

tion and the pre-conditioning of convection triggering depend on the same quantities. This has the

advantage that one can investigate under which conditions the scheme actually triggers precipitation.

Taking into account the anticipated regimes for convective precipitation from the framework gives

an indication about the plausibility of the conditions under which convective precipitation occurs in

the model.

Binning precipitation data according to the prevailing surface wetness was based on daily mean

evaporative fraction. The data were grouped into ten bins with equally sized intervals of 0.1. The

daily CTP-HIlow classification was used to bin the precipitation events according to the atmospheric

pre-conditioning for convection triggering, whereby the atmospherically controlled days were di-

vided into dry AC (CTP > 0 J/kg, HIlow > 15°C), wet AC (CTP > 0 J/kg, HIlow < 5°C) and stable AC

(CTP < 0 J/kg, any HIlow).

Figure A.4 depicts the relative frequency of occurrence of precipitation per bin for total precipitation,

cumulus scheme precipitation and HPA-precipitation. The bins showed a clear disparity between

low and high evaporative fractions, and thus between dry and wet surface conditions. Furthermore,

comparing e.g. dry and wet AC-days, which clearly diverge in their humidity deficit, additionally

showed the precipitation occurrence’s dependence on the atmospheric humidity, as considerably

more precipitation occurs with a wet than with a dry atmosphere. The influence of atmospheric sta-

bility is not clearly visible in the selected depiction of the frequency of occurrence of precipitation.

The difference between total and cumulus scheme precipitation under stable AC conditions suggests

that a considerable share of precipitation comes from the microphysics scheme. However, the results

also indicate that stable initial conditions do not entirely inhibit cumulus scheme precipitation.

Generally, there occurs a growing frequency of occurrence of precipitation with increasing humidity

of land surface and atmosphere irrespective of the pre-conditioning suggesting a generally positive

surface wetness-precipitation feedback in the model. This behavior was also found by Cioni and
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FIGURE A.5: Difference of precipitation occurrence between the wet soil advantage
(WSA) and the dry soil advantage (DSA) for all ranges of the evaporative fraction
(EF) and all precipitation types.

Hohenegger (2017), who showed a general increase in precipitation frequency and precipitation

amount over wetter soils using idealized large-eddy model (LEM) simulations. The simulation were

initialized using the original soundings from Findell and Eltahir (2003b). They further showed that

deep convection was indeed initialized earlier during wet soil advantage days with wet soils and

dry soil advantage days over dry soil, respectively, suggesting wet and dry soil advantages respec-

tively in the timing of precipitation triggering. However, their LEM simulations did not require a

cumulus parameterization such as simulations with a grid increment of several ten-kilometers do.

The parameterization mainly determines the timing of triggering convection on this scale. Generally

positive (spatial) soil moisture-precipitation feedback was also found by Leutwyler et al. (2021) and

by Guillod et al. (2015).

Of the nAC-days, transition zone days show fewer precipitation occurrences than days pre-conditioned

to favor either wet or dry surface conditions, which matches the definition of transition zone days.

This definition says that shallow convection and thus no precipitation is the most likely outcome.

Nevertheless, the frequency of occurrence of precipitation increases with higher EF, also for the

transition zone days indicating an overall wet soil advantage. Similarly for dry soil advantage days

which appears to contradict the rationale of dry soil advantage days from Findell and Eltahir (2003b)
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A.3. Discussion

at the first glance.

However, comparing the frequency of occurrence of precipitation of wet soil advantage against that

of dry soil advantage for a given range of EF reveals another aspect of the coupling (Figure A.5).

For an EF ranging between 0.1 and 0.6, more precipitation occurs with dry soil advantage relative

to an atmosphere in wet soil advantage. Only with very high EF (> 0.8), precipitation occurs more

frequency with an atmosphere in wet soil advantage than dry soil advantage. This dry soil advan-

tage in the frequency of occurrence of precipitation is visible in total precipitation and even more

pronounced in HPA-precipitation, but not in the cumulus precipitation. Differences in the frequency

of occurrence of precipitation between wet soil advantage and dry soil advantage remain negative

throughout all EF bins, but is most pronounced in the low to intermediate EF-range.

A.3 Discussion

This section aimed at investigating under which combination of L-A conditions precipitation oc-

curred in the WRF-NoahMP simulation. It was examined whether the model reasonably represents

a dependence of the precipitation occurrence on the atmospheric pre-conditioning as assessed with

the CTP-HIlow framework under consideration of the prevailing surface wetness.

The model considerably underestimated the precipitation frequency over Central Europe, where it

also has a warm and dry bias in the near-surface meteorological variables. The precipitation bias is

weak in other regions. As typically the largest share of precipitation comes from the cumulus pa-

rameterization in summer with the applied model resolution, the precipitation bias likely originates

there. This theory is also supported by the fact that the KF scheme is know to react sensitive to RH

and CAPE (Kain and Fritsch, 1990). It applies a triggering mechanism (activation of the scheme)

based on the thermodynamic characteristics of the ABL up to 300 hPA above ground level, and the

simulated precipitation amount is the net effect of condensation in the updraft and evaporation of

condensate in the downdraft. As the evaporation rate of condensate presumably increases under dry

atmospheric condition, which decreases the moisture reaching the ground (becoming visible as pre-

cipitation), both the triggering mechanism and the final amount of condensate reaching the surface

depend on the prevailing RH in the ABL.

Analyzing the occurrence of precipitation under different surface wetness and initial atmospheric
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conditions confirmed that the modeled precipitation frequency is associated with the surface wet-

ness and atmospheric humidity, as most precipitation occurred under wet conditions. However, it has

to be noted that this is not enough to establish a physical causal relationship of the surface wetness

initiating precipitation, as e.g. morning precipitation would increase EF during the day, but it sug-

gests a dependence in the model system. Furthermore, a high spatial resemblance of the cumulus

scheme precipitation and the frequency of favorable conditions for surface triggered precipitation

(nAC-days) is rather associated with a co-dependency of nAC-days and cumulus precipitation on

the thermodynamic characteristics of the low-level atmosphere. Nevertheless, Cioni and Hoheneg-

ger (2017) showed a similar increase in precipitation frequency with higher surface wetness on wet

as well as dry soil advantage days in their LEM simulations. Thus, further research in this direction

can be promising to advance the understanding of mid-latitude convective precipitation occurrence

and its dependence on land surface conditions.

A direct comparison of the wet and dry soil advantage categories (implying intermediate wetness

in the atmosphere for all EF-ranges) also reveals a dry soil advantage for low EF ranges and a wet

soil advantage for high EF values. The generally higher frequency of cumulus scheme precipita-

tion with dry soil advantage than as wet soil advantage suggests that this behavior arises from the

microphysics parameterization. Williams (2019) and Chen et al. (2017) showed that other, more

physically based triggering mechanisms lead to an improvement in the representation of surface

wetness feedback with precipitation.

Finally, the KF scheme seems to be mostly sensitive to surface wetness and the humidity in the

low-level atmosphere, which is largely in line with other studies on soil moisture-precipitation feed-

back over Europe. However, the scheme does not easily reflect the behavior of wet versus dry soil

advantage as anticipated by the framework. In general, the binning allowed for a useful insight in

the behavior of the convection scheme and the conditions under which it triggers precipitation. In

this regard, it seems a promising next step to examine which coupling behavior is represented in

more advance convection schemes such as the scale-aware Grell-Freitas scheme or the new Tiedke

scheme, which is used in the modeling system underlying the ECMWF reanalysis datasets.
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Annual Cycle of Land-Convection

Coupling Strength

This section provides monthly coupling classifications based on the CTP-HIlow framework, as well

as the frequency of potential coupling days (nAC-days) assessed for the period 1986-2015. The

classification was done for the simulation with realistic land cover, as well as for both LULCC sim-

ulations. To achieve a clear arrangement was achieved by aggregating the months seasonally. Each

panel shows the long-term coupling classification in the first row (subplots a-c) and the nAC fields

in the second row (subplots d-f). Deviations in nAC-days originating from the LULCC are shown

the lower two rows (subplots g-l) of each panel.

The winter months (Appendix Figure B.1 a)-f)) are almost entirely AC over the European con-

tinental areas. Some days with favorable pre-conditioning for coupling occur in coastal regions.

These conditions prevail until March. The preceding months show a strengthening of the cou-

pling along with an eastward and northward migration of the coupling hot spot during the growing

period (Appendix Figure B.2 a)-f), Appendix Figure B.3a)-f)). The north-eastward shift stops in

July, which is when also the strengthening maximizes. Afterwards, the hot spot starts to move

southward and weaken again during autumn (Appendix Figure B.4 a)-f)) and it shifts back west-

ward. A similar development and spatial shift of the atmospheric coupling leg, which is also in-

cluded in the complete coupling chain, was shown in a global animation by Paul Dirmeyer (http:

//cola.gmu.edu/dirmeyer/nasa_map_12.html).

Shifting now the focus to differences between FOREST and CORINE (third row) as well as between

GRASS and CORINE (forth row) reveals another interesting aspect. The differences in nAC-day
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Appendix B. Annual Cycle of Land-Convection Coupling Strength

frequency originating from both vegetation transitions also increase during the growing period and

maximize in July (Appendix Figures B.1-B.4, subplots g)-l)). As the frequency of nAC-days is based

on assessing the ABL structure, the differences in nAC-days imply impacts on the ABL structure

from LULCC, in the first place. Even without inferring on convection triggering, this effect in itself

suggests coupling between land surface and atmosphere.

In closing, the annual cycle of land-convection coupling strength showed a considerable increase in

LULCC impacts on the ABL structure resulting in differences in the atmospheric preconditioning

for convection triggering during the growing period. As LULCC impacts were considerably weaker

between autumn and spring, all analyses conducted in the context of this dissertation focused on the

summer months.
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FIGURE B.1: Monthly long-term coupling signals based on the ‘Convective Trig-
gering Potential – low-level Humidity Index’ framework (a-c) for the winter months
December, January, and February between 1986-2015. Subplots d-f show the frac-
tion of non-atmospherically controlled (nAC) days per month, subplots g-i show
the difference in the fraction of nAC-days when realistic land cover (from 2006) is
changed to forest over the entire European continent (FOREST-CORINE), and sub-
plots j-l show the differences in the fraction of nAC-days when the land cover is
changed to grassland over the entire European continent (GRASS-CORINE).
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FIGURE B.2: As Appendix Figure B.1 but for March, April and May.
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FIGURE B.3: As Appendix Figure B.1 but for June, July and August.
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FIGURE B.4: As Appendix Figure B.1 but for September, October and November.
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Contents of this file  
 

Text S1 and S2 
Figures S1 to S6 

Introduction  

This file contains additional information about the share of the feedback categories in all land cover 
scenarios (Text S1 and Figures S1, S2). Additionally, text S2 describes the methodology of a 
complementary sensitivity test of the CTP-HIlow classification (Figures S3-S6). It was performed 
to estimate the robustness of the findings with regard to location of regions with strong coupling, 
and the predominant feedback sign, as presented in the main manuscript. Perturbations were applied 
to all initial temperature and moisture profiles of the summer 1986. The test was based on the data 
from the baseline run, and the classification was performed as described in section 2.4.1 of the main 
manuscript.  

Text S1 Relative share of feedback regimes 
The Figures S1 and S2 show the share of wet soil advantage, transition zone and dry soil advantage 
days. Figure S1 depicts the share in relation to the non-atmospherically controlled (nAC) days in 
summer. A share of 100% in, e.g., wet soil advantage means that all nAC days in summer are in 
wet soil advantage, irrespective of the nAC-days’ frequency of occurrence. The long-term CTP-
HIlow classification builds upon this. However, this representation does not provide information 
about the actual frequency of occurrence of a feedback advantage within summer, which 
complicates the interpretation. Therefore, Figure S2 additionally depicts the occurrence of each 
feedback category in relation to all summer days. 
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Figure S1: a) Average share of wet soil advantage days of the non-atmospherically controlled days of 
the CORINE run in summers of the period 1986-2000, b) difference in wet soil advantage days due to 
afforestation, and c) due to deforestation. d)-f) Same as for a)-c) but for days in transition zone, g)-i) 
same as a)-c) but for days in dry soil advantage. 

 
Figure S2: Average seasonal share of the feedback categories. a) Average share of summer days in wet 
soil advantage in the CORINE run in the period 1986-2015, b) difference in the share of wet soil advantage 
day due to afforestation, and c) for deforestation. d)-f) Same as for a)-c) but for days in transition zone, 
g)-i) same as a)-c) due for days in dry soil advantage. 
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Text S2 Sensitivity of CTP-HIlow framework classification to perturbations of the initial 
temperature and moisture profiles in summer 1986 
Purpose and approach 
Different model configurations and parameterization schemes are expected to generate differences 
in simulated temperature and moisture profiles. These profiles form the basis for calculating CTP 
and HIlow, and ultimately for classifying the land-atmosphere coupling regimes. Systematic 
perturbations of the early-morning temperature and moisture profiles were expected to approximate 
the spread in modelled temperature and moisture, and hence the differences in feedback 
classifications between models – at least to some extent. The purpose of this sensitivity test was to 
assess the robustness of the identification of strong coupling region and dominating feedback sign 
by an a priori perturbation of the initial temperature and moisture fields. The test was conducted 
based on the data of the CORINE simulation of the summer 1986.  

Individual and combined perturbations of different intensities were applied to the daily initial 
temperature and moisture profiles at sunrise over the entire column. A variety of perturbation 
intensities were tested and the resulting intensities were selected with reference to literature, as 
described next. For the perturbation of temperature, 2K (or 4K) were added or subtracted over the 
whole column. The range of +/- 2K covers the range of reasonable temperature biases as seen in a 
EURO-CORDEX ensemble with 0.44° and 0.11° resolution (Kotlarski et al. 2014). The +/- 4K 
perturbations were applied to represent larger biases that are regionally existent in some models. 
The mixing ratio was perturbed in terms of units of standard deviation (USD) over the whole 
column to account for differences in the variance of moisture between low and high altitudes. 
Unlike temperature, specific humidity was not evaluated in detail in the EURO-CORDEX 
ensemble, yet. Therefore, the choice of the different intensities of humidity perturbations was based 
on the range of HIlow values computed within a global analysis of CTP and HIlow based on the ERA5 
reanalysis data set (Branch and Wulfmeyer 2019). HIlow values larger than 30°C occurred only in 
arid and semi-arid regions in this classification. Following this, atmospheric drying, which results 
in an average HIlow > 30°C, is not reasonable in Central and Northern Europe in the current climate. 
Similarly, atmospheric moistening that leads to saturation in the low-level atmospheric humidity 
on a regular basis, seems unrealistic in the European summer. Following these boundaries, moisture 
perturbations between +/- 0.5 USD intended to represent a rather realistic spread in moisture 
distribution. The +/-  1.5 USD cases were chosen to explore the effect of extreme moisture changes 
on the classification.  

Figure S3 shows the CTP-HIlow classifications for the realistic range of temperature and moisture 
perturbations, and Figure S4 depicts the CTP-HIlow classifications for the extreme perturbation 
range. Complementary, Figure S5 and Figure S6 show the fractions of non-atmospherically 
controlled days for the realistic and extreme perturbation range, respectively. The results are 
discussed in the section 5 of the main manuscript. 

Limitations of the sensitivity analysis 
The approach for perturbing the temperature and moisture profiles cannot fully represent the spread 
between models that would be observable in a multi-model ensemble. Since, the temperature 
perturbations were applied linearly with height, the shape of the profiles is maintained. Differences 
in the shape may lead to stronger changes in the spatial distribution of CTP which cannot be 
captured with the applied approach. Similarly, differences in the shape of moisture profiles cannot 
be captured.  
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Figure S3: Long-term feedback regime classification after the CTP-HIlow framework for the 
summer months of 1986. Columns indicate the temperature perturbations (+2K, unperturbed and 
-2K) and rows indicate the moisture perturbations (+0.5 USD, unperturbed, and -0.5 USD).  

 
Figure S4: Same as Figure S3 but for temperature perturbations of +/- 4K and moisture 
perturbations of +/- 1.5 USD. 
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Figure S5: Share of non-atmospherically controlled days [%] in the summer months of 1986. 
Columns indicate the temperature perturbations (+2K, unperturbed and -2K) and rows indicate 
the moisture perturbations (+0.5 USD, unperturbed, and -0.5 USD). 

 
Figure S6: Same as Figure S5 but for temperature perturbations of +/- 4K and moisture 
perturbations of +/- 1.5 USD. 
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1 
 

Supplementary Material 

1 Non-atmospherically controlled days after a-posteriori model output modification of ±5K 

We applied the same methodology as in the core modifications set with higher modification factors corresponding to ±5K and 

with 8.81%/K change in the specific humidity.  

Figure S 1 shows the changes in average fraction of nAC-days in the summer months introduced by the corresponding 5 

modification factors. The signal of the change signal, as well as the patterns remained similar to that with ±2K modifications 

in all cases apart from the cases with moisture decrease and either temperatures unchanged (d) or increasing temperatures (g). 

In the latter case, the relative humidity and thus the humidity deficit were severely decreased by more than 40% over the high-

latitudes which reduced the frequency of nAC-days by more than 20% of the summer days and thus reduced the size of the 

hotspot tremendously. Furthermore, all nAC-days were pushed in the transition zone category shown in Figure S 2g. However, 10 

an average relative humidity in summer of 60% rather occurs in the Mediterranean region, which is why such an extreme 

change in the classification over the historical period 1986-2015 is considered unrealistic. 
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2 
 

 

Figure S 1: Cases of ±5K of posterior modification and corresponding modifications of the specific humidity. 
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Figure S 2: nAC-day partitioning of the ±5K posterior output modification cases. 
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