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Abstract

In this thesis, we investigate the role of the vegetation canopy in the cli-

mate system by analyzing two processes in the canopy layer. First, we

study processes that control changes in thermal energy stored in the soil

and the canopy layer to determine whether they a↵ect the climate system

over decadal time scales. Here we introduce a new approach to close the

surface energy balance equation using a physically based estimation of the

canopy heat storage (called SkIn+ scheme). To test this scheme for the role

of the heat storage, we perform an o✏ine single-site experiment forced by

observations as well as a coupled land–atmosphere experiment using the

land component JSBACH of the MPI-ESM (Max Planck Institute - Earth

system model). We find that SkIn+ leads to warming during the day and

to cooling at night, thereby improving the performance in the representa-

tion of the modeled surface fluxes on diurnal time scales. Compared to the

old scheme, phase errors in surface temperature and heat fluxes are elim-

inated, and nocturnal heat releases that unrealistically destroy the stable

boundary layer disappear. On the global scale, for regions with no or shal-

low vegetation and a pronounced diurnal cycle, the nocturnal cooling e↵ect

prevails because stable conditions at night maintain the delayed response

in temperature, whereas the daytime turbulent exchange amplifies it.

Second, we investigate the process of leaf thermoregulation. Plants tend

to keep their leaf temperature within an optimal range by regulating heat

and water losses, which means that they are warmer in cool environments

and generally colder in warm environments. This behavior has been found

in laboratory and field experiments in previous studies. Here we address

the question of whether a signature of leaf thermoregulation can also be

found in a climate model and what is the impact on the global climate. To

study the impact of leaf thermoregulation, we develop a new dual-source

canopy layer energy balance scheme (CEBa) as a part of JSBACH. This

scheme makes it possible to calculate the temperature and humidity in the
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ambient canopy air space, the temperature of the ground surface, and the

temperature of the leaf itself. The process of leaf thermoregulation is in-

vestigated in detail using di↵erent modeling approaches. These include a

zero-dimensional instantaneous solution of the energy balance as well as of-

fline FLUXNET site experiments and coupled global experiments. We find

a negative correlation between the leaf temperature excess and the ambient

air temperature as found in observations on the site level, but with a less

pronounced magnitude. However, on a global scale, we find a positive cor-

relation contradicting leaf thermoregulation theory at the leaf scale. Only

in the case of unlimited water availability, we identify a negative correlation

on the global scale. However, its magnitude is underestimated compared

to observations and thus has a negligible impact on plant productivity.



Zusammenfassung

In dieser Arbeit untersuchen wir die Rolle der Vegetationsschicht (cano-

py) im Klimasystem, indem wir zwei Prozesse in der canopy analysieren.

Erstens untersuchen wir Prozesse, die Veränderungen der im Boden und

in der canopy gespeicherten thermischen Energie kontrollieren, um fest-

zustellen, ob sie das Klimasystem über dekadische Zeitskalen hinweg be-

einflussen. Hier stellen wir einen neuen Ansatz vor, um die Gleichung der

Oberflächenenergiebilanz zu schließen, indem wir eine physikalisch basier-

te Schätzung der canopy-Wärmespeicherung (genannt SkIn+-Schema) ver-

wenden. Um dieses Schema im Hinblick auf die Rolle der Wärmespeicherung

zu testen, führen wir ein durch Beobachtungen angetriebenes eindimen-

sionales Standortexperiment sowie ein gekoppeltes Land-Atmosphären-Ex-

periment mit der Landkomponente JSBACH des MPI-ESM (Max-Planck-

Institut – Erdsystemmodell) durch. Wir stellen fest, dass SkIn+ tagsüber

zu einer Erwärmung und nachts zu einer Abkühlung führt, wodurch die

modellierte Repräsentation der Oberflächenflüsse auf tageszeitlichen Ska-

len verbessert wird. Im Vergleich zum alten Schema werden Phasenfeh-

ler bei der Oberflächentemperatur und den Wärmeflüssen eliminiert, und

nächtliche Wärmefreisetzungen, die die stabile Grenzschicht unrealistisch

zerstören, verschwinden. Auf der globalen Skala überwiegt für Regionen oh-

ne oder mit geringer Vegetation und einem ausgeprägten Tageszyklus der

nächtliche Kühle↵ekt, weil stabile Bedingungen in der Nacht die verzögerte

Reaktion der Temperatur aufrechterhalten, während der turbulente Aus-

tausch am Tag diese verstärkt.

Zweitens untersuchen wir den Prozess der leaf thermoregulation. Pflan-

zen neigen dazu, ihre Blatttemperatur durch die Regulierung von Wärme-

und Wasserverlusten in einem optimalen Bereich zu halten, d.h. sie sind

in kühler Umgebung wärmer und in warmer Umgebung im Allgemeinen

kälter. Dieses Verhalten wurde in früheren Studien in Labor- und Feldex-

perimenten beobachtet. Wir befassen uns hier mit der Frage, ob ein E↵ekt
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im Zusammenhang mit der leaf thermoregulation in einem Klimamodell ge-

funden werden kann und wie sich dies auf das globale Klima auswirkt. Um

die Auswirkungen der leaf thermoregulation zu untersuchen, entwickeln wir

im Rahmen von JSBACH ein neues Energiebilanzschema (CEBa) mit zwei

Quellen für die canopy. Dieses Schema ermöglicht es, die Temperatur und

die Feuchtigkeit im Luftraum der umgebenden canopy, die Temperatur der

Bodenoberfläche und die Temperatur des Blattes selbst zu berechnen. Der

Prozess der leaf thermoregulation wird mit verschiedenen Modellierungs-

ansätzen detailliert untersucht. Dazu gehören eine nulldimensionale instan-

tane Lösung der Energiebilanz sowie FLUXNET-Standortexperimente und

gekoppelte globale Experimente. Wir finden eine negative Korrelation zwi-

schen dem Temperaturüberschuss des Blattes und der Temperatur der Um-

gebungsluft, wie sie bei Beobachtungen auf Standortebene festgestellt wur-

de, jedoch mit einer weniger ausgeprägten Magnitude. Auf globaler Skala

finden wir jedoch eine positive Korrelation, die der Theorie der leaf thermo-

regulation auf der Blattskala widerspricht. Nur im Falle einer unbegrenz-

ten Wasserverfügbarkeit stellen wir eine negative Korrelation auf globaler

Skala fest. Ihre Magnitude wird jedoch im Vergleich zu den Beobachtun-

gen unterschätzt und hat daher einen vernachlässigbaren Einfluss auf die

Pflanzenproduktivität.
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1. Introduction

1.1. Motivation

The land surface plays a central role in the Earth System. It has a key

function in controlling the interaction between the atmosphere and the

terrestrial biosphere. Over two-thirds of this land surface are covered by

vegetation (Huete et al., 2004). Due to its not negligible vertical extent,

the vegetation is best described by using the concept of a so-called canopy

layer. The canopy is commonly defined as “the community of aboveground

plant organs” (Campbell et al., 1989). Due to its vast extent and its large

variety, the canopy plays a key role in shaping the land surface and deter-

mining its characteristics. Via numerous biogeophysical and biogeochem-

ical processes, the canopy substantially influences the exchange fluxes of

energy, water, and momentum between the land surface and the overlying

air mass. Furthermore, the complex structure of the canopy and the resul-

tant shading also strongly a↵ect the radiation budget of the land surface.

The canopy, therefore, regulates to a large extent the distribution of in-

coming solar energy into the ground and turbulent heat fluxes, giving it a

key role in controlling the surface and ground temperatures. The surface

temperature, in turn, a↵ects the diurnal variation of the boundary layer

development. Via this coupling, important atmospheric processes such as

cloud formation and convection can, therefore, strongly depend on the char-

acteristics of the canopy, highlighting the need for an in-depth study of the

involved processes.

Moreover, the afore-mentioned partitioning of radiation is closely linked to
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the hydrological cycle, as the available energy at the surface strongly in-

fluences evaporation and transpiration, with evapotranspiration returning

about half of the precipitated water to the atmosphere (e.g., Oki and Kanae,

2006). Quantifying the water exchange between atmosphere and land is an

important task, as it influences the dynamics and thermodynamics of the

climate system (Chahine, 1992). In this context, soil moisture plays a vital

role as it is part of several feedbacks from local to global scale (Seneviratne

et al., 2010). Most importantly, it constitutes an upper limit for transpi-

ration, which represents the largest part of total land evapotranspiration

(e.g., Lawrence et al., 2007). Knowledge of transpiration is essential for

understanding not only the physical system but also the global carbon cy-

cle. In particular, since the carbon uptake by photosynthesis in terrestrial

plants is directly related to water loss by stomatal transpiration of leaves

(e.g., Ball et al., 1987; Farquhar et al., 1980; Farquhar and Sharkey, 1982).

For a long time, it was controversial whether terrestrial processes exert

an essential influence on the global climate (Pitman, 2003), but during

the last decades, many studies and research papers have provided evidence

that the land surface is indeed a key component of the climate system (e.g.,

Mintz, 1984; Chase et al., 1996; Betts, 2000; Feddes et al., 2001). Many of

these studies rely on simulations that include Land Surface Models (LSM).

These can be stand-alone models or a part of climate and Earth system

models and are designed to represent a variety of climate-relevant surface

as well as subsurface processes, realistically describing a wide range of land–

atmosphere interactions (Sellers et al., 1997). Depending on the represented

processes, these LSMs can be classified into three generations (Sellers et al.,

1997; Pitman, 2003).

The first-generation models contained simple aerodynamic bulk transfer

equations based on the concept of Budyko (1956), to describe the surface–

atmosphere exchange, and the most important land surface parameters,

namely albedo, aerodynamic roughness, and soil water availability, to rep-

resent key surface characteristics. Here the first LSM was implemented by

Manabe (1969), who used a so-called “bucket scheme” to represent water
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availability. This scheme is based on the theory that the soil has a con-

stant depth and can store only a limited amount of water. A few years

later, Blackadar (1976) developed a model with two soil layers: a thin vari-

able surface layer a↵ected by radiation, and a thick deeper layer whose

temperature was determined by a prescribed solution of the heat equation.

The second generation of LSMs focused on biophysical processes and was

introduced by the pioneering study of Deardor↵ (1978). He implemented

a multi-layer soil model, including a single layer of vegetation, which rep-

resented evapotranspiration from four di↵erent sources (vegetation, bare

soil, interception layer, and snow). These improvements became especially

relevant on the global scale when general circulation models (GCM) incor-

porated land–atmosphere transfer schemes (including the biosphere). The

Biosphere Atmosphere Transfer Scheme (BATS, Dickinson et al., 1986) and

the Simple Biosphere Model (SiB, Sellers et al., 1986) were concurrently de-

veloped at this time and laid the foundation for many other LSMs, e.g., the

Community Land Model (Dai et al., 2003). Another feature of the second-

generation models was the introduction of the stomatal resistance, which is

the additional resistance that water vapor molecules encounter when mov-

ing through the stomatal openings. This resistance was calculated by an

empirical approach depending on solar radiation, vapor pressure deficit,

temperature, and leaf water potential following Jarvis (1976).

The replacement of the empirical stomatal resistance by a physiological

approach and the addition of carbon into LSMs formed the third generation

(e.g., Sellers et al., 1996; Bonan, 1996; Knorr, 2000; Krinner et al., 2005;

Raddatz et al., 2007). The stomatal conductance (the reciprocal of the

stomatal resistance) was now calculated by the net leaf assimilation rate,

which was determined as the minimum of three limiting factors: the amount

of photosynthetically active radiation (PAR), the capacity to utilize the

products of photosynthesis and the e�ciency of the photosynthetic enzyme

Rubisco (see, e.g., Farquhar et al., 1980; Collatz et al., 1991).

The need to evaluate LSM developments using observation-based data has
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been recognized during the 1980s. The first systematic e↵ort in this direc-

tion did not start before the 1990s with the Project for the Intercompari-

son of Land-Surface Parameterization Schemes (PILPS, Henderson-Sellers

et al., 1993). Here they used synthetic data to improve the representa-

tion of the continental surface in a so-called “o✏ine experiment”, i.e., the

LSM is not coupled to the atmospheric model but is forced with atmo-

spheric data (e.g., observations and measurements). The widely quoted

work of Chen et al. (1997) documented the first results of experiments

forced with observed atmospheric boundary layer data, comparing 23 dif-

ferent land surface schemes. Two years later, a new project called Global

Soil Wetness Project (GSWP, Dirmeyer et al., 1999), which requires pro-

cessed atmospheric forcing data, extended the conclusions drawn by the

point-based PILPS experiments to global scales. Only a year later, a new

project was founded that followed the idea of combining PILPS with its

local-scale character and GSWP, which is based on a global perspective;

this ongoing joint project is called Global Land Atmosphere System Study

(GLASS, Polcher et al., 2000). In the last decade and a half, GLASS has

broadly expanded, and various other projects have joined. The main goal

of this e↵ort is to improve land surface schemes for the benefit of numerical

weather prediction and climate models.

The last years have seen substantial progress in the modeling of land sur-

face processes. However, despite its important role in the climate system,

the canopy is often represented inadequately in present-day LSMs. For ex-

ample, it is still common practice to neglect the heat storage in the canopy

completely (e.g., Balsamo et al., 2011; Kowalczyk et al., 2013) or to close

the surface energy balance within the uppermost soil layer of finite heat

capacity, such as in JSBACH (Reick et al., 2013), the land component of

the MPI-ESM (Max Planck Institute - Earth system model, Mauritsen

et al., 2019). To overcome the possible shortcomings of this unphysical

surface energy closure and to assess the added value of a more realistic

scheme, we introduce a new, physically based concept of canopy heat stor-

age into JSBACH, the model used in this study. Following Viterbo and
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Beljaars (1995), we first neglect the soil heat storage and close the energy

balance by implementing an infinitesimally thin layer at the land surface.

This approach applies to areas with little or no vegetation and negligible

heat storage. Conveniently, we abbreviate the new scheme with “SkIn”,

which stands for Surface is kept Infinitesimally thin, in addition to the fact

that this scheme represents a canopy layer with a negligible vertical extent

comparable with a thin “skin”. For regions with tall vegetation, this ap-

proximation is not valid anymore because the energy stored in the canopy

layer has to be considered. Therefore, in a second step, we reintroduce

a heat storage, but this time we apply a physically based estimate of the

canopy heat storage (following Moore and Fisch, 1986). This storage is

associated with temperature changes in the biomass, which mainly consists

of trunks, branches, litter, and leaves (e.g., dos Santos Michiles and Gielow,

2008), as well as in the canopy air, including changes in specific humidity

(e.g., da Silva et al., 2012). The latter two are called sensible and latent

heat storage. The SkIn scheme with a canopy heat storage depending on

the heat capacity and the composition of the canopy layer is called SkIn+.
The importance of the so-called “canopy heat storage” in connection with

the solution of the energy balance equation has been demonstrated by many

experimental studies at the site-level (e.g., Aston, 1985; Moore and Fisch,

1986; Jacobs et al., 2008; dos Santos Michiles and Gielow, 2008; Lindroth

et al., 2010; Garai et al., 2010; da Silva et al., 2012; Kilinc et al., 2012;

Burns et al., 2015). Several of these studies (e.g., Jacobs et al., 2008; dos

Santos Michiles and Gielow, 2008; Lindroth et al., 2010) showed that the

consideration of the canopy heat storage improves the energy balance clo-

sure calculated on the basis of observed data. The total change in stored

energy of all di↵erent types of heat storages in the canopy layer (e.g., the

energy flux for photosynthesis as well as the canopy heat storage in biomass

and water content) can amount up to 40% of the net radiation (dos San-

tos Michiles and Gielow, 2008); and around 15% for crop sites (Meyers

and Hollinger, 2004). Moreover, the extent of the canopy heat storage was

investigated in a small number of modeling studies (e.g., Haverd et al.,
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2007). However, as these modeling studies were focused on the local scale,

this dissertation is the first study to investigate the climatic impact of the

canopy heat storage on decadal time scales on the global scale using an

Earth system model. Therefore, we ask the following two questions: Does

the elimination of the soil heat capacity in the energy balance substantially

a↵ect the diurnal cycle of surface temperature and heat fluxes in the case

of shallow vegetation at the site level? What is the climatological e↵ect of

the canopy heat storage on near-surface temperature on the global scale?

The canopy is not only a key component of the Earth system because of

the role it plays in exchange of energy, moisture, and momentum, but also

because substantial amounts of atmospheric carbon are taken up by leaves

within the canopy layer. Woody plants have a significant share of the ter-

restrial carbon cycle and assimilate about 120Gt carbon per year through

the process of photosynthesis (e.g., Schimel et al., 2001). Since the net pri-

mary production (NPP) of plants correlates strongly with temperature, it

is crucial to better understand the relation between leaf temperature and

its environmental conditions, especially the air temperature surrounding

the plant.

The first scientific studies on plant productivity and on the role of leaf

temperature date back to the middle of the 19th century (e.g., Rameaux,

1843; Askenasy, 1875). These biochemical laboratory studies concentrated

mainly on physiological processes and the metabolic properties of the plants.

At the beginning of the 20th century, the physical processes of plants, such

as transpiration, and the leaf temperature itself were given more attention.

(e.g., Kusano, 1901; Askenasy, 1875; Ehlers, 1915). The first detailed stud-

ies about the energy balance of leaves and the heat transfer between the leaf

and its environment started in the early 1960s. Gates (1962) showed that

leaf temperatures – measured by an infrared radiometer – can exhibit a

significant temperature range: Sunlit leaves were up to 20 °C warmer than

the ambient air, while shaded leaves were found to be on average 1.5 °C
colder than the air. This reduction of leaf temperature was mainly caused

by transpiration, while, on the other hand, sensible heat transport played
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a negligible role. These changes in leaf temperature occur on time scales

ranging from seconds to minutes and can vary significantly throughout the

day due to varying environmental conditions such as solar and thermal ra-

diation, air temperature, wind speed, and water vapor content in the air

(Gates, 1965). The measuring instruments used in these studies were ei-

ther infrared thermometers or so-called “thermocouples”, which generate

a temperature-dependent potential di↵erence. The di�culty in measuring

the leaf temperature with an infrared thermometer is to obtain the correct

estimate of the leaf’s emissivity. In contrast, thermocouples have the dis-

advantage of additionally requiring the temperature of a reference junction.

For that reason, Linacre and Harris (1970) proposed a new leaf thermome-

ter in the form of a clamp thermometer called “Thermistor”. It has the

advantage of being a particularly small, mobile device that generates only

a small current, ensuring negligible self-heating.

A rather sparsely cited paper from Linacre (1964) entitled “A note on a

feature of leaf and air temperatures” laid the foundation for understanding

what today is called the concept of “leaf thermoregulation”. Linacre was

the first to show that a significant relationship between the leaf temper-

ature and the ambient air temperature exists. He analyzed this relation

by plotting measured leaf temperatures of isolated plants (taken from dif-

ferent studies) against ambient air temperature in the form of a scatter

diagram. For these measurements, intact leaves of photosynthetic plants

were used, i.e., those exposed to bright sunlight (around midday) and not

water-stressed. The leaf temperature excess of plants, which denotes the

di↵erence between leaf temperature and air temperature, shows a distinct

negative correlation with air temperature (Fig. 1.1). This means, the

leaf has the ability to be warmer than the air in cold environments, while

it tends to stay colder than the air in warm environments. This implies

that, at certain air temperature, the leaf excess temperature changes its

sign. The temperature at which this happens is called “equivalence tem-

perature”. The regression line of the analyzed measured data from Linacre

(1967) implied an equivalence temperature of 34 °C with a leaf temperature
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around 12 °C above air temperature at the freezing point and around 8 °C
below air temperature at 60 °C. Linacre hypothesized that the equivalence

temperature could be interpreted as the optimum temperature for plant

productivity and growth regarding plant metabolism; i.e., plants try to

maximize their leaf net carbon gain by increasing carbon assimilation rate

while simultaneously decreasing leaf mass per area (see Michaletz et al.,

2016b). The equivalence temperature, and thus the optimum temperature

varies between di↵erent plant species from 25 °C to 40 °C and averages

around 30 °C.

The discussion of the process of leaf thermoregulation has been taken up

again after the findings of Helliker and Richter (2008). They showed that

the oxygen isotope ratio (�18O) of cellulose, which past studies used as

a proxy for the ambient air temperature, exhibits a remarkably constant

temperature of 21±2.2 °C ranging from boreal to subtropical regions. This

indicates that, even on decadal time scales, the average leaf temperature

Fig. 1.1.: Relation between leaf temperature excess and air temper-

ature, following the theory of leaf thermoregulation, based on short-term mea-
surements of isolated and not water-stressed sunlit plants. Figure redrawn from
Linacre (1967).
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deviates from the ambient air temperature and tends to stay at a rather

constant, optimal value, which results in maximal plant productivity. This

hypothesis was tested by Michaletz et al. (2016b), who also invented the

term “leaf thermoregulation”. They collected and analyzed not only the

long term �18O measurements, but also a large number of short-term point

measurements of 1504 leaves from 185 di↵erent taxa (including the data

of Linacre, 1964), consisting of mainly sunlit leaves but also shaded leaves.

The regression line between the leaf temperature excess and the ambient

temperature resulted in an equivalence point of 30.1 °C with a fitted slope

of 90.27. Moreover, they concluded that leaf thermoregulation “originates

from the optimization of leaf traits to maximize leaf carbon gain”. Follow-

ing the often-quoted paper of Michaletz et al. (2016b), there were further

studies regarding leaf thermoregulation: Rey-Sánchez et al. (2016) quan-

tified the leaf temperature fluctuations in a tropical forest and developed

di↵erent empirical approaches to estimate leaf temperature variability by

means of air temperature and photosynthetic activity for dry and wet sea-

sons. Fauset et al. (2018) found di↵erent strategies of leaf thermoregulation

and water use in three tree species in the Atlantic montane forest in Brazil.

In summary, the e↵ect of leaf thermoregulation has been studied by nu-

merous studies in recent decades to gain a better understanding of the

thermal and photosynthetic response of the leaf to atmospheric conditions

under the influence of various leaf functional traits. However, all these

studies focused on the leaf scale, and the measured leaf temperatures and

atmospheric conditions represented mostly short-term point measurements

under optimized conditions (such as no water stress). They disregarded

the process of leaf thermoregulation at the canopy scale and its impact

on the climate system. Hence, leaf thermoregulation at the canopy scale

has not yet been investigated in the context of a complex Earth system

model, and its e↵ect on the large scale climate and carbon cycle has not

been estimated.

The standard model version of JSBACH (hereafter called Classic) and the

extended SkIn+ scheme are single layer vegetation schemes both based on
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the big-leaf approach. This implies that only one temperature (called sur-

face temperature) corresponding roughly to the temperature at the dis-

placement height is used to characterize the temperature of the canopy air

space, the ground under or next to the canopy, and the canopy leaves. To

distinguish between all these di↵erent temperatures, we extend the big-leaf

SkIn+ scheme to a two-source scheme called “Dual-source Canopy Energy

Balance” (CEBa). This scheme follows the basic idea of Shuttleworth and

Wallace (1985) and Sellers et al. (1986) allowing evaporation from both the

vegetation and the bare soil, at di↵erent temperatures, respectively (for a

detailed description of the CEBa scheme, see the next chapter 2.3). With

CEBa, which distinguishes between the temperature of the leaf and the air,

it is possible to simulate the process of leaf thermoregulation in JSBACH.

Here we want to determine whether leaf thermoregulation leads to a sig-

nificant di↵erence between the temperature of the leaf and the air at the

canopy scale, as found in observations at the leaf scale.

With the new extended canopy scheme, we are able to study and better un-

derstand the process of leaf thermoregulation in the context of an ESM by

answering the following questions: How do atmospheric conditions and leaf

properties influence the leaf’s ability to regulate its temperature? Specifi-

cally, does the negative correlation between the leaf temperature excess and

air temperature observed at the leaf scale hold at the canopy and regional

scale? Moreover, what is the impact of leaf thermoregulation on global

climate and plant productivity?

1.2. Thesis Outline

As mentioned in the previous section, the main objective of this work is

to investigate the role of the canopy in the climate system by analyzing

two processes relevant for land–atmosphere interactions. First, we study

changes in the energy stored in the canopy layer to better understand the

underlying process and to determine whether it has an influence on the
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climate on decadal time scales. Second, we investigate the leaf’s ability to

regulate its temperature and to assess whether the leaf thermoregulation

signal (as described in the previous section) can be found in simulations

with an ESM and whether it significantly influences the photosynthesis

and the plant productivity. The scientific question that we addressed in

the previous section are summarized as follows:

• Does the elimination of the soil heat capacity in the energy balance

substantially a↵ect the diurnal cycle of surface temperature and heat

fluxes in the case of shallow vegetation at the site level? (Chapter 3)

• What is the climatological e↵ect of the canopy heat storage on near-

surface temperature on the global scale? (Chapter 3)

• How do atmospheric conditions and leaf properties influence the leaf’s

ability to regulate its temperature? Specifically, does the negative

correlation between the leaf temperature excess and air temperature

observed at the leaf scale hold at the canopy and regional scale?

(Chapter 4)

• What is the impact of leaf thermoregulation on global climate and

plant productivity? (Chapter 4)

To investigate these questions, we perform simulations on the site level

as well as on the global scale with JSBACH3, the land component of the

MPI-ESM.

First, in chapter 2, the standard version of JSBACH (also called JSBACH

Classic) is described in detail, and the new SkIn+ scheme using a physi-

cally based canopy heat storage is introduced to improve misrepresented

processes in JSBACH Classic. In a further step, the model is extended to

calculate an energy balance of the canopy, including separate sources of

sensible and latent heat fluxes (soil and leaf). This new approach, called

CEBa, allows to distinguish between two components of the canopy when

calculating the near-surface temperatures and studying the process of leaf
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thermoregulation.

In chapter 3, we evaluate the new scheme SkIn+ by means of an o✏ine

simulation of the land component JSBACH of the MPI-ESM using mea-

surements observed at the CASES-99 field experiment (see Sect. 3.1) in

Kansas. In addition, a global coupled land–atmosphere experiment is per-

formed with the MPI-ESM using a so-called AMIP (Atmospheric Model

Intercomparison Project Gates, 1992) type simulation over 30 years to eval-

uate the regional impact of the new SkIn+ scheme on decadal time scales.

In chapter 4, the process of leaf thermoregulation is analyzed using the new

dual-source canopy energy balance scheme CEBa. This new scheme allows

predicting four variables: the leaf temperature, the ground temperature,

and the temperature and specific humidity in the canopy air space (CAS).

First, the CEBa scheme is evaluated and compared to results obtained by

JSBACH Classic for two sites located in a tropical and a temperate forest

using observations from FLUXNET, a global network that provides time

series data of measured atmospheric variables as well as sensible and latent

heat fluxes (https://fluxnet.fluxdata.org). Moreover, with the new

CEBa tool, we can establish – in a zero-dimensional experiment using the

stationary solution of the energy balance – the influence of atmospheric

conditions and leaf properties on the leaf’s ability to regulate its temper-

ature. Furthermore, we perform two FLUXNET site o✏ine experiments

with CEBa for a tropical and a temperate forest to identify the e↵ect of

leaf thermoregulation found in observations in a model framework at the

canopy scale. Also, we perform a global coupled land–atmosphere AMIP

model experiment with CEBa to establish whether the leaf thermoregula-

tion signal can be found over a sizeable spatial area and over decadal time

averages in a model simulation. Additionally, we quantify the impact of leaf

thermoregulation on plant productivity, regarding gross primary produc-

tion. In the last chapter, we summarize our results, discuss the limitations

of our study, and the need and the possibilities for future research.

https://fluxnet.fluxdata.org


2. Models

In this chapter, the standard version of JSBACH (here we also refer to it as

JSBACH Classic) is described in detail, and the strengths and shortcomings

of the parameterization of the processes in the canopy layer are discussed

(Sect. 2.1). One of the weaknesses is that the energy balance in JSBACH

classic is closed within the uppermost soil layer. To improve this approach,

the new SkIn+ scheme using a physically based canopy heat storage concept

is introduced and described (Sect. 2.2). In a further step, the model is

extended to include a more realistic description of the energy balance of

the canopy, including two separate sources of energy and water (soil and

leaf), called CEBa, which is necessary to calculate the leaf temperature

20

Tsoil

Tleaf

Tgrd

Tair

qcas Tcas

Tair

Tsoil

Tair

Evolution of canopy layer schemes in JSBACH

Tsfc

Tsfc = Tsoil Tsoil

Classic SkIn+ CEBa

Fig. 2.1.: Evolution of JSBACH surface schemes: The standard version of
JSBACH (Classic), where the temperature of the uppermost soil layer represents
the surface temperature; the SkIn+ scheme with an infinitesimally skin tempera-
ture in case of no vegetation and a canopy heat storage scaled with the vegetation
height for large vegetation; and the CEBa scheme with the dual-source canopy
energy balance and four variables in the canopy layer.
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and to study the process of leaf thermoregulation (Sect. 2.3). A schematic

overview of the evolution of the JSBACH surface schemes is depicted in

Fig. 2.1.

2.1. JSBACH

JSBACH (version 3.11, Reick et al., 2013), the land component of the

MPI-ESM (the Max Planck Institute - Earth system model, version 1.2,

Mauritsen et al., 2019), serves as the starting point of this thesis. In the

past, ECHAM (EC following ECMWF and HAM representing Hamburg,

version 6.3, Stevens et al., 2013), the atmospheric component of MPI-ESM,

included JSBACH. Since 2005, JSBACH is an independent, full represen-

tation of the global soil–vegetation–atmosphere transfer system (Raddatz

et al., 2007) that can also be run alone in the so-called “o✏ine” mode

forced by meteorological data. The physical core components of the land

processes (calculation of the energy balance, heat transports, and the wa-

ter budget) are adopted from the ECHAM5 model (Roeckner et al., 2003),

including a fully implicit land-surface–atmosphere coupling scheme (Schulz

et al., 2001). This means that the mutual boundary conditions between

the land surface and the atmosphere (temperature and specific humidity

at the surface or the lowest atmospheric level, respectively) are formulated

as implicit functions at the new time step. The surface radiation follows a

scheme which allows albedo changes of the surface below the canopy (Vam-

borg et al., 2011), and the soil hydrology is calculated using a five-layer

scheme (Hagemann and Stacke, 2015).

To represent the dynamics of land carbon uptake and release, JSBACH

implemented the photosynthesis and canopy radiation from the prognostic

phenology scheme BETHY (Biosphere Energy-Transfer Hydrology) (Knorr,

2000). Besides, JSBACH contains routines to calculate the uptake, storage,

and release of carbon from vegetation and soils (Brovkin et al., 2009). Natu-

ral land cover changes are simulated prognostically by a dynamic vegetation
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module, which includes the representation of the subgrid-scale heterogene-

ity of vegetation classes (Reick et al., 2013). Anthropogenic land use and

land cover changes are prescribed either by maps or by forcing data from

the New Hampshire Harmonized Protocol (Hurtt et al., 2011).

JSBACH simulates land surface and soil processes that take into account

energy and water exchange at the surface and in the soil. These processes

are described by the di↵usion equations for enthalpy and water that are

solved numerically on a multi-layer vertical grid extending to a depth of 10

m. The model contains five soil layers (Hagemann and Stacke, 2015) that

grow in thickness with increasing soil depth (6.5 cm, 25 cm, 90 cm, 2.9m

and 5.7m). The di↵usion equation for heat

(⇢C)soil@Tsoil
@t
= @

@z
��soil@Tsoil

@z
� (2.1.1)

is solved numerically following the method from Richtmyer and Morton

(1967). In Eq. (2.1.1) the term (⇢C)soil denotes the volumetric soil heat

capacity [J/(m3K)], �soil is the soil thermal conductivity [W/(m K)], and

Tsoil is the temperature of the soil. JSBACH applies a zero heat flux bound-

ary condition at the bottom of the soil. At the top of the soil, it considers

the temperature of the uppermost soil layer as the surface temperature.

Therefore the ground heat flux is the heat exchange between the first and

the second soil layers. An analogous equation, which governs the verti-

cal di↵usion for soil water, is represented by the one-dimensional Richards

equation (that is described in detail by Hagemann and Stacke, 2015). To

couple JSBACH and the atmosphere, the surface energy balance and sur-

face water balance are solved to provide the boundary conditions for the

two abovementioned di↵usion equations; this represents a link between the

atmosphere and the underlying soil. The water balance at the surface de-

scribes the changes in surface water caused by precipitation, evapotranspi-

ration, snowmelt, surface runo↵, and infiltration. Additionally, the snow

budget and the interception reservoir of rain and snow is determined to

close the entire water balance; the ECHAM5 documentation (Roeckner
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et al., 2003) contains a detailed description of these processes.

The surface energy balance partitions the available net radiation Rnet into

the ground heat flux G, the turbulent sensible heat flux H, and the latent

heat flux LE, where the latter two represent a forcing for the atmospheric

component in the coupled system. In JSBACH Classic (the starting point

of the model modifications in this thesis), the surface temperature Tsfc also

represents the temperature of the uppermost soil layer Tsoil (Fig. 2.2, left-

hand side):

Tsoil =̂ Tsfc (2.1.2)

The surface energy balance is closed, i.e., calculated and evaluated, within

the uppermost soil layer. Hence, the heat capacity of the canopy Ccano is

approximated by the area-specific heat capacity of the uppermost soil layer

Csoil [J/(m2K)]. This implies, that the soil heat storage Ssoil (resulting in

a change in stored energy of the uppermost soil layer) defined by

Ssoil = Csoil
@Tsfc

@t
(2.1.3)

is used as a proxy for the canopy heat storage Scano. The soil heat storage

corresponds to the term on the left-hand side of the energy balance equation

that is proportional to the time derivative of the surface temperature:

Ssoil = Csoil
@Tsfc

@t
= Rnet +H + LE +G (2.1.4)

The use of a non-physically motivated soil heat storage concept was chosen

arbitrarily and is, in principle, not associated with the canopy layer. The

terms on the right-hand side of Eq. (2.1.4) are positive if they represent an

energy source for the system (here the uppermost soil layer) and negative if

they represent an energy sink. The net radiation is the residual short-wave

and long-wave part of downward or upward radiation respectively:

Rnet = (1 − ↵)Sin + Lin − "�T 4
sfc (2.1.5)

where ↵ is the albedo, " the surface emissivity, � the Stefan-Boltzmann
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SSoil Tsurf = TsoilTsfc = Tsoil

8

Comparison of Simplified Energy Balance Schemes

SSoil = Csoil
�T

�t

!
= Rnet � H � LE � G

!
= 0

!
= Scano+ + +

Tsfc Scano

Classic SkIn⁺

Ssoil = Csoil
�Tsfc

�t

Fig. 2.2.: Simplified sketch of the modifications of the surface energy

balance scheme: Comparison between the Classic scheme, which contains a
heat storage term of the uppermost soil layer (Ssoil), and the SkIn+ scheme,
which considers a physically based estimation of the canopy heat storage scaled
by vegetation height (Scano)

constant, Lin the incoming long-wave radiation, and Sin the incoming short-

wave radiation. Consistently, in JSBACH Classic the ground heat flux G

is the heat exchange between the first soil layer Tsoil and the second soil

layer Tsoil,2:

G = �

�z
(Tsoil,2 − Tsoil) (2.1.6)

where � is the weighted average of the thermal conductivities for the first

and second soil layer and �z is the thickness between the centers of these

layers. The surface fluxes of heat, water and momentum are defined using

the bulk formulation based on the surface-layer similarity theory. The

sensible heat flux H is parameterized as follow:

H = ⇢cpTair − Tsfc
ratm

(2.1.7)

where ⇢ is the density of humid air, cp = 1005 J�(kgK) is the specific heat

capacity of air at constant pressure, Tair is the air temperature of either

the measurement height (o✏ine run) or at the lowest atmospheric model
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level (coupled run), and ratm is the atmospheric resistance

ratm = 1

chv
(2.1.8)

which is the inverse product of the wind speed v and drag coe�cient ch.

The latter characterizes the turbulent mixing processes, which are deter-

mined by the roughness of the underlying surface canopy layer and the in-

fluence of atmospheric stratification. Empirical stability functions derived

by Louis (1979, 1982) that depend on the Richardson number quantify the

atmospheric stability condition. Although the roughness lengths, as well as

the drag coe�cients, are assumed to be di↵erent for momentum and scalar

quantities (Brutsaert, 1975), they are set equal in JSBACH.

The latent heat flux is composed of a vaporization part (the transition from

liquid to gas) and a sublimation part (the transition from solid to gas):

LE = LvEtot + (Lsub − Lv)�snEpot (2.1.9)

where �sn is the snow covered fraction of the grid cell, Lv = 2500.8 kJ�kg
is the latent heat for vaporization and Lsub = 2834.5 kJ�kg the latent heat

for sublimation. Potential evaporation Epot is defined as

Epot = ⇢qair − qsat
ratm

(2.1.10)

while total evapotranspiration Etot (including snow and interception reser-

voir) can be calculated as

Etot = ⇢cairqair − csatqsat
ratm

(2.1.11)

where qair is the specific humidity of the lowest atmospheric level and

qsat =̂ qsat (Tsfc) is the saturated specific humidity at surface temperature.

The di↵erence between potential evaporation and total evapotranspiration

can be expressed by two dimensionless factors (defined between 0 and 1)

cair and csat, which can be written as the sum of a vegetational and a
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non-vegetational part (for the sake of simplicity neglecting snow and inter-

ception reservoir):

csat = �veg

1 + rcano�ratm + (1 − �veg)RHup (2.1.12a)

cair = �veg

1 + rcano�ratm + (1 − �veg) (2.1.12b)

where �veg is the grid cell’s fraction of vegetation, (1−�veg) is the fraction
of bare soil, RHup is the relative humidity of the uppermost soil layer,

and rcano is the so-called “canopy resistance”. The latter describes the

additional resistance that water vapor molecules encounter when moving

through the stomatal openings. It depends on the carbon flux through the

stomata and the leaf area index. In addition, it is modified by a water

stress factor depending on the soil water within the root zone (Sect. 2.3

provides a more detailed description of the stomatal conductance and the

canopy resistance).

The relative humidity of the uppermost soil layer is approximated by a

cosine function:

RHup = max

�������
1

2
�1 − cos�⇡ ✓up

✓SFC
��, min�1, qair

qsat
�������� (2.1.13)

where ✓up is the volumetric soil moisture of the uppermost layer and ✓SFC

the soil field capacity – a specific soil property. It describes the maximum

amount of moisture held in the soil after the water has gravitationally

drained away. Its value is depending on the soil type; generally, clay shows

the highest soil field capacities, sand the lowest and loam something in

between. Using these expressions and by rearranging the terms one can di-

vide Eq. (2.1.11) into transpiration Etrans (evaporation through the plants’

stomata) and into bare soil evaporation Ebs:

Etrans = ⇢ qair − qsat
ratm + rcano�veg (2.1.14a)

Ebs = ⇢qair − qsatRHup

ratm
(1 − �veg) (2.1.14b)
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For a better overview, the above-mentioned relations were formulated dis-

regarding snow or wet skin reservoir, but for the sake of completeness the

total evaporation is condensed as a weighted average in Eq. (2.1.15):

Etot = [�sn + (1 − �sn)�wet]Epot

+ (1 − �sn) (1 − �wet) [Etrans +Ebs] (2.1.15)

where �wet is the wet skin fraction. All these parameterizations include

variables which, in turn, are functions of the surface temperature. More-

over, the surface temperature appears to the fourth power in the description

of the outgoing long-wave part of the net radiation. Also, the formulation

of the latent heat flux exhibits a nonlinear temperature dependence. Ac-

cording to these dependencies, the energy balance equation (Eq. 2.1.4) and

its alterations in the next two sections represent complex implicit nonlinear

equations.

Over the last few years, JSBACH has been used for a considerable num-

ber of di↵erent applications, including being utilized in a coupled global

context on decadal and millennial time scales. Various biogeochemical and

biogeophysical aspects were studied: the carbon cycle (Raddatz et al., 2007;

Claussen et al., 2013), natural and anthropogenic land cover change (Pon-

gratz et al., 2008; Reick et al., 2013), vegetation cover and land surface

albedo (Brovkin et al., 2013) and atmosphere-forest interaction and feed-

backs (Brovkin et al., 2009; Otto et al., 2011). In addition to these aspects,

the physical components, which regulate the exchange of energy, water,

and momentum fluxes, have been studied (e.g., Knauer et al., 2015; Hage-

mann and Stacke, 2015; de Vrese and Hagemann, 2016). However, the

performance of JSBACH on shorter time scales, such as the diurnal cycle,

has not yet been investigated. An exception is a study by Schulz et al.

(2001) who modified the numerical time integration scheme of JSBACH

from a semi-implicit scheme, which does not conserve energy, to an energy-

conserving implicit land–atmosphere coupling scheme. With the help of

so-called “o✏ine” experiments using data from the Cabauw (the Nether-

lands) tower on daily time scales, this scheme was found to improve the
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representation and quality of modeled turbulent heat fluxes and of the sur-

face temperature. In summary, the representation of the carbon cycle in

JSBACH is state of the art (third generation). In contrast, the physical

parameterizations, especially concerning the energy balance (first genera-

tion), can still be improved. Due to these weaknesses in the formulation

(discussed in chapter 3) JSBACH Classic is extended to the SkIn+ scheme

(see next section).

2.2. SkIn+

In the standard scheme of JSBACH, we close the surface energy balance

within the uppermost soil layer of a finite thickness (6.5 cm) and heat ca-

pacity. This assumptions is inadequate in particular for shallow vegetation

and areas covered with bare soil. In these cases, the absorption of radia-

tion takes place in the uppermost micrometers of the soil, this assumption

appears unrealistic. Therefore, in the SkIn (Surface is kept Infinitesimally

thin) approach, a surface temperature Tsfc that corresponds to an infinites-

imally thin interface between the canopy and the atmosphere is calculated.

Here the exchange and storage of energy and water within the canopy

are neglected for now. Hence, in this case, the prognostic energy balance

(Eq. 2.1.4), which contains a heat storage term, is changed to a diagnostic

energy balance equation where the surface energy balance is closed with

the help of an infinitesimally thin surface:

Rnet +H + LE +G = 0 (2.2.1)

This equation represents an immediate response of the surface temperature

to the available energy. We note that the use of this instantaneous response

is not a novel approach. This so-called “skin temperature” was introduced

by Viterbo and Beljaars (1995) to replace the old ground-surface model of

the ECMWF. This approach is also used in other land surface models, e.g.,

in the community Noah land surface model (Niu et al., 2011).
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To solve the diagnostic energy balance (Eq. 2.2.1) explicitly, the nonlinear

terms – which are related to the outgoing long-wave radiation described by

the Stefan-Boltzmann law as well as to the temperature-dependent specific

saturated humidity of the surface – have to be linearized. Here we chose a

first-order Taylor approximation. Neglecting the heat storage term results

in a loss of stability in the numerical solution because the storage term

exerts a dampening e↵ect. Therefore, the surface instantaneously reacts

to variations in the forcing data, especially to intense fluctuations in solar

radiation flux densities or to wind speed variations. As a consequence, the

first guess of the solution using the linearizations is insu�cient, and an

iteration is needed to stabilize the system. For this implementation, we use

a simple Newton iteration combined with a fixed-point iteration where the

surface temperature of the previous time step serves as a first guess starting

point. Further tests have shown that it is not su�cient to only update the

outgoing long-wave radiation as a part of the net radiation and the satu-

rated specific humidity every iteration step. Besides, the drag coe�cient

of heat must be included in the iteration loop as well, as it nonlinearly

depends on the surface temperature. Taking the drag coe�cient of heat

into account in the iterative procedure exerts a negative feedback ensuring

the stability of the numerical solution of the energy balance equation.

Besides, the implicit numerical scheme for the heat di↵usion equation of

the soil layer, which bases on the Richtmyer and Morton scheme (Richt-

myer and Morton, 1967), has to be adjusted. That is because the ground

heat flux no longer describes a conductive heat transfer between the two

uppermost soil layers (Eq. 2.1.6), but instead, it depends on the heat ex-

change between the uppermost soil or snow layer and the overlying canopy

air mass. Therefore, the ground heat flux

G = ⇤sfc(Tsoil − Tsfc) (2.2.2)

is assumed to be proportional to the temperature di↵erence between the

surface and the uppermost soil layer Tsoil. The constant of proportionality

represents an empirically determined factor, here so-called “heat transfer
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coe�cient” ⇤sfc [W/(m2K)], which was introduced by Viterbo and Beljaars

(1995), who used the notation skin conductivity. Di↵erent values are as-

signed – predominantly between 10 and 40 W/(m2K) – for the heat transfer

coe�cient depending on the plant functional type (PFT). The values used

for ⇤sfc in the present study can be found in Trigo et al. (2015).

The concept of the surface temperature characterizing an infinitesimally

thin surface, in which we completely neglect the change in heat storage,

is only valid for areas where bare soil or shallow vegetation prevails. It

is considered as a special case that is analyzed in an o✏ine single-site ex-

periment located in Kansas’ grassy landscape (for a detailed description,

see Sect. 3.1). For the global evaluation experiment, which includes forest

regions such as the tropical rain forest (that has a dense canopy of up to

45m), this approach is insu�cient. In this case, the change in total heat

content (in short heat storage) of the canopy air, the water vapor, and the

biomass itself is no longer negligible. Therefore, we introduce the canopy

heat storage (Scano), which bases on a formulation given by Moore and

Fisch (1986), into the energy balance equation (see Fig. 2.2, right-hand

side):

Scano = LE +H +G +Rnet (2.2.3)

It is composed of the sum of three parts

Scano = ST + Sveg + Sq (2.2.4)

where ST denotes the heat storage in the canopy air space, Sveg represents

the heat storage of biomass, and Sq represents the heat storage resulting

from changes in specific humidity in the canopy layer (in short, the latent

heat storage). The heat storage in the canopy air space ST can be expressed

as

ST = CT
@Tsfc

@t
= cp⇢zveg@Tsfc

@t
(2.2.5)

where ⇢ is the density of humid air, CT is the area-specific heat capacity

of the canopy air, and zveg is the vegetation height. The heat storage of
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biomass in the canopy layer (Sveg) is determined as

Sveg = Cveg
@Tsfc

@t
= cvegmveg

@Tsfc

@t
(2.2.6)

where Cveg is the area-specific heat capacity of the biomass, mveg is the

area specific mass of biomass, and cveg is the specific heat capacity of moist

biomass according to Moore and Fisch (1986). The latter is approximated

by a weighted average between the specific heat capacity of dry biomass

and the specific heat capacity of water cw = 4184 J�(kgK), assuming a con-

stant water mixing ratio of 58%. For example, at a temperature of 25 °C
the canopy biomass has a specific heat capacity of cveg ≈ 2650 J�(kgK).
The area specific mass of moist biomass (mveg) can be estimated as a

function of the vegetation height (zveg) using a linear relationship, namely

mveg = ⇢vegzveg, where ⇢veg ≈ 1.67 kg�m3 is the partial density of moist

biomass, i.e., the mass of moist biomass per one cubic meter of air esti-

mated using values given by Moore and Fisch (1986).

The latent heat storage Sq can be calculated according to Moore and Fisch

(1986) as follows:

Sq = Lv⇢azveg
@qcas

@t
(2.2.7)

where Lv = 2.5 ⋅ 106 J�kg denotes the latent heat of vaporization and qcas

represents the specific humidity in the canopy air space. In contrast to the

heat storages of the canopy air and the biomass – Eq. (2.2.5) and Eq. (2.2.6)

– which are expressed using heat capacities related to the time derivative

of surface temperature, the situation is more complicated regarding the la-

tent heat storage. Changes in specific humidity can occur independently of

temperature changes. This means that only considering changes in specific

humidity due to changes in surface temperature would neglect other hu-

midity sources and sinks. Thus, a di↵erent approach to parameterize the

latent heat storage is required because the current schemes do not contain a

prognostic variable for the specific humidity in the canopy air space. In this

approach, we take the heat storage resulting from changes in specific hu-

midity of the canopy air space into account by defining an e↵ective surface
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specific humidity qsfc, which is the best proxy for the specific humidity in

the canopy layer that we have. It represents a nonlinear weighted average

between the specific air humidity above the canopy qair and the saturated

specific humidity at the surface temperature, qsat(Tsfc), by demanding that

qair − qsfc
ra

!= LE(qair, qsat(Tsfc), ra, rc, ...) (2.2.8)

where ra is the atmospheric resistance, rc is the canopy resistance, and LE

is the latent heat flux as it is calculated in the energy balance equation.

This means that qsfc is calculated to represent the e↵ective near-surface

specific humidity that is required to reproduce the surface moisture fluxes

due to turbulent exchange processes. In principle, the specific humidity of

the boundary layer, qair, could be used as a proxy for the canopy air space

humidity, qcas, as suggested by Moore and Fisch (1986). However, we are

of the opinion that the usage of qair would underestimate the latent heat

storage in the current scheme. This leads to a modified formulation of the

latent heat storage, Sq:

Sq = Lv⇢azveg
@qsfc

@t
(2.2.9)

Because qsfc is not a prognostic variable in the energy balance, its time

derivative is approximated using values of qsfc at previous time steps. That

is an approximation that is inevitable in the current model framework and

can only be avoided by developing an extended dual-source canopy layer

scheme, which includes a prognostic specific humidity of the canopy air

space, as mentioned in the discussion (see Sect. 2.3). Using these ap-

proaches, we replace the former unphysical canopy heat storage concept in

the surface energy balance equation by a physically based estimation of the

canopy heat storage.

When discussing heat storages within the canopy, it is also necessary to

consider the change in energy stored in the form of chemical energy by

carbohydrate bonds through the process of photosynthesis. Following No-

bel (2009), the energy required to incorporate 1 mol CO2 is 479 kJ. This

means, a CO2 flux of 1 mgCO2/(m2s) corresponds to an energy flux of
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about 11 W�m2. This chemical heat storage has been evaluated in several

experimental studies at the site-level (e.g., Jacobs et al., 2008; Meyers and

Hollinger, 2004). In these studies, however, the focus was only on energy

consumption through photosynthesis (GPP, i.e., gross primary production).

So far, most studies neglected the heat release during the process of plant

respiration (e.g., Wohl and James, 1942; Thornley, 1971). This simplifi-

cation had led to an overestimation of the chemical heat storage. Thus,

one has to consider not only the net primary production (NPP) but also

all other processes that release CO2, such as decomposition, harvest, or

land cover change. Therefore, we added a term in the energy balance to

estimate the magnitude of the heat stored in chemical bonds:

Scano = LE +H +G +Rnet + �FCO2 (2.2.10)

where FCO2 is the net CO2 flux in kg/(m2s) and � = 10.884 ⋅ 106 J�kg is the

abovementioned conversion factor. The net CO2 flux FCO2 (negative during

the day, positive at night) is calculated in JSBACH using the photosynthesis

scheme of Farquhar et al. (1980) for C3 plants and the scheme of Collatz

et al. (1992) for C4 plants. We note that the estimation of the chemical

heat storage in our study is a first attempt to address this issue and should

be investigated in more detail in future studies.

2.3. CEBa

In the standard scheme of JSBACH (JSBACH Classic) and the modified

version SkIn+ (chapter 3), there is only one surface temperature represent-

ing the whole canopy. This approach is insu�cient when looking more

closely at the processes that determine leaf temperature. However, the leaf

temperature is required to better understand the processes and environ-

mental conditions that regulate leaf thermoregulation (LT). Therefore, we

extend the approach of the SkIn+ scheme to a dual-source Canopy Energy

Balance (CEBa), which generally follows the approach of Shuttleworth and
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Wallace (1985), Sellers et al. (1986) and Vidale and Stöckli (2005). This

type of models allows the calculation of four prognostic variables: the leaf

temperature Tleaf , the ground temperature Tgrd, the temperature in the

canopy air space (CAS) Tcas and the specific humidity in the CAS qcas.

Many land surface schemes with a dual-source canopy layer, e.g., Samuels-

son et al. (2006), solve the system of energy balances diagnostically for Tcas

and qcas without accounting for the heat capacity of the canopy air space,

neglecting thermal energy storage as well as changes in enthalpy due to

changes in the composition of the CAS. In contrast, we follow Vidale and

Stöckli (2005) and consider heat and water storage in the CAS. As we will

show in chapter 3, these are not negligible for tall vegetation. In CEBa, not

only the change of one surface temperature is used to specify the di↵erent

types of storages, as it was the case with SkIn+. Now, the biomass heat

storage Sveg depends correctly on the vegetation temperature, while Tcas is

used to calculate the heat storage of the moist air in the canopy. Especially

the latent heat storage Sq (i.e., heat storages resulting from changes in spe-

cific humidity in the canopy layer, see Eq. 2.2.9) no longer needs to be

calculated by means of the e↵ective surface specific humidity qsfc. It is now

calculated more realistically using the specific humidity qcas, representing

the moisture content in the CAS. However, the alternative approach is still

valid for Earth system models using the single-source approach.

In literature, the temperature of the forest vegetation, not only of the leaves,

but also for the tree stems and branches, is often referred to as the canopy

temperature Tc. Since we do not distinguish these di↵erent parts of the

forest vegetation in CEBa, i.e., the thermodynamic properties of branches,

trunks, and leaves are all described by the same temperature, we use the

canopy temperature as a proxy for the leaf temperature Tleaf in this study.

JSBACH uses the tile approach to describe the surface properties of the

vegetation (such as vegetation type, leaf area index, albedo, and rough-

ness length). The energy balance is solved using the parameter averaging

method. This means that the tile properties are averaged over all veg-

etation types. In JSBACH, the distribution of the vegetation follows the
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so-called “land tile” configuration. This means that the plants are clumped

in one subgrid area of a grid box (vegetation fraction) and the open soil

occupies the rest (non-vegetation fraction) getting the same amount of ra-

diation (Lee, 2018). The total latent heat flux is then calculated using

area-weighted means (compare Eq. 2.1.14). In addition, JSBACH calcu-

lates the surface albedo of the vegetated area and the canopy absorption

of radiation (according to the two-stream approach of Sellers (1985) for

three canopy layers with evenly distributed leaf densities) using a weight-

ing factor between the canopy and the soil the so-called “sky-view factor”

– a simple approach for estimating the fraction of the sky that the ground

under the canopy “sees” (Verseghy et al., 1993)

� = 1 − �fveg�1 − e−0.5LAIe↵�� (2.3.1)

where fveg is the vegetated fraction of the grid box and LAIe↵ is the e↵ective

leaf area index taking into account the clumping of vegetation by canopy

gaps (for more details see Loew et al., 2014).

Despite this distinction between vegetation and soil for the calculation of

the albedo and the radiative transfer, the system consisting of both veg-

etation and soil receives the same average amount of net radiation in the

energy balance of the Classic and the Skin+ scheme. The sky view factor �

is used to partition the net radiation Rnet in the energy balance of CEBa

into a canopy surface Rnet,c and underlying ground surface Rnet,g part (Fig.

2.3). For the sake of simplicity, the index c for the canopy (which serves

in this study analogously for the leaf) and the index g for the ground are

used in the following:

Rnet,c = �1 − ����1 − ↵c�Sin + "cLin� + "c(1 − �)��T 4
g − 2�T 4

c �
Rnet,g = ���1 − ↵g�Sin + "gLin� + "g�1 − ���T 4

c − "g�T 4
g

(2.3.2)

Here ↵ is the albedo, " the surface emissivity, � the Stefan-Boltzmann

constant, Lin the incoming long-wave radiation, Sin the incoming short-

wave radiation. The factor 2 in Rnet,c follows the assumption that the
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Fig. 2.3.: Principal sketch of the dual-source canopy energy balance

scheme CEBa: Depicted are the radiative heat exchanges (yellow for short-
wave radiation, orange for long-wave radiation), temperatures (red), specific
humidities (blue), energy fluxes (red arrows), and water fluxes (blue arrows),
including the resistances (black).

canopy layer emits radiation in two di↵erent directions: to the sky and to

the soil surface. The radiation budget leads to two di↵erent cases of limit

value calculation: For a negligible leaf area index (LAI = 0) the sky view

factor is maximal (� = 1), which means that there would be no canopy at

all leading to the known solution for bare soil:

Rnet,c = 0
Rnet,g = �1 − ↵g�Sin + "gLin − "g�T 4

g

(2.3.3)

The second limiting case exists assuming a maximum leaf area index (LAI →
∞) with a minimum sky view factor (� = 0) leading to an opaque canopy
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layer that absorbs all incoming short-wave radiation:

Rnet,c = (1 − ↵c)Sin + "c �Lin + �T 4
g − 2�T 4

c �
Rnet,g = "g�T 4

c − "g�T 4
g

(2.3.4)

Here the soil surface still absorbs and emits long-wave radiation in interac-

tion with the overlying dense canopy layer:

Figure 2.3 illustrates the energy and water exchange between the canopy,

the ground, the canopy air space, and the lowest atmospheric level of the

new CEBa system, including the temperatures, humidities, and resistances,

respectively. The sensible and latent heat fluxes are parameterized using

the common resistance formulation (for simplicity’s sake snow and inter-

ception evaporation is not considered here):

Hatm = ⇢cpTair − Tcas
ratm

Hg = ⇢cpTcas − Tg
rd

Hc = ⇢cpTcas − Tc
rb

LEatm = ⇢Lv
qair − qcas

ratm

LEg = ⇢Lv
qcas −RHupqsat(Tg)

rd

LEc = ⇢Lv
qcas − qsat(Tc)

rb + rc
(2.3.5)

where ⇢ is the density of humid air, cp is the specific heat capacity of air,

Lv is the specific enthalpy of vaporization, ratm is the atmospheric aerody-

namic resistance, rb is the aerodynamic resistance between the leaf and the

CAS, rd is the aerodynamic resistance between the ground surface and the

CAS, rc is the canopy resistance and RHup is the relative humidity of the

uppermost soil layer. The latter serves as a resistance for bare soil evapo-

ration. The atmospheric resistance ratm is calculated exactly in the same

way as those used in JSBACH Classic (Eq. 2.1.8). However, the virtual

potential temperature di↵erence between the CAS and the atmospheric ref-

erence height, corresponding to the height of the lowest atmospheric level

(LAL) – required for the calculation of the Richardson number – is now

instead calculated between the surface and the LAL. In addition, the ef-

fective surface temperature qsfc, which was the best humidity proxy for

the estimation of the latent heat storage within the canopy layer using the
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Fig. 2.4.: Logarithmic wind profile between the zero plane displace-

ment height and the lowest atmospheric level: Comparison of wind profiles
depending on the concept of the transition height for two di↵erent cases.

SkIn+ scheme, is replaced by the actual specific humidity of the CAS qcas.

Moreover, the roughness length of heat is not needed anymore in the drag

coe�cient because they are accounted for in the aerodynamic resistances.

Since photosynthesis depends on the leaf temperature, in CEBa, the canopy

resistance rc depends on the leaf temperature instead of the temperature of

the LAL. Both aerodynamic resistances between surfaces and the canopy

air space have to be newly introduced. The resistance between the leaf

and the canopy air space rb (also called bulk resistance) is a function of

the LAI, the leaf width, and the wind speed at the top of the canopy ucas
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and described the additional resistance induced by the turbulence in the

leaf boundary layer (Choudhury and Monteith, 1988). It is modified with

a free convection correction according to Sellers et al. (1986) depending

on Tleaf , Tcas and the LAI. The parameterization of rd follows a more

complex approach depending on the vegetation height zveg, the zero plane

displacement height d (a function of zveg, in turn), and ucas. It is based on

the general equation of an aerodynamic resistance for momentum transfer

between the soil surface and the sink for momentum in the vegetation

under neutral conditions (Choudhury and Monteith, 1988). We apply a

stability correction for unstable cases following Sellers et al. (1986). For the

estimation of the wind speed at the top of the vegetation height ucas, we use

an approach according to Xue et al. (1991). The basic idea is the concept

of a so-called transition height ztrans. This height can be either below or

above the reference height, depending on the height of the roughness layer,

which is determined by the height of the vegetation. Figure 2.4 illustrates

the concept considering two di↵erent cases for the transition height. For

tall vegetation, the first case, the transition height exceeds the reference

height of the LAL zref . For shallow vegetation, the transition height may

be lower than the LAL. In this second case, the increase in wind speed of

the logarithmic wind profile is scaled by an adjustment factor (G2 = 0.75).
Therefore, the wind speed in the CAS at the top of the vegetation zveg can

be calculated as

ucas =
���������
u∗G2

 ln �zveg−dz0
� ⇒ ztrans > zref

uref − u∗
 ln � zref−d

ztrans−d� − u∗G2

 ln �ztrans−dzveg−d � ⇒ ztrans < zref (2.3.6)

where

u∗ = 

G2 ln �zref−dz0,m
�uref (2.3.7)

is the shear velocity and  the Karman constant.

Considering all these expressions, we end up with a system of four coupled
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equations:

Cc
@Tc

@t
= Hc + LEc +Rnet,c + �FCO2

0 = Hg + LEg +Rnet,g +G
CT

@Tcas

@t
= Hatm −Hc −Hg

Lq
@qcas

@t
= LEatm − LEc − LEg

(2.3.8)

Here Cc and CT are the area-specific heat capacities of the canopy and the

CAS, respectively, Lq is the area-specific heat of vaporization for water, G

is the ground heat flux, FCO2 is the net CO2 flux and � is a conversion

factor (for the two latter see Eq. 2.2.10). Similar to the SkIn scheme,

we assume an infinitesimally thin surface at the ground, which allows to

neglect the ground heat storage. Analogously to the former model versions,

the nonlinear terms within the system of equation in CEBa are linearized

using a first-order Taylor approximation. To solve this linear system for

the four prognostic variables, the inverse matrix has to be calculated and

a Newton fixed-point iteration is applied.

In addition to the abovementioned modifications, which are mainly part

of the surface energy balance equation, the CEBa scheme requires several

changes to be applied in the surface and soil hydrology. The snow and skin

reservoirs are distinguished between canopy and soil instead of representing

the whole grid box. Moreover, the evaporative fluxes had to be adjusted

consistently to maintain the water balance and soil water budgets. Finally,

the coupling of the surface to the atmosphere had to be modified. The

canopy layer and the ground represented in CEBa are connected radiatively

to the lowest atmospheric level. The temperature and the humidity of

the CAS are coupled, in contrast, by vertical turbulent di↵usion to the

atmospheric model. Therefore, the Richtmyer Morton coe�cients of the

implicit numerical di↵usion scheme (Schulz et al., 2001) have been modified.



3. Canopy heat storage

This chapter has been published in a similar form regarding content as an article in the Geo-

scientific Model Development journal under the following authorship and title:

Heidkamp, M., Chlond, A., and Ament, F. (2018). Closing the energy balance using a canopy

heat capacity and storage concept – a physically-based approach for the land component

JSBACHv3.11. Geoscientific Model Development, 11:3465–3479

In present-day land surface models (LSM), the canopy is often represented

inadequately. For example, it is still common practice to neglect the heat

storage in the canopy completely or to close the surface energy balance

within the uppermost soil layer of finite heat capacity, such as in JSBACH,

the model used in this study. To be able to answer the research questions

that motivate this work, a di↵erent approach to close the surface energy

balance equation is investigated using a physically based estimation of the

canopy heat storage (called SkIn+). In order to test the performance of

the scheme, we initially carry out an o✏ine single-site experiment with the

land component JSBACH of the MPI-ESM (for more information, see Sect.

2.1). In an o✏ine experiment, the LSM is decoupled from its host model

and forced by observation data; we then evaluate it against observed fluxes.

For this purpose, initial data, forcing data, and verification data from the

DICE project (Zheng et al., 2013) (for more information see Sect. 3.1) are

used to compare energy- and water fluxes derived from eddy covariance

measurements obtained during the CASES-99 field experiment in Kansas

with simulated fluxes. In this first experiment, the aim is to determine

whether the SkIn scheme would improve the performance in reproducing

the diurnal cycle compared to the old heat storage concept in cases with

shallow vegetation.
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Following this, a global coupled land–atmosphere model experiment with

the MPI-ESM is performed using the so-called AMIP (Atmospheric Model

Intercomparison Project) protocol (Gates, 1992). In this experiment, the

MPI-ESM (with T63 resolution, i.e., 1.9°) was run covering 30 years from

1979 to 2008 with prescribed sea surface temperatures. The objective of

this experiment is to explore whether this scheme also has an impact on

climatological time scales.

First, we describe the design of the experiments and the data used for them

in detail (Sect. 3.1). Next, the results of both experiments are interpreted

(Sect. 3.2) and the most important outcomes are discussed (Sect. 3.3) and

summarized (Sect. 3.4).

3.1. Experiments and data

To address the first scientific question of this study, i.e., whether the heat

storage concept correctly reproduces the coupling between the land and the

atmosphere throughout the diurnal cycle in the case of shallow vegetation,

we performed an o✏ine single-site simulation with the JSBACH land sur-

face model. We used observations from the Diurnal Land/Atmosphere Cou-

pling Experiment (DICE, http://appconv.metoffice.com/dice/dice.

html). This experiment was a joint e↵ort between GLASS and GEWEX

(Global Energy and Water Exchanges). The goal of DICE was to identify

the complex interactions and feedbacks between the land and the atmo-

spheric boundary layer. Koster et al. (2006) identified so-called “hot spot”

regions characterized by a high coupling strength between the land sur-

face and the atmosphere, which refers to the degree to which anomalies

in land surface variables, for example, soil moisture, can a↵ect the gen-

eration of precipitation or other atmospheric processes. Moreover, there

has been disagreement among models for these regions in the past. One

of these “hot spot” regions is located in the Great Central Plain of the

United States. Therefore, DICE uses data from the CASES-99 (Coop-

http://appconv.metoffice.com/dice/dice.html
http://appconv.metoffice.com/dice/dice.html
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Fig. 3.1.: DICE forcing data used for the o✏ine single-site experiment

in the form of long-wave downward radiation (Lin, orange) and short-wave down-
ward radiation (Sin, yellow) in W/m2 (left axis), as well as the 10m wind speed
(v, m/s, green), the 2m air temperature (Tair, °C, red) and the 2m specific hu-
midity (qair, g/kg, blue) (right axis). Data are from the CASES-99 experiment
in Kansas from October 23rd, 1999 to October 26th, 1999.

erative Atmosphere-Surface Exchange Study - 1999) field experiment in

Kansas (37.7°N, 263.2°E). DICE principally follows the concept described

in Steeneveld et al. (2006) and Svensson et al. (2011) regarding the same

3 days from the afternoon (19 UTC, 14:00 local time) of October 23rd

1999 to the 26th. For these 3 days, DICE provides forcing data (precipita-

tion, air pressure, air temperature, specific humidity, and wind, as well as

short-wave and long-wave incoming radiation) and verification data (sur-

face temperature as well as sensible and latent heat fluxes) with a high

temporal resolution of 10 minutes (Fig. 3.1). Also, 10-year forcing data of

lower resolution (3 hours) are available for an initialization.

The measurement site was located near Leon, representing a relatively flat

homogeneous terrain with dry soils. The area is situated far from the ocean

or large bodies of water and is dominated by a continental climate. Follow-

ing Köppen climate classification, it belongs to the northern limits of North

America’s humid subtropical climate zone (Cfa). Its climate features hot,

humid summers and cold, dry winters. Without any substantial moderat-

ing influences such as mountains, there are often extreme weather events
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such as thunderstorms or tornados in the spring and summer months. The

average annual precipitation is comparably high, with 993 mm distributed

over 147 rain days because convective precipitation prevails over stratiform

or orographic precipitation; this means that rain events in these regions are

generally severe and short-lasting, rather than weak and long-lasting.

The actual experiment of DICE contains the abovementioned three days

from the afternoon of October 23rd, 1999 to the 26th. The three days were

part of a 25-days drought and exhibited an increasing trend in temperature

without any precipitation and permanent clear skies. The value of the air

temperature of the first day and particularly the first night was below the

October average, whereas the second night was relatively warm (Fig. 3.1).

These di↵erent conditions during the nights indicate various turbulence

and atmospheric stability regimes: intermittent turbulence (transition from

lightly unstable to lightly stable conditions) for the first night, continuous

turbulence or fully turbulent (neutral, tendency to lightly stable) for the

second night with high wind speeds, and radiative (hardly any turbulence

and very stable) for the third night including a temporary calm.

For the first o✏ine single-site experiment, an almost 10-year spin-up is

run to ensure an equilibrium temperature and moisture in deeper soil lay-

ers. This initialization is done using forcing data of the Water and Global

Change (WATCH) project (Weedon et al., 2014), which bases on the 40-

year ECMWF reanalysis (ERA-40) data. We replace the last year of the

spin-up by a local measurement site in Smileyberg, Kansas, ending with

the first day of the actual 3-day experiment. Gaps in this last year are filled

by values from the WATCH data so that the time series does not contain

missing values. In summary, the spin-up data contains 3583 days with a

time step of three hours, which was interpolated to an hourly model time

step. The actual 3-day simulation is performed with a model time step

of 10 minutes. We adjusted the surface and soil parameters of the model

(such as root depth or roughness length) to the site’s properties.

The second evaluation experiment is run in a global coupled model con-
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figuration for thirty years from 1979 to 2008 with a T63 resolution (i.e.,

1.9°) using MPI-ESM. The simulation follows the AMIP project (Gates,

1992), which means that the sea surface temperature is prescribed. The

soil and surface parameters of the model are the standard values (Hage-

mann, 2002), and the time step of the model is 450 seconds. Data from

the WATCH project (Weedon et al., 2014) are used to compare the model

results with observations.

3.2. Results

In this section, we evaluate the results of SkIn in an o✏ine single-site ex-

periment located in Kansas, where shallow vegetation prevails, and the

canopy heat storage is negligible. Next, we discuss the extended SkIn+
scheme, including the e↵ect of the canopy heat storage, in the form of a

global experiment.

3.2.1. Single-site experiment

Figure 3.2 shows results from the numerical experiments by displaying a

time series of various quantities in the surface energy balance equation

for the three specific days of the DICE experiment. Plotted are calculated

fluxes of net radiation, sensible heat, latent heat, and ground heat flux using

the standard version of JSBACH (upper panel, Fig. 3.2a), as well as the

modified version SkIn (lower panel, Fig. 3.2b). In addition, observational

data (dashed lines), which serve as verification data, are also plotted. The

energy in the form of net radiation (violet) is divided into the sensible (red),

the latent (blue), and the ground heat flux (green). Concerning the sign

convention of the fluxes, we note that negative (positive) turbulent fluxes

are pointing downwards (upwards) and are related to an uptake (release) of

surface energy. Positive (negative) ground heat fluxes constitute an energy

gain (loss). Heat fluxes measured by the eddy covariance method usually do
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Fig. 3.2.: Performance of the classic JSBACH scheme and SkIn on

diurnal time scales: Comparison of the time series of the components of the
surface energy balance equation between the reference model (a) and the obser-
vations, and SkIn (b) and the observations (dashed lines). Plotted are the net
radiation (Rnet, violet), sensible heat flux (H, red), latent heat flux (LE, blue),
ground heat flux (G, green), and heat storage term (Ssoil, brown). Data are from
the CASES-99 experiment in Kansas from October 23rd, 1999 to October 26th,
1999.

not close the energy balance, which means that their sum is smaller than the

available energy (net radiation minus ground heat flux, e.g., Twine et al.,

2000). Normally, this imbalance is distributed to the heat fluxes weighted

by the Bowen ratio (see, e.g., Ingwersen et al., 2015). However, as there

are no measurements of the ground heat flux during the DICE experiment,

there is no other possibility except to calculate it as the residuum, including

the stated imbalance. Therefore, we consider the ground heat flux only as

an approximation, especially during the day when the largest residuals of

the energy balance closure can occur.

At daytime, the net radiation is positive with a maximum when the sun

is at its zenith, whereas at night, it stays at a constant negative value,

which results in heat loss from the soil corresponding to a positive ground
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heat flux pointing upward. During the first and third night, the sensible

and latent heat fluxes disappear because turbulent motions are suppressed

under stable conditions, whereas on the second night, a negative sensible

heat flux prevails – meaning that the atmosphere releases heat to the soil.

The latent heat flux reaches only about 50 W�m2 during these three days,

which is the result of the 25-day drought. Thus, at about 250 W�m2, the

sensible heat flux represents a large part of the available energy (about

400 W�m2) leading to a high Bowen ratio of about 5:1. Regarding the

reference run, the sensible, the latent, and the ground heat flux react slower

to the increase in net radiation. The cause of this delay is the presence

of the thermal energy storage Ssoil within the uppermost soil layer, which

amounts to 250 W�m2. This energy is stored (negative flux) during the day

and released (positive flux) during the night. Therefore, the assumption

that the energy will be absorbed in a layer of soil 6.5 cm thick results in a

phase shift of about two to four hours.

In nature, radiation is absorbed within the first few micrometers of the

soil–vegetation system and is then transported via thermal conduction fur-

ther downwards. As a consequence, the uppermost soil layer is heated up

during the first part of the day and releases a part of its energy content

during the second half: As soon as the net radiation starts to increase, the

heat is instantly stored in the uppermost soil layer resulting in an absolute

maximum of the thermal energy change of up to 250 W�m2. After a delay

of about two hours, this energy is partly released by the sensible heat flux

and partly conducted into deeper layers by the ground heat flux. Thus, the

uppermost soil layer continuously absorbs less energy until around 16:00

(local time) when the situation reverses, and the layer releases the accu-

mulated amount of energy it had previously absorbed. In some cases, a

part of this energy transfer persists until nighttime, resulting in nocturnal

heat releases that destroy the stable boundary layer. A further weakness of

the reference scheme is related to its susceptibility to amplify fluctuations.

Such behavior is evident, for example, when the time series shows jumps of

the heat storage term by about 150 W�m2 from one time step to another.
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Fig. 3.3.: Performance of the classic JSBACH scheme and SkIn on

diurnal time scales: Comparison of time series of the surface temperature Tsfc

between the reference model (orange line) and SkIn (red line) plotted against
observations (dashed line). Data are from the CASES-99 experiment in Kansas
from October 23rd, 1999 to October 26th, 1999.

Comparing the results of the modified SkIn model version with those of the

reference run (JSBACH Classic), we note that the first improvement is the

disappearance of the nightly heat releases. The sensible heat flux of SkIn

follows the observations almost perfectly, even on the second night when

negative heat fluxes occur. In the SkIn simulation, where per definition no

heat storage exists, we find that all fluxes immediately react to variations in

the radiative forcing, and the phase shift found in the reference simulation

vanishes.

The surface temperature exhibits a similar phase shift (Fig. 3.3): in the

reference simulation the surface temperature is underestimated by up to

4 K in the case of heating and overestimated by up to 8 K in the case

of cooling with respect to the observations. The simulation of SkIn only

shows some minor disagreement with the observations. In particular, SkIn

overestimates the surface temperature maximum on the second and third

day, but apart from that, it fits the observation quite well. The behavior

of the surface temperature in the reference run exhibits a phase shift, as

it is equal to the soil temperature at about 3 cm depth. Here the ground

heat flux, as the heat exchange between the first and second soil layers of

the reference run, shows the same inertial lagging (Fig. 3.2). In addition,

it is quite smooth and overestimates the nightly ground heat flux (partic-
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ularly on the first night). Betts et al. (1993) found the same phase shift in

temperature and the delayed response in the heat fluxes.

Interestingly, the phase error in surface temperature – caused by the damp-

ening e↵ect due to the heat storage term – exhibits an asymmetric behavior.

The phase shift between the surface temperature and the observed temper-

ature increases with time and is more pronounced during the night than

during the day. In the SkIn scheme, the adjustment to an equilibrium tem-

perature, which is determined by the radiative forcing, is achieved instanta-

neously. In contrast, in the heat storage based approach, the temperature

di↵erence between the simulated temperature and the equilibrium tem-

perature decreases over time according to an exponential rate. The time

required to reach the equilibrium state is determined by a time constant,

which depends on the turbulence conditions in the atmosphere. During the

day, the turbulent motions intensify the turbulent exchange and reduce the

time needed to reach the equilibrium. In contrast, at night, the exchange

is strongly reduced under stable conditions resulting in longer relaxation

times. Thus, the simulated temperature in the SkIn run is always lower

than that in the reference run. That is the case in the afternoon as well as

during the night.

Moreover, the skin conductivity like the drag coe�cient – in contrast to the

heat capacity – acts to reduce the relaxation time to reach the equilibrium.

However, the skin conductivity and the drag coe�cient damp the amplitude

of surface temperature to variations in the forcing. Overall, we deduce that

based on a daily average, the cooling e↵ect of SkIn outweighs its warming

e↵ect during the day for regions where shallow vegetation prevails (here

SkIn leads to a cooling of 0.6 K).

In the next section, this finding will be further examined using an AMIP

experiment. Moreover, we will address the extent to which the surface

processes of regions with tall vegetation or regions located at high latitudes

without a pronounced diurnal cycle will respond to the formulation of the

land–atmosphere coupling.
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3.2.2. Results of the AMIP run

A key aspect of the SkIn+ scheme is the introduction of a physically based

canopy heat storage Scano. Since the latent heat storage Sq is not associ-

ated with a temperature tendency, it is not possible to compare the heat

capacities related to di↵erent processes; however, it is necessary to compare

di↵erent heat storages. Because heat storages have the nature to compen-

sate each other over decadal time scales, we only compare the negative

(stored energy) contributions of the heat storages to estimate their mag-

nitude. That could be interpreted as the average amount of energy stored

in the canopy. The same amount will also be released. The 30-year mean

of the canopy heat storage ranges between roughly 5 and 15 W�m2 for tall

vegetation (Fig. 3.4a). The total canopy heat storage Scano amounts to

3.7 W�m2 in the global land mean. This value appears relatively small

since the regions with no or shallow vegetation account for negligible stor-

ages (around 0 W�m2) and do not contribute to the mean. The heat storage

in the canopy air space ST amounts to 19 % of the total canopy heat stor-

age, and the latent heat storage Sq constitutes 22 %. The most significant

contribution to the total storage, with around 60%, comes from the heat

storage of the moist biomass Sveg. In the warm and humid tropics, where

tall vegetation prevails, we find the largest values for the canopy heat stor-

age. Here the latent heat storage partly shows a similar magnitude as the

biomass heat storage. In the tropics the total canopy heat storage averages

12 W�m2 (15 W�m2 at maximum), whereas in the taiga mean values of

5 W�m2 are observed, and in deciduous forests mean values of 3 W�m2 are

found.

Comparing the latent heat storage Sq qualitatively on diurnal scales with

the other two storage terms, which are directly related to the surface tem-

perature tendency, we find that the temperature-related heat storages tend

to react like an ordinary heat storage. An ordinary heat storage exhibits

a negative peak during the first half of the day (energy stored) and a pos-

itive during the second half of the day (energy released, compare the soil
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(a) Canopy Heat Storage [W/m2]

(b) Soil Heat Storage [W/m2]

Fig. 3.4.: Comparison of the canopy and the soil heat storage: Global
distribution of the negative contributions of the canopy heat storage Scano (a)
and the soil heat storage Ssoil (b), both in W/m2 as a 30-year mean (1979-2008).

heat storage in Fig. 3.2), whereas the latent heat storage, does not show

this temporal course. It shows positive as well as negative changes in heat

storage throughout the day. That corresponds to the fact that the specific

humidity does not follow a strict diurnal pattern like the surface tempera-

ture. On the contrary, there are di↵erent kinds of days that represent either

a positive or negative trend in humidity, depending on dry or wet periods.
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The negative part of the chemical heat storage �FCO2 follows the same

regional pattern as the other canopy heat storages, whereas the temporal

course on diurnal scales di↵ers. In particular, the chemical heat storage

follows the PAR (photosynthetically active radiation) part of the incoming

solar radiation and results in energy consumption during the day and energy

release due to respiration at night. With 0.64 W�m2 on global average, it

amounts to 17% of the total canopy heat storage Scano and is slightly smaller

than ST . Nevertheless, it should not be neglected because the sum of all of

these supposedly small terms could be important. As previously mentioned,

we think that the chemical heat storage is an interesting process which

should also be investigated in connection with the interaction between the

carbon cycle and the climate on decadal time scales.

The soil heat storage in the reference model JSBACH Classic (Fig. 3.4b)

is related to the soil heat capacity of the uppermost soil layer, which is

determined by the present soil type based on the FAO (Food and Agricul-

ture Organization of the United Nations) soil classification guidelines. The

soil heat storage varies spatially in the range between 5 and 50 W�m2 and

amounts to 17 W�m2 on global average. For regions with tall vegetation,

it reaches values of about 10 W�m2, which corresponds to the same order

of magnitude as the canopy heat storage in the SkIn+ scheme: for trop-

ical forests, it is slightly smaller, and for Northern hemisphere forests it

is slightly larger. However, the soil heat storage significantly exceeds the

canopy heat storage in regions with no or shallow vegetation. In general,

the magnitude of the canopy heat storage, as well as the soil heat storage, is

proportional to the temperature tendency. The regions with no or shallow

vegetation exhibit the largest diurnal ranges in temperature. Therefore, the

largest discrepancy appears in these areas and amounts to up to 50 W�m2.

Thus, we expect that the primary influence of the SkIn+ scheme occurs

in regions where bare soil or shallow vegetated regions dominate, such as

grasslands or savanna, while we expect a rather small e↵ect in forested

regions.

Figure 3.5a illustrates the performance of the SkIn+ scheme in terms of the
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(a) ΔΤ(SkIn+ — Classic) [K]

(b) ΔΤ(Classic — Observations) [K]

Fig. 3.5.: Performance of SkIn
+

scheme on regional scales: Thirty-year
(1979-2008) summer half-year (Apr-Sep) average of the di↵erence of near-surface
temperatures between SkIn+ and the reference run (JSBACH Classic, a) as well
as between reference run and observations (in short model bias, b).

simulated 2m-temperature, which includes the canopy heat storage Scano,

on regional scales using a 30-year average for the summer season (April

to September) by displaying the di↵erence of the near-surface temperature

between SkIn+ and the reference run (JSBACH Classic). Based on our

experience with the o✏ine version, we know that SkIn leads to warming
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during the day and cooling at night due to its instantaneous response to the

radiative forcing. Thus, the sign of the local mean temperature di↵erence

between SkIn+ and the reference run depends on whether the night e↵ect

prevails or whether the daytime e↵ect and other processes predominate,

such as clouds and precipitation. In the global mean, SkIn+ leads to a

cooling of 0.22 K. Almost all regions characterized by no or shallow vege-

tation and a pronounced diurnal cycle, where mostly well-mixed conditions

during the day and very stable conditions during the night occur, show an

overall cooling in SkIn+ relative to the reference scheme (with a maximum

of up to 93.5K). This e↵ect is visible in Australia, the southwestern United

States, the Gran Chaco region in South America, the Sahara, the Middle

East, and central Asia.

In the tropics, the SkIn+ and the reference scheme show much smaller

di↵erences, which suggest that the canopy heat storage in SkIn+ roughly

corresponds to that of the uppermost soil layer. Only in some parts of

the tropics is SkIn+ slightly warmer than the reference scheme, indicating

an opposite SkIn e↵ect with higher temperatures at night and lower tem-

peratures during the day. Consequently, an absence of the canopy heat

storage would lead to a slight cooling in the tropics. With respect to the

mid and high latitudes of the Northern Hemisphere, we note that north

of fifty degrees SkIn+ leads to a warming in summer relative to the refer-

ence scheme because the daytime e↵ect prevails in this region and is caused

by the supply of heat during the longer insolation period in these regions

during Northern Hemisphere summer.

Figure 3.5b depicts the di↵erence in near-surface temperatures between the

reference run and the observations (WATCH dataset). A comparison of the

patterns of the upper and the bottom panel in Fig. 3.5 shows that for certain

regions, where the reference model tends to be too warm, SkIn+ produces a
cooling and vice versa. Not all biases disappear entirely (see appendix Fig.

B.1), especially as the existing biases are much larger than the e↵ects due

to SkIn+, but the SkIn+ scheme improves the overall performance of the

land surface exchange by reducing the model bias. Thus, the root mean
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square error of the global average temperature bias over land is reduced by

0.19 K, which corresponds to a bias reduction of about 9%. SkIn+ leads

to significant improvements in the southwestern United States, the Gran

Chaco region, western and central Africa, and particularly in the Middle

East, Central Asia, and Australia. In some other regions, such as parts

of South Africa or in North America’s boreal forests, the SkIn+ scheme

seems to be unable to reproduce the temperature patterns. Therefore,

further refinements are required to improve the treatment of various land–

atmosphere interaction processes, in particular over boreal forests and in

snow-covered regions. Moreover, other biases that are not related to land

processes, for example, those caused by the atmosphere and its large-scale

circulation patterns, may be responsible for the apparent shortcomings of

the SkIn+ scheme.

3.3. Discussion

In this study, we demonstrate that the soil heat storage approach appears to

be too simple and is unable to correctly reproduce the coupling between the

land surface and the atmosphere concerning the simulation of diurnal cycles

of energy fluxes and the near-surface temperature in regions with shallow

vegetation. SkIn+ does not show an unambiguous e↵ect in one direction but

causes both cooling and warming depending on the time of day. One could

debate that the heat storage approach only induces phase errors in the

diurnal cycle of surface fluxes and of near-surface temperatures producing

errors that cancel each other when averaged over decades. However, this

assumption appears to be untrue because we find a temperature signal

of up to 3.5 K in the 30-year temperature average di↵erences. Moreover,

the calculation of the correct timing of heat fluxes is an important issue

per se because it influences and triggers convection, which governs the

formation of clouds and precipitation and, in turn, a↵ects the energy fluxes.

Therefore, we recommend that the SkIn+ scheme should be used not only

for models that operate on short time scales but also for Earth system
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models with decadal time scales or longer.

However, in some regions, the SkIn+ scheme shows worse performance than

its predecessor, likely because some existing biases only emerge in the SkIn+
scheme. In addition, we believe that the SkIn+ scheme, which considers the

canopy heat storage, would take full e↵ect in cases where subgrid-scale sur-

face temperature variations in a grid cell are taken into account. At the

moment, we solve the surface energy balance for the whole grid box using

the parameter averaging method implying that the same surface temper-

ature represents the whole grid cell. A more promising approach, which

would be more suitable for the SkIn+ scheme and would allow a better

representation of spatial subgrid-scale heterogeneity, would be a flux ag-

gregation method (Best et al., 2004; de Vrese and Hagemann, 2016). An

example of the use of the flux aggregation method is the Tiled ECMWF

Scheme for Surface Exchanges over Land model (TESSEL, Balsamo et al.,

2009). Moreover, future developments of land surface exchange schemes

should also take the vertical discretization of the thermal structure within

the canopy layer into account, which is important in the case of tall veg-

etation. Here the temperature of the tree crown, the surface temperature

under the trees, the ambient air space temperature within the canopy, and

the leaf temperature itself are di↵erentiated (e.g., Vidale and Stöckli, 2005,

see CEBa). The development of the SkIn+ scheme is only the first step to

decoupling the surface energy balance from the soil layer. We believe that

future studies, taking more processes within the canopy layer into account

to address the role of the leaf temperature and its relation to evapotran-

spiration within the forest, will be capable of improving our understanding

of land–atmosphere exchange processes (see next chapter).

3.4. Conclusion

In several current climate models, it is common practice to use a prognos-

tic procedure to close the surface energy balance within the uppermost soil
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layer of finite thickness and heat capacity. In this study, we investigate a

di↵erent approach by closing the energy balance diagnostically at an in-

finitesimally thin surface layer (SkIn). We address the question of whether

the classic heat storage concept correctly reproduces the coupling between

the land and the atmosphere throughout the diurnal cycle regarding shal-

low vegetation. Therefore, we performed an o✏ine site experiment with

JSBACH, the land component of the MPI-ESM, using observations from

the CASES-99 field experiment in Kansas. Analyzing the surface energy

balance in both schemes, we find the following:

• The surface temperature simulated in JSBACH Classic is underesti-

mated in the case of heating during the day and overestimated in the

case of cooling at night.

• The turbulent exchange during daytime counteracts the delayed re-

sponse in near-surface temperature whereas, during stable conditions

at night, a significant phase shift occurs.

• SkIn removes these phase errors in the time-dependent behavior of

the heat fluxes and surface temperatures that were caused by the

dampening e↵ect of the soil heat storage.

• With the new scheme, nocturnal heat releases, which previously de-

stroyed the stable boundary layer unrealistically, disappear.

Here we demonstrate that the SkIn scheme leads to significant improve-

ments in the representation of exchange processes and removes almost all

biases.

Following this, we investigate the e↵ect of the SkIn scheme on decadal

time and global spatial scales. The questions we address are whether the

SkIn scheme shows a regional impact on decadal time scales, and if so,

whether the current biases in near-surface temperature are at least partly

caused by the former oversimplified parameterization of the surface energy

balance. To answer these questions, we performed a global coupled land–
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atmosphere experiment covering the years from 1979 to 2008 (AMIP run)

with prescribed sea surface temperature. For this global run, the standard

heat storage concept is replaced by a physically motivated approach that

describes heat storage of the canopy layer in the surface energy balance

(SkIn+). In this method, not only the heat storage of the biomass itself

is taken into account, but the heat storage of the moist air within the

canopy layer is also included. In addition, we want to determine if the

daily warming or the nightly cooling, which occurs in the o✏ine site-level

version of SkIn, also prevails in the coupled run and, if so, which e↵ect

dominates in which region. Comparing the simulated summer near-surface

temperatures of the SkIn+ scheme with those of the reference run as well

as with the WATCH data we find the following:

• The heat storage of the canopy layer must be taken into account in

regions with tall vegetation (especially in the tropics). Here the heat

storage of the canopy layer is larger than that of the uppermost soil

layer.

• For most regions – especially those with no or shallow vegetation and

a pronounced diurnal cycle – the night e↵ect of SkIn+ prevails, leading
to a cooling in the near-surface temperature relative to the standard

scheme.

• For the tropics, where the heat storage of the canopy layer is larger

than that of the uppermost soil layer the SkIn+ scheme leads to a

slight warming.

• For high latitudes, SkIn+ tends to warm the near-surface air temper-

ature due to the extended day length in the Northern Hemisphere in

summer.

In summary, the SkIn+ scheme also shows a significant global e↵ect on

decadal time scales and a reduction of the model bias in several regions.



4. Leaf thermoregulation

This chapter focuses on the understanding of the process of leaf thermoreg-

ulation (LT), which was first detected by Linacre (1964) and later investi-

gated in detail by Michaletz et al. (2016b). Leaf thermoregulation is the

ability of plants to bu↵er its temperature against temperature extremes of

the air. This means, the leaf can be warmer than the air in cold environ-

ments, while it tends to stay colder than the air in warm environments.

When depicting the measurements of leaf and air temperature, it leads to

a negative correlation between the plants’ leaf temperature excess (the dif-

ference between leaf temperature and environmental temperature) and air

temperature (LT signal). The process of leaf thermoregulation is analyzed

by means of the new dual-source canopy energy balance scheme (CEBa). As

described in chapter 2, this scheme allows the calculation of four prognostic

variables: the leaf temperature, the ground temperature, and the tempera-

ture, as well as the specific humidity in the canopy air space (CAS). With

this new tool, we are able to identify the influence of atmospheric condi-

tions and leaf properties on the leaf’s ability to regulate its temperature.

To this end, we perform zero-dimensional experiments in which we solve

the CEBa energy balance stationarily (steady-state case) as a function of

the air temperature. Here we determine the equivalence point of leaf ther-

moregulation (where leaf and air temperature are equal) under prescribed

atmospheric conditions and leaf properties. Furthermore, we perform two

o✏ine single-site experiments with CEBa using forcing data from a FLUX-

NET tower in Brazil’s tropical forest and the temperate Tharandt forest in

Germany. We do so to identify the e↵ects of leaf thermoregulation in an

Earth system model framework at the canopy scale similar to the results



53

of Michaletz et al. (2016b) at the leaf scale. In addition, we conduct a

global coupled land–atmosphere model experiment with CEBa using the

same AMIP framework as in section 3.2.2 to establish whether leaf ther-

moregulation leads to large simulated leaf temperature excesses as found

in observations. Finally, we quantify the impact of leaf thermoregulation

on plant productivity regarding gross primary production.

4.1. Physical explanation

The physical explanation behind the negative correlation between the leaf

temperature excess and the air temperature – especially the lower leaf tem-

perature in a warm environment – can be explained by the energy balance of

the leaf as follows (assuming constant net radiation that is absorbed by the

leaf surface): With increasing air temperature, the leaf temperature also

increases to maintain the energy equilibrium by keeping a constant temper-

ature di↵erence and sensible heat flux. While the leaf temperature increases

linearly, the saturated specific humidity of the leaf qsat(Tleaf) increases ex-
ponentially following Clausius–Clapeyron theory. Thus, the transpiration

increasingly outweighs the sensible heat flux leading to decreasing Bowen

ratios. Above a certain air temperature, the latent heat flux of the leaf

exceeds the available energy flux (mainly in the form of the net of thermal

and solar radiation absorbed, emitted and reflected from the leaf), resulting

in a sensible heat flux towards the leaf (Fig. 4.1). This behavior is known

as the oasis e↵ect and has also been found for vegetated canopies (Taha

et al., 1991). To explain this process quantitatively, we consider the energy

balance of the leaf and solve it analytically for the temperature di↵erence

Tleaf − Tair. Ignoring heat storages within the leaf, the energy balance can

be written by

Rnet = LEleaf +Hleaf (4.1.1)

where Rnet is the net radiation, LEleaf is the latent heat flux of the leaf

and Hleaf the sensible heat flux of the leaf. The latent and sensible heat
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26

Simple Energy Balance Model of a Leaf

Fig. 4.1.: Example case for the analytically solved leaf energy balance

equation: Negative correlation between leaf temperature excess and air temper-
ature as well as three di↵erent cases of the energy balance (Rnet in violet, Hleaf

in red and LEleaf in blue, atmospheric conditions and resistances are prescribed:
Rnet = 700W�m2, qair = 20g�kg, rb = rs = 10 s�m) according to Eq. (4.1.4).

flux can be expressed as

LE = c1 qsat(Tleaf) − qair
rb + rs

H = c2Tleaf − Tair
rb

(4.1.2)

where qair is the specific humidity of the air, rb is the aerodynamic leaf

resistance and rs the stomatal resistance. The terms c1 = ⇢Lv as well as

c2 = ⇢cp can be seen as constant, in first order. Here ⇢ denotes the air

density, Lv the enthalpy of vaporization, and cp the specific heat capacity

of air at constant pressure. The saturated specific humidity of the latent
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heat flux can be linearized at T = Tair as
LE ≈ c1 qsat(Tair) − qair

rb + rs + c1↵Tleaf − Tair
rb + rs (4.1.3)

where ↵ is the slope of the saturation specific humidity at Tair. With

the abovementioned approximations, the leaf energy balance can be solved

analytically and written in terms of the leaf temperature excess, as follows

(Tleaf − Tair) = rb

c2
Rnet − c1

c2

1

c3 + rs�rb qsat (Tair) (1 −RH) (4.1.4)

with c3 = 1 + ↵c1�c2. With this equation, we can quantify the atmospheric

conditions and leaf properties that lead to an equilibrium between the leaf

and the air temperature (equilibrium point). Equation 4.1.4 shows that

an increase in net radiation or relative humidity decreases the leaf temper-

ature excess and the plant’s ability to bu↵er its temperature against air

temperature. A more detailed investigation of these relationships is carried

out in a steady-state experiment (Sect. 4.4.1).

4.2. Experiments and data

To understand the process involved in leaf thermoregulation (LT) under

di↵erent atmospheric conditions and for various leaf specific properties, we

solve the system of equations of the CEBa energy balance for di↵erent air

temperatures from 920 °C to 60 °C. This method makes it easier to un-

derstand the cause of the negative correlation between leaf temperature

excess and air temperature in terms of equivalence point and slope. For

this simplified experiment, we bypass the framework of the complex Earth

system model and extract only the most important subroutines regarding

the CEBa energy balance. We use surface parameters of a forest with tall

vegetation and assume no water stress, i.e., unlimited soil water availabil-

ity for transpiration. The specific humidity of the air required as forcing

is replaced by the saturated specific humidity for the respective air tem-
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Fig. 4.2.: Location of the FLUXNET tower site located in
the tropical evergreen broadleaf forest, Brazil, photo taken from
https://fluxnet.fluxdata.org (01 Nov 2019, URL: http://sites.
fluxdata.org/files/media/images/br-sa1-primary_forest_tower.jpg)

perature multiplied by the relative humidity. The latter, as well as the

wind speed and the incoming solar radiation (in the form of the angle of

inclination), are prescribed and kept constant for the respective experiment

over the entire forced temperature range. In a further step, we analyze how

the equivalence point and the slope of the leaf temperature excess depend

on di↵erent values of relative humidity, incoming solar radiation, canopy

resistance, and aerodynamic leaf resistance. Although the leaf temperature

excess as a function of air temperature represents a nonlinear curve, we ap-

proximate it by a linear function, reducing the complexity to two degrees

of freedom (i.e., slope and equivalence point).

To address the second scientific question, i.e., whether we are able to iden-

tify a negative correlation of leaf temperature excess and air temperature

at the canopy scale, we performed two o✏ine single-site experiments with

CEBa using forcing data from a FLUXNET tower in Brazil’s tropical for-

est and the temperate Tharandt forest in Germany. Both sites exhibit a

http://sites.fluxdata.org/files/media/images/br-sa1-primary_forest_tower.jpg
http://sites.fluxdata.org/files/media/images/br-sa1-primary_forest_tower.jpg
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Fig. 4.3.: Location of the FLUXNET tower site located in the
evergreen needleleaf forest in Tharandt, Germany, photo taken from
https://tu-dresden.de (01 Nov 2019, URL: https://tu-dresden.de/
bu/umwelt/hydro/ihm/meteorologie/ressourcen/bilder/forschung/
projekte/turbefa/bilder/aufbau_13?lang=en)

forest with a dense canopy and a large vegetation height. The tropical site

(ID: BR-Sa3, 93.0°N, 955.0°E, 100 m elevation) is located in an evergreen

broadleaf forest (Fig. 4.2) with a vegetation height of around 35-40 m,

while the measurement height is at 64 m. The average annual temperature

is 26.1 °C and the annual mean precipitation is 2044 mm. The Tharandt

FLUXNET tower (ID: DE-Tha, 51.0°N, 13.6°E, 385 m elevation) is located

in an evergreen needleleaf forest (Fig. 4.3) with a vegetation height of

around 30 m, while the measurement height is at 42 m (Delpierre et al.,

2009). The annual mean temperature is 8.2 °C and the annual mean pre-

cipitation is 843 mm. For both locations, the surface and soil settings are

extracted from the standard settings of the respective JSBACH grid box

and adapted to the properties of the site. For the tropical site, data are

only available from September 2001 to October 2003. Therefore, these

https://tu-dresden.de/bu/umwelt/hydro/ihm/meteorologie/ressourcen/bilder/forschung/projekte/turbefa/bilder/aufbau_13?lang=en
https://tu-dresden.de/bu/umwelt/hydro/ihm/meteorologie/ressourcen/bilder/forschung/projekte/turbefa/bilder/aufbau_13?lang=en
https://tu-dresden.de/bu/umwelt/hydro/ihm/meteorologie/ressourcen/bilder/forschung/projekte/turbefa/bilder/aufbau_13?lang=en
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(a) CEBa mask

(b) Vegetation height [m]

Fig. 4.4.: CEBa 5-m vegetation height mask indicating for which grid cells
the CEBa scheme is used (a) and average vegetation height in JSBACH (b)

years are randomly resampled for a 10-year initialization period to ensure

equilibrium with respect to the temperature and moisture content in the

soil. Since the Tharandt site provides a long period of data, the data from

1996 to 2005 are used for the spin-up of the model and the data from 2006

to 2014 for the actual experiment.

To investigate the leaf temperature on a global scale, we performed an

AMIP run with the same settings as in chapter 3 for thirty years from 1979

to 2008 (for more details, see Sect. 3.1). The CEBa scheme requires an
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estimate of the wind speed profile in the canopy layer to properly simulate

the exchange of heat and water between the CAS and the leaves or the

ground, respectively. It is possible to run the CEBa scheme for shallow or

even no vegetation, like deserts or glaciers (the latter with an average veg-

etation height of zveg = 0). However, the simulations with CEBa for these

extremes have not shown adequate results. Therefore, in the framework

of this study, the CEBa scheme is applied for grid boxes with an averaged

vegetation height greater than 5 meters. The resulting mask is depicted in

Fig. 4.4. For all other land grid points, the SkIn+ scheme is used instead.

The T63 grid contains a total of 192 × 96 = 18432 grid points, one-third

of which are land points (6222). For around 30% (ca. 2000 grid points)

of these land points, the CEBa scheme is used. In this regard, the current

model version of CEBa rather represents an extended SkIn+ scheme in re-

gions with tall vegetation than a completely independent scheme. Before

performing experiments to investigate the e↵ect of leaf thermoregulation,

the new CEBa scheme is evaluated at the site- and global scale in the next

section.

4.3. Evaluation of CEBa

To test the performance of the new CEBa scheme compared to the standard

JSBACH Classic, we use both FLUXNET tower sites to compare the simu-

lated sensible and latent heat fluxes with measured eddy covariance fluxes

at the tower. Therefore, we perform two single-site o✏ine experiments with

Classic and CEBa, respectively. Since the FLUXNET observations lack leaf

temperature measurements, we compare the emitted outgoing long-wave

fluxes instead. The radiative flux is converted into a radiative temperature

Trad using the Stefan-Boltzmann law and assuming the same emissivity of

" = 0.996 as used in JSBACH Classic. Figure 4.5 shows the comparison

of the averaged diurnal cycle for the summer season (April to September)

between JSBACH Classic (red) and JSBACH CEBa (blue) against obser-

vations (black dashed lines). Plotted are the radiative temperature Trad
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Fig. 4.5.: Performance of the classic JSBACH scheme and JSBACH

CEBa. Displayed are comparisons of the summer season (Apr–Sep) mean diur-
nal cycles of the components of the canopy energy balance between JSBACH
Classic (red) and JSBACH CEBa (blue) against observations (black dashed
lines). Plotted are the radiative temperature Trad (left column), total latent
heat flux LE (middle column) and total sensible heat flux H (right column).
Data are from two FLUXNET tower sites: tropical forest in Brazil (Sept 2001
to Oct 2003, top row) and needleleaf forest in Tharandt, Germany (2006-2014,
bottom row).

(left column), total latent heat flux LE (middle column) and total sensible

heat flux H (right column). The upper row of Fig. 4.5 shows the com-

parison of fluxes for the tropical forest in Brazil for around two years from

September 2001 to October 2003; the bottom row depicts the results for

the needleleaf forest in Tharandt, Germany, for the years 2006 to 2014.

Since the observed energy balance in Tharandt exhibits a large non-closure

of almost 100 W�m2, the excess energy is assigned to the latent heat flux

during the day and to the sensible heat flux during the night, similar to

the so-called “energy residual” closure correction technique (Ershadi et al.,

2014). Overall, the simulated fluxes of Classic, as well as of CEBa, fit the

observations quite well. At the tropical site, Classic underestimates the

daytime maximum in radiative temperature, while CEBa overestimates it

for Tharandt. In general, the Classic scheme shows numerical induced fluc-
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tuations in the heat fluxes even in the average over multiple years, while

CEBa exhibits smooth curves such as seen in the observations. For the

tropics, the Classic scheme shows in this regard an unusual phase shift in

the sensible heat flux compared to the observations and the CEBa scheme.

Since the radiative temperature is not phase-shifted, it could be caused

by the abovementioned numerical instabilities rather than by incorrectly

simulated heat storages. For Tharandt, both schemes show a significant

di↵erence in the Bowen ratio: the latent heat flux is overestimated, and

the sensible heat flux underestimated. The cause of this bias could not be

explained in this study and should be further investigated in the future.

In addition to the o✏ine single-site experiments, we evaluate the perfor-

mance of CEBa with respect to the simulated 2m-temperature in a global

coupled experiment over 30 years (from 1979-2008) with the AMIP frame-

work as used in chapter 3. We find a similar pattern in the di↵erence of

the simulated near-surface temperature between CEBa and Classic as in

the di↵erence between SkIn+ and Classic (3.5a). Only a yet unexplained

slight temperature increase in the high latitudes (mainly over Siberia) re-

mains. That also leads to a significant bias reduction in the near-surface

temperatures simulated by the CEBa scheme. However, despite the poten-

tially more realistic representation of the processes in the canopy layer, the

CEBa scheme does not achieve the same model bias reduction (7.4%) as

the SkIn+ scheme (8.8%).

4.3.1. Conclusion

We find that the new CEBa scheme correctly reproduces the diurnal cycle

of Tsfc, H and LE at the site-level for a temperate as well as for a tropical

forest. Only for the daytime maximum in radiative temperature in Tha-

randt, CEBa shows a larger temperature bias than JSBACH Classic, but it

removes the unrealistic drop in sensible heat storage during the afternoon

at the tropical forest site.
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Regarding the performance of the CEBa scheme on regional and global

scales, we conclude that CEBa leads to a significant bias reduction in sim-

ulated near-surface temperatures (7.4%) compared to JSBACH Classic, but

has a slightly weaker performance than SkIn+. To improve the results of the

CEBa scheme, an extensive tuning and technical e↵ort would be necessary,

which is beyond the scope of this study. However, in general, the CEBa

scheme provides, due to the more realistic treatment of energy exchange

and its larger number of degrees of freedom, the possibility of a deeper

understanding of the complex processes in the canopy layer.

4.4. Results

To get a better understanding of the influence of atmospheric conditions

and leaf properties on the leaf thermoregulation (LT), we calculate the zero-

dimensional steady-state solution of the CEBa energy balance equations for

di↵erent air temperatures. Then we investigate whether we can find the

negative correlation between leaf temperature excess and air temperature

related to leaf thermoregulation, which can be found in measurements at

the leaf scale, also at the canopy and global scale. Therefore, we depict and

interpret the results of single-site o✏ine experiments as well as of a global

run.

4.4.1. Steady state experiment

To understand the underlying physical mechanisms responsible for the leaf

thermoregulation curve, we numerically solve the system of the four energy

balance equations of the new JSBACH CEBa scheme. Hereby, we calculate

the stationary solution (without heat or water storages) as a function of

the air temperature to determine the equivalence point and the slope of

the linear regression line describing the negative correlation of leaf ther-

moregulation. This steady-state experiment can be interpreted as a zero-
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Fig. 4.6.: Example case for the steady-state solution of the CEBa

energy balance equation depending on the air temperature at the ref-

erence level: Plotted are the leaf temperature excess, i.e., Tleaf − Tair (green,
solid line, left y-axis) and di↵erent types of fluxes (dashed lines, right y-axis):
the total latent heat flux (blue), the total sensible heat flux (red) and the net
radiation (violet)

dimensional experiment since the solution neither depends on space nor on

time.

Figure 4.6 shows an example of how the steady-state solution of the CEBa

energy balance equation depends on the air temperature at the reference

level for a specific set of prescribed parameters. Plotted are the caclculated

leaf temperature excess (green, solid line, left y-axis) and di↵erent fluxes

(dashed lines, right y-axis): the total latent heat flux (blue), the total

sensible heat flux (red) and the net radiation (violet). Since we assume

a stationary case, there are neither heat or water mass storages. Also, no

ground heat flux was allowed. In this case, the heat fluxes between the CAS

and the LAL are the sums of the ground and canopy heat fluxes. Thus,
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the third and fourth equation of (2.3.8) simplify to

Hatm = Hc +Hg

LEatm = LEc + LEg

(4.4.1)

To obtain the total net radiation the partial radiative fluxes have to be

weighted by the sky view factor �:

Rnet = (1 − �)Rc + �Rg (4.4.2)

For the sake of clarity, only the total heat and radiative fluxes (Hatm, LEatm

and Rnet) and not the partial fluxes are shown in figure 4.6. In the following,

the leaf temperature excess is defined as the temperature di↵erence between

Tleaf and Tair, although they are only indirectly coupled in the system

of energy balance equations. It is debatable whether the measured air

temperature data collected by Michaletz et al. (2016b) resemble more the

temperature next to (or even under) the vegetation within the CAS Tcas

or the air temperature above the canopy Tair. In this study we focus (in

terms of figures) on the di↵erence between Tleaf and Tair but also discuss

the di↵erence between Tleaf and Tcas.

For all steady-states experiments, we used the surface conditions of a forest

with tall vegetation (i.e., zveg = 30 m, z0 = 4.8 m, LAI = 4.5 m2�m2. Be-

sides, we assume unlimited soil water availability when we specify the

canopy resistance influencing transpiration, as well as for bare soil evapora-

tion (RHup = 1). For the example case in Fig. 4.6, we chose typical atmo-

spheric conditions: Sin = 800 W�m2, RH = 50% and v = 3 m�s. For these

conditions, the leaf thermoregulation curve exhibits the expected negative

correlation between leaf temperature excess and air temperature. For air

temperatures under the freezing point – where no transpiration occurs –

the leaf has a higher temperature than the air with a constant temperature

di↵erence of about �T ≈ 4K. Hereafter, �T decreases almost linearly with

increasing air temperature to about 96K, before increasing rapidly at an

air temperature of 55 °C. This limitation is caused by a high-temperature
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(a) (b)

(c) (d)

rc

1

Fig. 4.7.: Variations of the leaf thermoregulation characteristics in
terms of equivalence point (Teq, solid lines, each left y-axis) and the slope
(dashed-lines, each right y-axis) as a function of incoming solar radiation Sin

(a), relative humidity RH (b), canopy resistance rc (c), and aerodynamic resis-
tance rb (d).

inhibition (implemented in the calculation of the stomatal control) that

prevents transpiration under high-temperature extremes. With increas-

ing air temperature, the saturated specific humidity of the leaf surface

increases exponentially (as explained in Sect. 4.1). Thus, the latent heat

flux increases with increasing temperatures, whereas the sensible heat flux

decreases. At a certain point, the latent heat flux exceeds the net radia-

tion leading to a negative sensible heat flux (oasis e↵ect). In this case the

canopy air space releases energy towards the leaf. In the example of Fig.

4.6, this equivalence is reached at 24.7 °C. In the following, we investigate

the regression line describing the leaf thermoregulation signal in terms of

slope and equivalence point for di↵erent environmental parameters.

Figure 4.7 depicts the dependence of the equivalence point Teq (which is the
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root (zero point) of the leaf thermoregulation curve) and the slope of the

leaf thermoregulation curve on di↵erent atmospheric conditions (i.e., rela-

tive humidity RH and incoming solar radiation Sin) and on internal canopy

parameters (i.e., canopy resistance rc and leaf aerodynamic resistance rb),

which are here prescribed as external variables. Here the solid lines repre-

sent the variations of the equivalence point Teq (left y-axis), whereas the

variations in the slope are depicted as dashed lines (right y-axis). As ex-

pected from the linearized solution of the leaf energy balance (Eq. 4.1.4),

Teq shifts towards higher temperatures for increased solar incoming radia-

tion or relative humidity (Fig. 4.7a and b). However, the variations in the

equivalence point show di↵erent behavior. They decrease depending on an

increase in solar radiation or specific humidity: Teq exhibits a logarithmic

function for an increasing radiation flux (i.e., first a fast increase and then

slow increase) and an exponential function for increasing relative humidity

(i.e., first a slow increase and then a fast increase). This means, especially

variations in weak solar incoming radiation (lower than 400 W�m2) as well

as in high relative humidity (higher than 80%) are crucial situations for the

change of Teq. The slope (dashed lines) of the negative correlation of LT

displays a rather linear function. Surprisingly, it shows di↵erent behavior

in regard to increasing atmospheric conditions: The absolute value of the

negative slope increases with higher solar radiation, while it decreases with

higher relative humidities.

In contrast to the strong influence of atmospheric conditions on Teq and

the slope, the canopy parameters, i.e., canopy resistance and aerodynamic

leaf resistance, exhibit a relatively weak influence on the LT curve. Teq in-

creases logarithmically with increasing resistances for both rs and rb (Fig.

4.7c and d). So especially for cases with low resistances, the change in Teq

can be significant for small variations in the resistances. However, the slope

of the thermoregulation curve at the equivalence point is almost indepen-

dent of the canopy resistance. As an exception, under certain atmospheric

conditions (high incoming solar radiation), variations in rb can significantly

impact the slope of the LT curve (Fig. 4.7d, red dashed line).
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In summary, we found that the characteristics of leaf thermoregulation in

terms of slope and equivalence point are strongly influenced by the at-

mospheric conditions, which means that the process cannot be attributed

exclusively to the control and regulation of the plant itself. The solar ra-

diation and the relative humidity are the most important determinants for

leaf thermoregulation.

4.4.2. FLUXNET Sites

We want to determine whether, as in the simplified experiments, we are able

to identify a negative correlation between leaf temperature excess and air

temperature in realistic o✏ine experiments over several years. Therefore,

we analyze the results of model runs at two FLUXNET sites located in

di↵erent vegetation zones. The first measurement tower is located in the

needleleaf temperate forest Tharandt (Germany), providing data covering

a wide range in temperature and humidity. The second site is located in

the tropical evergreen forest of Brazil, which is characterized by a large

number of warm days where high air temperatures prevail.

Since photosynthesis occurs only under the presence of sunlight, we ana-

lyze only daytime values (defined by inclination angles greater than 10°) of
simulated leaf and air temperatures in the following experiments. Figure

4.8 shows the two-dimensional probability function of the leaf temperature

excess (�T ) and air temperature during the vegetation period (April to

September) as the result of an o✏ine experiment for the FLUXNET site

located in the temperate needleleaf Tharandt forest in Germany. This plot

has the advantage over a mere scatter-diagram to highlight the frequency

of overlapping data of the air temperature and the leaf temperature excess

distribution. The brightness of the color indicates how many percents of

the data amount within an “area” of 1K × 1K = 1K2.
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Figure 4.8a illustrates the results of the real reference experiment, i.e.,

without any restrictions or modifications (of the leaf properties). The dis-

tribution of the air temperature is Gaussian, while the distribution of the

leaf temperature excess shows a sharp drop in frequency for negative tem-

perature di↵erences. The two-dimensional probability function indicates a

larger spread towards positive temperature di↵erences (3.7K for frequen-

cies larger than 0.2%�K2) than towards negative temperature di↵erences

(91.6K for frequencies larger than 0.2%�K2). Nevertheless, the regression

line between leaf temperature excess and air temperature, including all

data, exhibits a negative correlation. The intersection of the regression line

with the air temperature axis occurs at 31.7 °C and nearly agrees with the

one found in the literature at around 30.1 °C. However, the slope of the

regression line (90.1) is significantly smaller compared to the slope of 90.27
found in Michaletz et al. (2016a).

To identify a possible cause for the underestimation of the LT signal at

the canopy level, for the unlimited water case (Fig. 4.8b, blue), we set the

canopy resistance to zero, and the moisture in the soil is kept saturated

at soil field capacity. This modification implies that transpiration is con-

sidered as potential evaporation only limited by the turbulence conditions

describing atmospheric conditions and by the leaf aerodynamic resistance.

With this modification, the distribution of �T shifts significantly towards

negative temperature di↵erences. The largest significant (> 0.2%�K2) neg-

ative di↵erences amount to 96K. The distribution of �T shows a strongly

asymmetric behavior with an abrupt decline in frequencies for positive dif-

ferences (only 0.7K for frequencies larger than 0.2%�K2). Due to the en-

hanced latent heat flux, which is not limited by water availability, in the

form of transpiration in this sensitivity experiment, the available energy is

mostly used for phase changes rather than to increase the leaf temperature.

Therefore, the near-surface climate experiences a strong cooling leading to

an equivalence point of 10.6 °C, which underestimates Teq by almost 20K

compared to the literature. However, the slope of the rc = 0 experiment

agrees with the one found in the observations and is even slightly higher
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Fig. 4.9.: Two-dimensional probability function of daytime leaf tem-

perature excess and air temperature. Data are from the o✏ine experiment
(September 2001 to October 2003) for the FLUXNET site located in a tropi-
cal evergreen forest in Brazil: Reference experiment (a) (Ref, red) and water-
unlimited case (b) (rc = 0, blue). Plotted are instantaneous values of the model
output with 7.5min time step. The dashed black line is the linear regression
through all data of the model output; the gray solid line depicts the regression
line of the findings of Michaletz et al. (2016a)

with 90.29.

The results of the second o✏ine experiment using data from the FLUX-

NET tower of a tropical evergreen forest in Brazil are depicted in Fig. 4.9.

The reference experiment (Fig. 4.9a, left panel) shows a slight positive

correlation disagreeing with the LT theory. Michaletz et al. (2016a) asked

the question whether the common LT signal can be also found in the tropics.

A possible explanation for the positive correlation found for the tropics is

the high solar insolation combined with a large relative humidity. Only

under idealized conditions, i.e., vanishing canopy resistance and unlimited

soil moisture, a negative correlation can be found in the tropics. In this

sensitivity experiment, the equivalence point (21.6 °C) and the slope (90.31)
are close to those values reported in the literature (compare Tab. 4.1).
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Table 4.1.: Comparison of equivalence temperature and slope of the leaf ther-
moregulation curve simulated using o✏ine experiments for the Tharandt site.
The properties are distinguished between Tair and Tcas for two experiments: ref-
erence (Ref) and no water-limitation (rc = 0)

Mode Teq slope

Tair Tcas Tair Tcas

Ref 31.7 32.3 90.09 90.06
rc = 0 10.6 14.2 90.29 90.13

Literature 30.1 90.27

4.4.3. Global AMIP experiments

To investigate the process of leaf thermoregulation on the global scale for

a decadal time period, we performed two 30-year AMIP experiments. The

default output time intervals of this multi-year run correspond to monthly

means. First, we consider hourly means for only one vegetation period of

the AMIP run (April to September of the year 1976). This enables the

possibility to compare the results of the AMIP run with those measured

at the FLUXNET sites (Sect. 4.4.2). Due to a large number of grid cells

(i.e., around 2000 CEBa points), this experiment delivers about 8.4 mil-

lion hourly means of leaf temperature excess over a wide air temperature

range from 915 to 35 °C over all latitudes (Fig. 4.10). The air tempera-

ture distribution shows a bimodal pattern. The right-hand peak around

25 °C is caused by the rather constant climate within the tropics. The ref-

erence AMIP experiment (without adjusted canopy resistance) exhibits a

slight positive correlation of 0.02 and contradicts the prediction of leaf ther-

moregulation (Fig. 4.10a). The highest positive �T with about 3.75K (for

significant frequencies greater than 0.2%�K2) can be found for the highest

air temperatures (greater than 25 °C). In contrast, the negative leaf tem-

perature excess for almost the entire air temperature range is limited to

90.75K.

One explanation for the positive correlation is again the high insolation
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combined with high relative humidity in the tropics. Another possible ex-

planation for the absence of larger negative leaf temperature excesses under

high air temperatures is the discrepancy between positive and negative tem-

perature di↵erences: In most cases, negative di↵erences occur more often

but have a much smaller absolute value than positive di↵erences. Negative

leaf temperature excesses occur during the morning with low net radiation

values, and especially during the afternoon when weak insolation fluxes and

relatively high air temperatures prevail. In contrast, positive leaf tempera-

ture excesses occur mainly during midday caused by the large net radiation

fluxes during that time. When calculating the mean value (here a 1-hour

average over eight instantaneous model output values), the larger absolute

values of the positive di↵erences dominate.

In contrast to the reference experiment, the idealized experiment (where

Fig. 4.10.: Two-dimensional probability function of daytime leaf tem-

perature excess and air temperature. Data are from a short-term (hourly
means during one vegetation period, April to September 1976) global AMIP
experiment. Reference experiment (a) (Ref, red) and water-unlimited case (b)
(rc = 0, blue). The dashed black line is the linear regression through all data of
the model output; the solid gray line depicts the regression line of the findings
of Michaletz et al. (2016a)
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the canopy resistance is artificially set to hero rc = 0 and unlimited soil

water availability is assumed) shows – similar to the site experiments – a

negative correlation between the leaf temperature excess and the air tem-

perature (Fig. 4.10b). This means that even in a coupled experiment, the

atmospheric conditions allow the leaf to regulate its temperature (according

to LT theory) as long as su�cient water is available. The largest negative

temperature di↵erence (of significant frequency) occurs for the highest air

temperatures and amounts to 94.5K. However, the slope of the regression

line is with 90.07 significantly smaller compared to the results derived in the

o✏ine site experiments. One reason for this feature could be the negative

feedback of the land–atmosphere coupling in an interactive experiment (as

opposed to an o✏ine run where the air temperature and specific humidity

at the LAL are provided as a prescribed forcing). This di↵erent response of

the atmosphere can be seen in the changed distribution of air temperature

when comparing the reference experiment (Fig. 4.10a) and the idealized

experiment (Fig. 4.10b). The latter exhibits a higher peak at lower air

temperatures (around 10 to 15 °C) and a reduction in frequencies for the

second peak (around 25 °C).

To establish whether we are able to find the e↵ect of leaf thermoregulation

in long-term simulations on a global scale, we also performed an AMIP

experiment over 30 years (1979-2008). Figure 4.11 depicts the results from

this run by showing a scatter plot of leaf temperature excess as a function of

air temperature as the 30-year daytime (inclination angle greater than 10°)
means of all 2000 CEBa grid points for the reference (red) and idealized

(blue) experiment. In both experiments, we find the same pattern as for the

short-term global experiment. The positive slope of the regression line in

the reference experiment, however, is with 0.06 around three times steeper,

whereas the negative slope of the regression line of the idealized experiment

decreases to 90.03. For the reference experiment, only positive temperature

di↵erences can be found as a long-term mean: the smallest di↵erences

amount to 0.5K. In contrast to the short-term AMIP experiment, the 30-

year means in leaf temperature excess of the idealized experiment (blue)
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Fig. 4.11.: Scatter plot between the daytime leaf temperature excess

and air temperature based on 30-year means. Data are derived from a
long-term global AMIP experiment over 30 years (1979-2008): Reference exper-
iment (Ref, red) and water-unlimited case (rc = 0, blue). The dashed lines are
the regression lines.

mostly represent positive values; only a small amount of data shows excesses

that reach 91.0K. This pattern agrees with our explanation of the findings

related to the short-term experiment: The positive temperature di↵erences

are larger than the absolute values of the negative temperature di↵erences

and weighted disproportionately by averaging over decadal time periods.

Since the productivity of plants in the form of photosynthesis is temperature-

dependent, we finally investigate the influence of the leaf temperature ex-

cess found in the global experiments on the simulated gross primary pro-

duction. Therefore, we use the data both from the short-term and the

long-term runs. Since we find the leaf thermoregulation signal only for the

idealized experiment and not in the reference run, we also performed an

idealized AMIP experiment with the JSBACH Classic scheme for the un-

limited water case. The Classic scheme calculates the stomatal control and

GPP based on the air temperature, whereas CEBa uses – as it is correctly

done – the leaf temperature. Figure 4.12 depicts the correlation between

the gross primary production (GPP in µmol CO2/(m2s)) of the CEBa and

Classic scheme for the idealized experiment (water-unlimited case, rc = 0).
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(a) (b)

Fig. 4.12.: Correlation between the gross primary production (GPP)

of CEBa and Classic in µmol CO2/(m2s) for the idealized experiment (water-
unlimited case, rc = 0): Plotted is the simulated model output for CEBa grid cells
of the (a) short-term (hourly means of one vegetation period, April to September
1976) and (b) long-term (30-year means from 1979 to 2008) AMIP experiment.

The simulated model output for CEBa grid cells of the short-term experi-

ment (Fig. 4.12a) shows a high degree of scattering. The slope of the linear

regression amounts to 0.84, which means that in general, CEBa tends to

simulate larger values for the GPP. That would support the hypothesis of

the theory of leaf thermoregulation, which is the maximization of carbon

gain. However, this signal can not be confirmed by the long-term averages

of GPP (Fig. 4.12b). Here the slope of the regression line (1.04) is almost

1. Especially for larger GPP, both schemes simulate the same values in

GPP. Only for small values of GPP, the CEBa scheme seems to be slightly

more productive.

4.5. Discussion

In this chapter, we made a first approach to investigate the e↵ect of leaf

thermoregulation with an ESM in the canopy layer at larger spacial scale.

We demonstrate that we can identify a negative correlation between leaf
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temperature excess and air temperature on the site-level for a temperate

forest. However, the extent in the form of the slope of this correlation is

underestimated when comparing to the slope found in observations at the

leaf scale. For the tropics as well as on a global scale, we find a positive

correlation in the temperature di↵erence, which contradicts the theory of

leaf thermoregulation. However, under idealized conditions, i.e., unlimited

water availability in the form of no canopy resistance, we discover a negative

correlation together with a steep slope.

This raises the question of whether the current parameterization of the

stomatal control overestimates canopy resistance, possibly, due to missing

processes. The temperature dependence for the stomatal conductance as

well as for the photosynthesis is assumed to follow an Arrhenius-type tem-

perature dependence. This means in the context of JSBACH: the higher

the temperature, the higher the stomatal conductance or the GPP (up to

a certain temperature where a high-temperature inhibition sets it to zero).

What is missing so far is a parameterization of a process that artificially

regulates the stomata to the plant’s temperature optimum.

Another limitation of this study is that only one single temperature curve

determines the stomatal conductance and the GPP for all PFTs. The tem-

perature optimum of plants is very di↵erent depending on the climate zone

and should at least be di↵erentiated for di↵erent plant functional types

(PFT). Moreover, these temperature optima can adapt to di↵erent clima-

tological conditions, which is a crucial aspect in a future warmer climate.

In this context, the CEBa scheme is improvable, too, since, at the moment,

the aerodynamic leaf resistance is not formulated for di↵erent PFTs and

only described by one average leaf width.

We have shown that the e↵ect of leaf thermoregulation (i.e., the amplitude

of the leaf temperature excess) depends to a large extent on the relative

humidity of the ambient air and the increasing solar insolation. Regarding

the latter, it is crucial to estimate the distribution of radiation within the

canopy layer correctly, i.e., how much radiation is absorbed or reflected
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from the leaf and how much is transmitted to the ground surface. In this

context, some studies have shown that leaves have the ability to reduce

or enhance the absorption of solar radiation, e.g., by increasing the leaf or

needle density, by rotating the leaf angle, or by reflective leaf hairs (Helliker

and Richter, 2008).

It is debatable whether the current model version of JSBACH CEBa on a

coarse grid (i.e.,1.9°) is su�cient to investigate the e↵ect of leaf thermoreg-

ulation in full measure. We found that, especially during midday, the leaf

temperature is almost always higher than the air temperature since it is

completely illuminated. If, in this case of high insolation conditions, the leaf

temperature would be lower than the air temperature, this would represent

a stable condition, which is not realistic in convective conditions during the

day. To avoid that, only a large heat flux from the ground surface could

compensate that imbalance. Thus, it is debatable if leaf thermoregulation

is even possible for extremely dense or closed canopy layers (e.g., in the

tropics). In that regard, the absence of a flux aggregation method to solve

the energy balance equation (Best et al., 2004; de Vrese and Hagemann,

2016) could represent a significant shortcoming.

In general, it is debatable whether a dual-source big leaf model as CEBa is,

in principle, capable of correctly estimating the plant properties and leaf

temperatures within the canopy layer. In this context, a multilayer model

is probably more su�cient as it can use parameters measured at the leaf

scale and at di↵erent heights to calculate the vertical distribution of leaf

temperatures (Dai et al., 2004). Especially, the upscaling from the leaf

to the canopy scale is a di�cult task. Luo et al. (2018) suggest to avoid

the big-leaf approach and advocates the use of a two-leaf scheme, which

determines firstly the transpiration of sunlit and shaded leaves separately,

and secondly, upscales the results from the leaf to the canopy scale.
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4.6. Conclusion

In most present-day climate models, the air temperature (of the lowest

atmospheric level) is used to calculate the stomatal control and plant pro-

ductivity. However, in nature, it is the leaf temperature that controls pho-

tosynthesis. As found in long-term and short-term measurements, the leaf

temperature can deviate significantly from its ambient temperature (e.g.,

Linacre, 1967; Helliker and Richter, 2008; Michaletz et al., 2016b). More-

over, the leaf temperature excess, which means the di↵erence between leaf

temperature and air temperature, follows a certain pattern. It shows a sig-

nificant negative correlation with increasing air temperature: i.e., the leaf

has the ability to be warmer than the air in cold environments, while it

tends to stay colder than the air in warm environments. This implies that

at a certain air temperature (the so-called equivalence point), the plant’s

transpiration equals the net radiation. Above this temperature, transpi-

ration exceeds the net radiation, and a negative sensible heat flux occurs,

causing a change in sign of the leaf excess. In this regard, we address the

question of whether we can identify a negative correlation of leaf temper-

ature excess and air temperature at the canopy scale in an Earth system

model similar to the findings of Michaletz et al. (2016b), who reported

and explained measurements at the leaf scale. Moreover, the goal of our

research is to explore how atmospheric conditions and leaf properties influ-

ence the leaf’s ability to regulate its temperature? Therefore, we extended

the SkIn+ scheme described in 3 to a dual-source canopy energy balance

scheme (CEBa), which means that there are now separated sources (or

sinks) for heat and water from canopy and soil. This allows distinguishing

between the temperature of the ground, of the air within the canopy layer,

and of the leaf itself. With the latter, it is now possible to simulate the pro-

cess of leaf thermoregulation in JSBACH. With this newly developed land

surface scheme, we first performed zero-dimensional (steady-state) as well

as o✏ine FLUXNET site experiments for a temperate evergreen forest in

Germany and a tropical evergreen forest in Brazil forced with observations

of temperature, wind, humidity, and radiation. Analyzing the process of
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leaf thermoregulation we find:

• The e↵ect of leaf thermoregulation in the form of slope and equiv-

alence point is strongly influenced by the atmospheric conditions,

which means that the process cannot be attributed exclusively to the

control and regulation of the plant itself.

• The net radiation and the relative humidity of the ambient air are

the most important determinants that regulate the amplitude of leaf

thermoregulation. However, they influence the leaf temperature ex-

cess in di↵erent ways: While the equivalence temperature increases

with larger values of insolation and relative humidity, the slope of the

regression line decreases for larger insolation, but increases for higher

relative humidities.

• The specific leaf properties, in terms of aerodynamic leaf resistance

and the canopy resistance, can influence the slope and equivalence

temperature significantly, especially for variations among small resis-

tances. The aerodynamic leaf resistance widens the leaf temperature

excess distribution, resulting in both larger positive as well as nega-

tive temperature di↵erences.

When comparing the results of CEBa at the FLUXNET sites, we found:

• There is a negative correlation between leaf temperature excess and

air temperature at the canopy scale in an o✏ine experiment for a

temperate forest site. However, the slope is significantly smaller com-

pared to those reported by Michaletz et al. (2016a).

• Only for an idealized experiment with unlimited water availability, we

are able to find a similar slope, as found in the observations at the leaf

scale, but with a significantly cooler equivalence point temperature.

• We do not find a negative correlation for the tropical site, which is

caused by the high insolation combined with high relative humidities.

These conditions prevent leaf thermoregulation.
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At this point, we conclude that the leaf thermoregulation signal can be

found in a climate model at the canopy scale at the site level; however,

only in an extenuated form. A similar negative correlation can only be

found under idealized conditions.

In addition, we address the question of whether the leaf thermoregulation

signal can also be found globally on decadal time scales, and if so, whether

it has an impact of the photosynthesis in the form of gross primary pro-

duction (GPP). To answer these questions, again the same global coupled

land–atmosphere experiment covering the years from 1979 to 2008 with

prescribed sea surface temperature was performed. Besides an analysis of

the long-term 30-year means, we interpret hourly means of a single veg-

etation period run (April to September 1976). Finally, we compare the

results of two idealized experiments regarding GPP. The first is simulated

with the Classic scheme, which uses the air temperature as a proxy for the

leaf temperature required for the calculation of photosynthesis. The sec-

ond experiment uses the CEBa scheme, which calculates the photosynthesis

depending on the leaf temperature. In these experiments, we find:

• The short-term as well as the long-term experiment exhibit a positive

correlation between the leaf temperature excess and the air temper-

ature, which contradicts the theory of leaf thermoregulation

• Again, only under unlimited water conditions a negative correlation

can be found in both experiments. However, its slope is significantly

smaller compared to those found at the o✏ine site experiments, which

could be caused by the negative feedback of the atmosphere in an

interactive simulation.

• Consistent with these weak negative correlations we find no significant

impact on the GPP when calculated with the leaf temperature in the

CEBa scheme instead of the air temperature in the Classic scheme

In summary, the leaf thermoregulation signal at the canopy scale is even

smaller on the global spatial scale as well as decadal time scales and needs
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further investigations before concluding that the e↵ect is negligible in a

climate model.



5. Concluding remarks

In this thesis, we investigate two di↵erent processes in the context of the

land–atmosphere interactions within the canopy layer. First, we analyze

the e↵ect of di↵erent heat storages – namely the soil and the canopy – on

the diurnal cycle of near-surface temperatures, energy and moisture fluxes

at the site level. Moreover, we determine whether the respective e↵ects play

a role in the global climate on decadal time scales. Secondly, we investigate

the relation between air and leaf temperatures. As measurements at the

leaf scale have shown, this relation is actively a↵ected by the plant in the

form of leaf thermoregulation. However, the resulting negative correlation

between leaf temperature excess and air temperature has not yet been stud-

ied at the canopy scale. Here we develop the so-called CEBa scheme, which

distinguishes between the temperature of the leaf and the air and makes it

possible to simulate the process of leaf thermoregulation in JSBACH. With

a series of experiments, we then determine whether leaf thermoregulation

leads to significant leaf temperature excesses and whether it has an impact

on climate and plant productivity on a global scale.

5.1. Summary and Conclusions

To investigate the e↵ect of di↵erent heat storages, we implemented two

new approaches for closing the surface energy balance into the land surface

model JSBACH. The standard version of this model uses a prognostic

procedure to close the surface energy balance within the uppermost soil

layer of finite thickness and heat capacity. In the first step, the role of the
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heat capacity of the soil is evaluated by comparing simulations with the

standard model to simulations in which the newly developed SkIn scheme

was implemented. In the latter, the energy balance is closed diagnostically

at an infinitesimally thin surface layer that is located at the surface of the

vegetated land (Viterbo and Beljaars, 1995). This comparison allows us to

answer the first research question:

Does the elimination of the soil heat capacity in the energy balance substan-

tially a↵ect the diurnal cycle of surface temperature and heat fluxes in the

case of shallow vegetation at the site level?

Analyzing the surface energy balance in both schemes, we find that:

• The surface temperature simulated with the reference scheme is un-

derestimated in the case of heating during the day and overestimated

in the case of cooling at night.

• SkIn removes these phase errors in the time-dependent behavior of

the heat fluxes and surface temperatures that were caused by the

dampening e↵ect of the soil heat storage.

• With the new scheme, nocturnal heat releases, which unrealistically

destroy the stable boundary layer previously, disappear.

Here we conclude that the elimination of the soil heat storage significantly

improves the representation of exchange processes in our evaluation exper-

iment. Thereby, the SkIn scheme leads to the removal of almost all biases

on diurnal time scales in regions with shallow vegetation.

The importance of the canopy heat storage in connection with the solution

of the energy balance equation has been estimated in several experimental

studies at the site-level. Although the canopy heat storage can amount up

to 40% of the net radiation, its impact on the Earth system for decadal time

scales has not been studied in detail before. Here we performed an AMIP-

type global coupled land–atmosphere experiment with the MPI-ESM cov-

ering the years from 1979 to 2008. For this global run, the standard heat
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storage concept is replaced by a physically motivated approach describing

the heat storage of the canopy layer in the surface energy balance (SkIn+).
This experiment is designed to answer the question:

What is the climatological e↵ect of the canopy heat storage on near-surface

temperature on the global scale?

We find that:

• The heat storage of the canopy layer must be taken into account

in regions with tall vegetation (especially in the tropics). Here the

heat storage of the canopy layer is larger than that of the uppermost

(6.5 cm deep) soil layer.

• The turbulent exchange during daytime counteracts the delayed re-

sponse in near-surface temperature, whereas, under stable conditions

at night, a significant phase-shift occurs.

• For most regions – especially those with no or shallow vegetation and

a pronounced diurnal cycle – the night e↵ect of SkIn+ prevails, leading
to a cooling in the near-surface temperature relative to the standard

scheme.

In summary, the canopy heat storage has a significant e↵ect on the global

climate on decadal time scales, and its implementation into the MPI-ESM

leads to a significant reduction of the model’s biases in regions with shallow

vegetation. Here we show that the heat storage of the moist biomass ac-

counts for the most significant contribution to the total canopy heat storage

with around 60%. However, the latent heat storage and the heat storage of

the canopy air amount to about 40% of the total canopy heat storage and

can, therefore, not be neglected.

Photosynthesis rates are mainly controlled by the availability of water and

by temperature, more specifically the temperature of the leaf. Short- and

long-term measurements have shown that the leaf temperature can deviate

significantly from the ambient temperature. In particular, the leaf temper-
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ature is often warmer than the air in cold environments, while it tends to

stay colder than the surrounding air in warm environments. To investigate

this so-called leaf thermoregulation and its consequences for the turbu-

lent energy fluxes and for the carbon cycle, we expand the SkIn+ scheme

to a dual-source canopy energy balance scheme (CEBa). This scheme al-

lows the di↵erentiation between the temperature of the ground, the air

within the canopy layer, and the leaf itself. With this coupling scheme, we

performed zero-dimensional (steady-state) and o✏ine (forced with obser-

vations) FLUXNET site experiments for a temperate evergreen forest in

Germany and tropical evergreen forest in Brazil. With these experiments,

we are able to answer the following scientific questions:

How do atmospheric conditions and leaf properties influence the leaf ’s abil-

ity to regulate its temperature? Specifically, does the negative correlation

between the leaf temperature excess and air temperature observed at the leaf

scale hold at the canopy and regional scale?

We find that:

• The characteristics of leaf thermoregulation in the form of slope and

equivalence point are strongly influenced by the atmospheric condi-

tions, which means that the process cannot be attributed exclusively

to the control and regulation of the plant itself.

• We find a negative correlation between the leaf temperature excess

and the air temperature at the canopy scale in an o✏ine experiment

for a temperate forest site. However, the slope is significantly smaller:

Only one-third of the slope found by Michaletz et al. (2016a).

• Only in an idealized experiment, where we assumed that water avail-

ability is not limited, we are able to find a similar slope as found

in the observations at the leaf scale, but with a significantly lower

equivalence temperature.

In summary, we conclude that the leaf thermoregulation signal can be found
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in a climate model at the canopy scale, however, only in less pronounced

form. A similar negative correlation can only be found under idealized

conditions with unlimited water availability.

Furthermore, we performed a 30-year (1979-2008) AMIP experiment with

the CEBa and the Classic scheme coupled to the MPI-ESM addressing the

question:

What is the impact of leaf thermoregulation on global climate and plant

productivity?

We find that:

• The short-term as well as the long-term experiment, exhibit a positive

correlation between the leaf temperature excess and the air temper-

ature, which contradicts the theory of leaf thermoregulation.

• Only under unlimited water conditions, a negative correlation be-

tween the leaf temperature excess and the air temperature can be

found in both experiments. However, the slope of the regression line

is significantly smaller compared to those derived from the site ex-

periments.

• Consistent with these weak negative correlations, we find no signif-

icant di↵erence in GPP when calculated using the leaf temperature

in the CEBa scheme instead of the air temperature in the Classic

scheme.

In summary, the conducted 30-year global experiment suggests that leaf

thermoregulation does not substantially a↵ect the surface or near-surface

temperatures on climatological time scales. Due to the insignificant e↵ect

on the leaf temperature, the GPP remains unchanged as well. Nonetheless,

the process of leaf thermoregulation needs further investigations (see next

section) before concluding that the e↵ect is negligible in an ESM.
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5.2. Outlook

In this thesis, we have demonstrated the importance of heat storages in the

canopy layer. One could have debated that the consideration of the heat

storage induces only phase errors in the diurnal cycle of surface fluxes and

near-surface temperatures, thus producing biases that cancel each other

when averaged over decades. However, this assumption appears to be in-

valid. Moreover, the calculation of the correct timing of heat fluxes is of

vital importance for the adequate simulation of the diurnal evolution of the

boundary layer. Thereby, our scheme may also improve the representation

of atmospheric phenomena such as cloud formation and convection.

Therefore, we recommend using the SkIn+ scheme not only for models that

operate on short time scales but also for Earth system models focusing on

decadal time scales. In this context, the developed scheme is complete and

fully functional and is currently implemented in JSBACH4 (Nabel et al.,

2019), the land component of ICON-ESM (e.g., Giorgetta et al., 2018), the

successor of MPI-ESM. Embedded within the newer ICON model, our de-

veloped scheme may show additional benefits compared to the old scheme.

We believe that the canopy heat storage concept would take full e↵ect

in ICON, which takes into account the subgrid-scale surface temperature

variations in a grid cell.

Moreover, as a non-hydrostatical model, ICON allows very high spatial res-

olutions and an explicit representation of convective processes. In contrast

to low-resolution, parameterized convection, we expect a stronger sensitiv-

ity to the diurnal exchange fluxes between the land and the boundary layer.

The SkIn+ scheme may, therefore, provide an added value compared to the

old scheme through its substantial improvement of biases in heat fluxes in

terms of phase and amplitude.

For exploring the role of the leaf temperature in the canopy, we made a

first approach to investigate the e↵ect of leaf thermoregulation using an

Earth system model at the canopy scale. We show that we are indeed
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able to detect a negative correlation between leaf temperature excess and

air temperature, but its magnitude is underestimated when compared to

observations found at the leaf scale. This finding raises the question of

whether the current parameterization of the stomatal control is even capa-

ble of correctly reproducing the leaf’s behavior in nature. A first approach

in this regard could be the implementation of a process that artificially

regulates the stomatal resistance such that the plant can stay close to its

temperature optimum.

We have shown that the e↵ect of leaf thermoregulation is highly dependent

on the relative humidity of the ambient air and the increasing solar radia-

tion. With regard to the latter, it is crucial to estimate the distribution of

radiation within the canopy layer correctly. In this context, some studies

have shown that leaves have the ability to reduce or increase the absorption

of solar radiation, e.g., by increasing the leaf or needle density, by rotating

the leaf angle, or by reflective leaf hairs (Helliker and Richter, 2008).

Another limitation of this study is that only one temperature curve de-

termines stomatal conductance and the GPP for all PFTs. The optimum

temperature of plants varies depending on the climate zone and should

at least be di↵erentiated for di↵erent plant functional types (PFT). In this

context, the CEBa scheme is still improvable since, at the moment, the aero-

dynamic leaf resistance is currently not formulated for di↵erent PFTs and,

for example, only described by one average leaf width. Furthermore, these

temperature optima can adapt to di↵erent climatological conditions (Berry

and Bjorkman, 1980), which is a crucial aspect in a future warmer climate.

In this sense, it would be valuable to further study the phenomenon of

leaf thermoregulation, because, in a warming climate, many plants may

come close to their temperature limits. Thus, they would increasingly be

dependent on the cooling e↵ect due to the leaf’s ability to regulate its

temperature. Therefore, estimates of carbon uptake by the biosphere may

crucially depend on the accurate representation of leaf thermoregulation.



A. Formal remark about the use

of ”we” in this thesis

Since most of the research has been conducted under the supervision of

Prof. Dr. Felix Ament and Dr. Andreas Chlond, the author prefers to

choose the first person plural.

Nonetheless, this PhD thesis can mainly be viewed as a solitary work as

substantial parts of the research ideas, and experiment design were devel-

oped by the doctoral candidate. Furthermore, nearly all work in terms of

model code development and experiment execution, as well as data analysis

and manuscript writing, was conducted by the doctoral candidate.



B. Comparison of model biases

(a) ΔΤ(SkIn+ — Observations) [K]

(b) ΔΤ(Classic — Observations) [K]

Fig. B.1.: Comparison of the model bias of SkIn
+

and JSBACH Clas-

sic on regional scales: Thirty-year (1979-2008) summer half-year (Apr-Sep)
average of the di↵erence of near-surface temperatures between SkIn+ and obser-
vations (a) as well as between JSBACH Classic and observations (b).
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