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Abstract

The land surface and the atmosphere form a coupled system and interact
with one another in several ways. Land-atmosphere feedbacks have been
shown to be important for European summer climate, in particular for extreme events. Observational studies suggest an increase in frequency as well
as intensity of hot temperature and heavy precipitation extremes already for
the recent past. With climate change, extreme events in Europe are projected
to be strongly affected, notably due to a strengthening of land-atmosphere
feedbacks. Hot extremes as well as heavy precipitation events are projected
to become more frequent and intense in the coming decades. In addition,
substantial changes in drought patterns are projected. Human societies and
ecosystems are greatly affected by climate variability and especially by the
frequency and intensity of extreme events. Hence, it is important to improve the understanding of the processes shaping these extremes and their
sensitivity to climate change.
This thesis investigates land-climate feedbacks associated with heat waves
and droughts in order to investigate how extreme events are influenced by
processes at the land surface. Specifically, it quantifies the importance of soil
moisture versus vegetation phenology feedbacks using numerical sensitivity
experiments performed with a Regional Climate Model (RCM). Thereby, we
use two model frameworks. On the one hand, the standard COSMO-CLM
RCM coupled to its default land surface model (LSM) TERRA_ML, and
on the other hand COSMO-CLM coupled to a more sophisticated LSM, the
Community Land Model (CLM3.5). We refer to the latter modeling system
as COSMO-CLM2 , whereas the native LSM TERRA_ML has been retained
within COSMO-CLM2 so that either CLM3.5 or TERRA_ML can be used
with the same atmospheric model, allowing us to quantify the influence of
the LSM specification on the simulated climate. COSMO-CLM2 is particularly critical to investigate vegetation-climate feedbacks, as the respective
experiments require a realistic representation of vegetation processes, which is
i

provided by the sophisticated CLM3.5 LSM. Since this new model framework
(COSMO-CLM2 ) had not been used for studying land-atmosphere feedbacks
and extreme events previous to this thesis, a model validation is an essential
part of this thesis.
The first part of this thesis uses an older version of COSMO-CLM and
assesses the influence of soil moisture memory on heat wave persistence based
on sensitivity experiments with prescribed soil moisture. By using different
thresholds for heat wave definition, we are able to disentangle the differences
in heat wave duration caused by differences in the intrinsic persistence of
daily maximum temperatures (clustering of hot days) and due to differences
in the probability density functions of daily maximum temperatures. We find
that simulations in which soil moisture is fixed to a constant value or prescribed seasonal cycle, even with prescribed constant dry conditions, present
a lower intrinsic heat wave persistence than simulations with interactive soil
moisture. This effect is related to the soil moisture memory in the simulations with interactive soil moisture and highlights the importance of soil
moisture memory for heat wave persistence (Chapter 2).
The second part of my thesis uses COSMO-CLM2 and compares COSMOCLM/TERRA_ML with COSMO-CLM coupled to the more sophisticated
CLM3.5 LSM. In particular, this study investigates the dependency of the
model performance and of its representation of land-atmosphere feedbacks
on the LSM specification. We find that the overall COSMO-CLM/COSMOCLM2 performance is improved when the model is coupled to CLM3.5. Especially the simulation of climate variability and temperature extremes is substantially ameliorated. In addition, we investigate the relationship between
the standardized precipitation index and the subsequent number of hot days.
This relationship can be used as an indicator for soil moisture-temperature
feedbacks and can also be calculated from observations. Hence, this enables
us to compare land-climate feedbacks in the model to observation-based estimates. This investigation reveals that overall land-climate feedbacks are
more realistically simulated with the more sophisticated LSM. However, we
find that the effect of the land surface on climate may be at the lower end
when using the CLM3.5 land surface model (Chapter 3).
The third part of my thesis deals with vegetation phenology-climate feedbacks. For this study we used a new phenological dataset which provides data
for the whole time period of the simulations (1989–2010). This allowed us
to perform simulations with inter-annual variability in leaf area index (LAI)
instead of the default seasonal cycle. In addition, by using the new dataset
we are able to increase the temporal resolution of LAI from monthly to daily
timesteps. We investigate the influence of phenological changes on temperature extremes by performing different phenology experiments. Overall, late
and weak vegetation activity leads to an enhancement of heat waves. For
example, during the heat waves and droughts that occurred in 2003 (Central
ii

Europe) and 2007 (South-Eastern Europe) the decrease in vegetation activity during summer due to drought conditions and very high temperatures
further increased the heat wave intensity. Hence, heat and drought conditions that influence the vegetation LAI can further amplify heat waves in
addition to the enhancing effect due to soil moisture-temperature feedbacks
alone (Chapter 4).
In summary, COSMO-CLM2 has been shown to be an appropriate tool
for studying land-climate feedbacks and for simulating climate variability
and extremes in Europe. We identified that soil moisture-climate as well
as vegetation phenology-climate feedbacks play an important role for European summer climate. The performed numerical experiments suggest that
soil moisture has a pronounced effect on summer mean climate as well as
extreme events, e.g., the persistence of heat waves, whereas vegetation phenology only seems to play a role for extreme events. However, in some cases
and regions, vegetation phenology and drought conditions are found to amplify heat waves in almost equal amount. This thesis highlights the key role
of soil moisture and vegetation phenology feedbacks during heat waves and
associated droughts, which can be substantially prolonged and enhanced due
to these feedbacks.
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Zusammenfassung

Die Landoberfläche und die Atmosphäre bilden ein gekoppeltes System und
interagieren auf verschiedene Weisen miteinander. Es ist gezeigt worden, dass
Wechselwirkungen zwischen Land und Atmosphäre für das europäische Sommerklima, vor allem für Extremereignisse, wichtig sind. Studien basierend
auf Beobachtungen deuten darauf hin, dass die Häufigkeit und die Intensität
von heissen Temperaturen und Starkniederschlägen bereits in der jüngsten
Vergangenheit zugenommen haben. Es wird prognostiziert, dass der Klimawandel Extremereignisse, insbesondere durch eine Verstärkung der Wechselwirkungen zwischen Land und Atmosphäre, stark beeinflussen wird. Heisse
Temperaturextreme und Starkniederschläge werden voraussichtlich in ihrer
Häufigkeit und Intensität in den nächsten Dekaden weiter zunehmen. Ausserdem sind starke Änderungen in den Auftrittsmustern von Dürren vorausgesagt. Klimavariabilität und besonders die Häufigkeit und Intensität von
Extremereignissen haben starke Auswirkungen auf die menschliche Gesellschaft und Ökosysteme. Darum ist es wichtig die Prozesse, die diese Extreme
beeinflussen, und deren Sensitivität auf den Klimawandel zu verstehen.
Diese Doktorarbeit untersucht Wechselwirkungen zwischen Land und
Klima im Zusammenhang mit Hitzewellen und Dürren um das Verständnis, wie Extremereignisse von den Prozessen an der Landoberfläche beeinflusst werden, zu verbessern. Im speziellen quantifiziert diese Arbeit die
Wichtigkeit von Wechselwirkungen zwischen Bodenfeuchte und Atmosphäre im Vergleich zu Wechselwirkungen zwischen Vegetation und Atmosphäre anhand von numerischen Sensitivitäts-Experimenten mit regionalen Klimamodellen (RCM). Dabei benutzen wir zwei Modellsysteme. Einerseits
verwenden wir das gängige, mit seinem Standard-Landoberflächenmodell
TERRA_ML gekoppelte COSMO-CLM RCM. Andererseits benützen wir
COSMO-CLM gekoppelt an ein höher entwickeltes Landoberflächenmodell,
das Community Land Model (CLM3.5). Letzteres Modellsystem nennen wir
COSMO-CLM2 . Das Standard-Landoberflächenmodell TERRA_ML bleibt
v

in COSMO-CLM2 enthalten, sodass mit demselben Atmosphärenmodul entweder CLM3.5 oder TERRA_ML benützt werden kann. Diese Tatsache erlaubt es uns, den Einfluss des Landoberflächenmodells auf das simulierte
Klima zu quantifizieren. COSMO-CLM2 ist insbesondere entscheidend, um
Wechselwirkungen mit der Vegetation zu untersuchen, da diese Experimente eine realistische Repräsentation von Vegetationsprozessen im Modell erfordern, welche durch das hochentwickelte Landoberflächenmodell CLM3.5
gegeben sind. Weil dieses neue Modellsystem (COSMO-CLM2 ) noch nie für
Untersuchungen der Wechselwirkungen zwischen Land und Klima oder Extremereignissen benutzt worden ist, beinhaltet ein essentieller Teil dieser Arbeit die Validierung des Modells bezüglich dieser Aspekte.
Der erste Teil dieser Doktorarbeit benutzt eine ältere Version von
COSMO-CLM und beurteilt den Einfluss der Variabilität der im Boden gespeicherten Bodenfeuchte auf die Persistenz von Hitzewellen basierend auf
Sensitivitäts-Experimenten mit vorgeschriebener Bodenfeuchte. Durch die
Verwendung verschiedener Grenzwerte für die Definition von Hitzewellen
sind wir in der Lage, die Unterschiede in der Dauer von Hitzewellen, die
durch die spezifische Persistenz täglicher Maximaltemperaturen (gehäuftes
Auftreten von Hitzetagen) oder durch Unterschiede in der Wahrscheinlichkeitsdichtefunktion der täglichen Maximaltemperaturen verursacht werden,
zu unterscheiden. Wir stellen fest, dass Simulationen, in denen die Bodenfeuchte durch einen fixen Wert oder einen vorgeschriebenen saisonalen Zyklus festgesetzt ist, auch bei konstant trockenen Bedingungen eine tiefere
spezifische Hitzewellenpersistenz aufweisen als Simulationen mit interaktiv
berechneter Bodenfeuchte. Dieser Effekt ist auf die Variabilität der im Boden gespeicherten Feuchtigkeit zurückzuführen und hebt deren Einfluss auf
die Persistenz von Hitzewellen hervor (Kapitel 2).
Der zweite Teil meiner Doktorarbeit benützt COSMO-CLM2 und vergleicht COSMO-CLM/TERRA_ML mit dem an das höher entwickelte Landoberflächenmodell CLM3.5 gekoppelte COSMO-CLM. Diese Studie untersucht insbesondere die Abhängigkeit der Modelleigenschaften und der Repräsentation von Wechselwirkungen zwischen Land und Atmosphäre auf die Spezifikation des Landoberflächenmodells. Wir stellen fest, dass insgesammt die
Funktion von COSMO-CLM/COSMO-CLM2 verbessert wird, wenn das Modell an CLM3.5 gekoppelt ist. Insbesondere wird die Simulation von Klimavariabilität und Temperaturextremen wesentlich verbessert. Zusätzlich untersuchen wir den Zusammenhang zwischen dem ”Standardized Precipitation Index“ (SPI, Standardisierter-Niederschlagsindex) und der nachfolgenden
Anzahl Hitzetage. Dieser Zusammenhang kann als Indikator für Wechselwirkungen zwischen Bodenfeuchte und Temperatur gebraucht werden und kann
auch aus Beobachtungsdaten berechnet werden. Das macht es uns möglich,
Wechselwirkungen zwischen Land und Klima im Modell mit auf Beobachtungen basierenden Berechnungen zu vergleichen. Diese Untersuchung zeigt,
vi

dass Wechselwirkungen zwischen Land und Klima mit dem höher entwickelten Landoberflächenmodell realistischer simuliert werden. Wir finden jedoch,
dass der Effekt der Landoberfläche auf das Klima hingegen eher unterschätzt
sein könnte, wenn CLM3.5 als Landoberflächenmodell benutzt wird (Kapitel
3).
Der dritte Teil dieser Arbeit beschäftigt sich mit Wechselwirkungen zwischen Vegetationsphänologie und Klima. Für diese Studie benützen wir einen
neuen Phänologie-Datensatz, welcher Daten für die gesamte Dauer der Simulationen enthält (1989–2010). Das erlaubt es uns, Simulationen mit jährlicher Variabilität im Blattflächenindex (LAI) anstatt des standardmässigen
saisonalen Zyklusses zu berechnen. Zusätzlich sind wir mit dem neuen Datensatz in der Lage, die zeitliche Auflösung des LAI von monatlichen auf tägliche
Werte zu erhöhen. Wir berechnen verschiedene Phänologieexperimente und
untersuchen den Einfluss von Vegetationsphänologie auf Temperaturextreme.
Pauschal gesagt führt eine späte und schwache Vegetationsaktivität zu einer
Verstärkung von Hitzewellen. Beispielsweise führte während der Hitzewellen und Dürren in den Jahren 2003 (Zentraleuropa) und 2007 (Südosteuropa) der Rückgang der Vegetationsaktivität während des Sommers, verursacht
durch Dürre und sehr hohe Temperaturen, zu einer weiteren Verstärkung der
Hitzewellen. Demzufolge können Bedingungen wie Hitze und Dürre, die die
Vegetationsaktivität beeinflussen, Hitzewellen zusätzlich zu den Wechselwirkungen zwischen Bodenfeuchte und Temperatur weiter verstärken (Kapitel
4).
Zusammenfassend zeigt diese Arbeit, dass das Modellsystem COSMOCLM2 ein angemessenes Instrument ist, um Wechselwirkungen zwischen
Land und Klima zu studieren und um Klimavariabilität und Extremereignisse in Europa zu simulieren. Wir stellen fest, dass Wechselwirkungen zwischen
Bodenfeuchte und Klima und zwischen Vegetationsphänologie und Klima eine wichtige Rolle für das europäische Sommerklima spielen. Die berechneten
numerischen Experimente deuten an, dass die Bodenfeuchte einen deutlichen
Effekt auf das mittlere Sommerklima und auf Extremereignisse hat, beispielsweise die Persistenz von Hitzewellen, während Wechselwirkungen mit der
Vegetationsphänologie nur eine Rolle für Extremereignisse zu spielen scheinen. Dennoch können Wechselwirkungen mit der Vegetationsphänologie in
manchen Fällen und in manchen Regionen Hitzewellen fast gleich stark verstärken wie die Bodenfeuchte. Diese Doktorarbeit hebt die Schlüsselrolle von
Wechselwirkungen zwischen Bodenfeuchte und Klima und zwischen Vegetationsphänologie und Klima während Hitzewellen und Dürren hervor, welche
durch diese Wechselwirkungen wesentlich verlängert und verstärkt werden
können.
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1

Introduction

”Plants transpire large quantities of water at a rate primarily dependent upon weather conditions, and calculable from easily measured weather elements. They therefore play a dominant part in
the water and heat balances of the earth’s surface, and affect land
drainage, underground storage and river flow.“
H. L. Penman, 1951
The earth’s land surface and the atmosphere interact with each other,
thus forming a coupled system. Both components continuously exchange
water, energy and chemical compounds at time scales ranging from seconds
to millennia. These exchanges influence long-term climate conditions as well
as individual weather events (e.g., Pielke et al., 1998). The water stored on
land is particularly crucial for the climate system, because it controls the
partitioning of net radiative energy into latent and sensible heat fluxes which
is a boundary condition for the atmosphere (Dirmeyer et al., 2006; Seneviratne et al., 2010). Additionally, it influences the status of the overlying
vegetation, which also influences the energy partitioning and evapotranspiration (e.g., Pielke et al., 1998; Arora, 2002; Pitman, 2003). Globally, up
to 50% of the total available energy at the earth’s surface is required for
evapotranspiration (Trenberth et al., 2009; Stephens et al., 2012). In regions
where the variability in evapotranspiration is high, the impact of the land
surface on climate is particularly crucial. This applies to transitional regions
between wet and dry climate (Koster et al., 2004), but also in wetter regions
1
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the influence of the land surface on climate can be strong i.e. during drought
conditions (Fischer et al., 2007b; Schubert et al., 2008).
Human societies and ecosystems are greatly affected by climate variability and in particular by the frequency and intensity of extreme events (e.g.,
Changnon et al., 1996; Ciais et al., 2005; IPCC, 2012). It is thus essential to
better understand the processes shaping these extremes and their sensitivity
to climate change. Different studies have investigated the influence of landatmosphere interactions on extreme events in Europe, especially for heat
waves (Seneviratne et al., 2006b; Diffenbaugh et al., 2007; Vautard et al.,
2007; Fischer et al., 2007a; Hirschi et al., 2011; Jaeger and Seneviratne,
2011; Quesada et al., 2012). Using climate model simulations Seneviratne
et al. (2006b) show that up to 60% of the summer climate variability is induced by soil moisture-temperature feedbacks in the Mediterranean region
in present climate and in Central and Eastern Europe in projections for the
end of the 21st century. In an observational study, Vautard et al. (2007)
show that hot summers in Europe are preceded by winter rainfall deficits
over Southern Europe and that previous winter and early spring rainfall frequency in the Mediterranean regions is correlated with summer temperature
in central continental Europe. Fischer et al. (2007a) demonstrate that soil
moisture-temperature feedbacks can increase heat wave duration in Europe
at the example of four past events. Jaeger and Seneviratne (2011) estimate
that intra-seasonal and inter-annual variability of soil moisture account for
5–30% and 10–40% of the simulated heat wave anomalies. The extreme hot
and dry 2003 summer presents an ideal case study for such feedbacks and
is well investigated (e.g., Schär and Jendritzky, 2004; Rebetez et al., 2006;
García-Herrera et al., 2010). Several studies suggested that a soil moisture
deficit enhanced the heat wave in summer 2003, especially the second part in
August (Ferranti and Viterbo, 2006; Fischer et al., 2007a,b). Zaitchik et al.
(2006) propose that an early green-up in spring 2003, due to anomalous warm
temperatures, enhanced soil drying and contributed to the increase in temperatures in the following, which is an aspect specifically investigated in the
present thesis (Chapter 4). Most of the mentioned studies focus on heat
wave intensity and not heat wave persistence. Soil moisture memory and
vegetation state could be relevant in this regard. Feedbacks from vegetation
could play an important role for combined heat waves and droughts, such as
for the 2003 event, but these effects have not been studied in detail so far.
We focus on feedbacks related to soil moisture, since they are important
for extreme events in Europe. In addition, we investigate impacts from vegetation (phenology) on climate since they could play a role as well, although
there have been only few studies considering the relevance of vegetation feedbacks for extreme events. We use a modeling approach to investigate these
questions. Regional Climate Models (RCMs) are useful tools to investigate
land-atmosphere interactions since the involved processes are principally re-

1.1. CLIMATIC EXTREMES – IMPORTANCE AND TRENDS
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gional in nature (Giorgi, 2006). By using a modeling approach we are able to
conduct process-based experiments to investigate these feedbacks, i.e., by disenabling feedbacks between the atmosphere and the land surface, for instance
by prescribing soil moisture.
In the following, we first focus on climate extremes, in particular heat
waves and droughts (Section 1.1). Afterwards, we introduce two important
concepts when analyzing land-climate feedbacks: the land water and the land
energy balance (Section 1.2). Thereafter, we explain the most important
concepts when studying land-atmosphere feedbacks (Section 1.3). Section
1.4 provides an introduction to regional climate modeling and land surface
modeling, and also describes the models used in the studies presented in this
thesis. The last section of this chapter explains the aims and outline of this
thesis (Section 1.5).

1.1

Climatic extremes – importance and trends

During the 2003 summer Europe experienced a record breaking heat wave
(Schär et al., 2004), which was very likely the hottest summer of the last
500 years (Luterbacher et al., 2004). It is estimated that the 2003 heat wave
and drought caused about 40’000 excess deaths, mostly among elderly people
(García-Herrera et al., 2010). In addition, forest fires and agricultural losses
caused tremendous economical losses, estimated to more than US$10 billion (MunichRe, 2004). The 2007 heat wave that occurred in South-Eastern
Europe also had very large impacts in the affected regions, ranging from excess deaths to power outages and forest fires (Founda and Giannakopoulos,
2009; Barriopedro et al., 2011). These examples show the importance and
pronounced impacts of such events clarifying why we are interested in these
extremes.
Observational studies suggest an increase in frequency as well as intensity
of hot temperature and heavy precipitation extremes for the recent past (e.g.,
Easterling et al., 2000; Alexander et al., 2006; Della-Marta et al., 2007; Donat
and Alexander, 2012; Seneviratne et al., 2012b; Perkins et al., 2012). For
droughts the results are inconsistent so far. No clear trend in droughts over
Europe could be detected by Hisdal et al. (2001), Lloyd-Hughes and Saunders
(2002), and Vidal et al. (2010), even though Stahl et al. (2010) found a
regionally coherent picture of annual streamflow trends with negative trends
in Southern and Eastern Europe, and generally positive trends elsewhere.
Dai (2013) finds a drying trend in Southern Europe from 1950–2010, however,
underlying data used in this study have been recently criticized by Sheffield
et al. (2012).
For hot temperatures and heavy precipitation events, substantial changes
are projected for the coming decades (e.g., Meehl and Tebaldi, 2004; Christensen et al., 2007; Seneviratne et al., 2012b). In Europe, hot extremes are

4
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expected to become more intense and more frequent. Heavy precipitation
events are also projected to increase, especially in winter and Central and
Northern Europe (e.g., Beniston et al., 2007). For Southern Europe the
trends are less clear. In general, it is expected that most wet regions become
wetter and most dry regions drier in the future, although there are some exceptions, including regions shifting their climate regime (Seneviratne et al.,
2006b, 2012b).

1.1.1

Heat waves

A heat wave is a period with extreme high temperatures, usually occurring
during summer. The most important large-scale circulation conditions for
heat waves occurring in Europe are persistent anticyclonic patterns over a
high temperature area, for instance associated with an atmospheric blocking
(e.g., Cassou et al., 2005; Quesada et al., 2012). In addition, other physical
mechanisms can amplify European heat waves, in particular land-atmosphere
feedbacks (see 1.3.1) as well as sea surface temperatures (e.g., Vautard et al.,
2007; Zampieri et al., 2009; Feudale and Shukla, 2011; Stefanon et al., 2012b).
Heat waves can be defined in different ways concerning length and magnitude.
The minimal length of a heat wave is two consecutive days and typical lengths
for defining heat waves are 5–6 days. Here, we consider rather short heat
waves to obtain statistically suitable data, since the studied time periods
are not very long. Normally, a specific temperature threshold is set for the
definition of a heat wave day. Either an absolute threshold (such as 30 ◦ C),
a threshold based on the climatology (e.g. 5 ◦ C above the climatology), or a
quantile level (e.g. 90%) can be used. To be able to compare different regions
on the globe, statistical thresholds, such as the 90%-percentile, are often
preferred. If the effects on humans are in focus, humidity needs to be included
in the heat wave definition since high day and night time temperatures in
addition with high humidity cause largest stress on humans (Robinson, 2001;
Sherwood and Huber, 2010; Fischer et al., 2012).

1.1.2

Droughts

Droughts are complex phenomena that involve several interacting climate
processes. The main cause of all droughts is a lack of rainfall over an extended period of time, such as a season or a year. In addition, other factors
like temperatures, winds, low relative humidity or the timing and characteristics of rain play a significant role (Mishra and Singh, 2010). In particular,
also evapotranspiration is an important driver for droughts (Seneviratne and
Koster, 2012; Seneviratne et al., 2012b; Sheffield et al., 2012). However, the
exact definition of droughts itself is not trivial. One can distinguish between
several types of droughts (e.g., Heim, 2002): meteorological droughts (lack
of precipitation), soil moisture droughts (lack of soil moisture, also termed
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”agricultural droughts“), hydrological droughts (depletion of surface and subsurface water reservoirs and resulting low-flow), and socio-economic droughts
(water demand exceeds supply during a given period), which may or may not
occur at the same time and in the same region (e.g., Dracup et al., 1980).
The sensitivity of regions to droughts depend on different physical factors, in
particular on evapotranspiration, infiltration, and storage characteristics of
the corresponding river catchments. These factors make droughts difficult to
analyze and it is not possible to define a uniformal drought index (Heim, 2002;
Seneviratne et al., 2012b). Consequently, we have to use drought indices appropriate for our purpose and the studied region. We are mostly interested
in meteorological and agricultural droughts in this thesis, therefore, we focus
on the standardized precipitation index which is easy to calculate and can
be applied to different time periods (see Appendix C for details).

1.2

The land water and energy balances

Water is stored on land in multiple reservoirs, including soil moisture, surface
water, groundwater as well as snow and ice cover. The land water balance
(Fig. 1.1 left) has precipitation (P) as incoming component. Precipitation is
either intercepted by vegetation or falls to the soil surface. The intercepted
water evaporates back to the atmosphere (Ecan ), whereas the water reaching
the ground either infiltrates or runs across the soil surface as surface runoff
(Rs ). The infiltrated water can either be evaporated (Eground ) from the soil
surface, drain through the soil and possibly end up as subsurface runoff (Rg )
or be taken up by roots and be transpired (Etran ) back to the atmosphere.
The total evapotranspiration (E) results from the sum of Ecan , Eground and
Etran . The balance of incoming and outgoing water fluxes is the surface
water balance:
P = Eground − Etran − Ecan − Rs − Rg +

dS
dt

(1.1)

is the change in storage. The land water balance can be influenced
whereas dS
dt
by changes in characteristics of the land surface, such as vegetation cover
and/or state.
The land surface receives energy from the sun and from the atmosphere
emitting infrared radiation (IR). This energy is then redistributed in different
fluxes. The land energy balance (Fig. 1.1 right) describes the distribution
of the total available energy into the different surface energy fluxes. The
available energy at the land surface is determined by the amount of incoming
and reflected short-wave radiation as well as incoming and emitted long-wave
radiation (IR). The short-wave radiation emitted by the sun is reflected,
absorbed and transmitted by the atmosphere (water vapor, clouds). The
albedo of the earth’s surface determines at the end how much of the energy
reaching the surface is absorbed (SWin ) and how much is reflected (SWout ,
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Figure 1.1: Schematics of the land water balance (left) and the land energy balance (right). Adapted from Seneviratne et al. (2010).

about 47%–50% of the total radiation emitted by the sun is absorbed by the
earth’s surface (Trenberth et al., 2009; Stephens et al., 2012)). Long-wave
radiation is also absorbed (LWin ) and emitted (LWout ) from the surface,
depending on temperature and emissivity of the land and the atmosphere.
The resulting balance is called net radiation (Rnet ):
Rnet = SWin − SWout + LWin − LWout

(1.2)

The available Rnet is then balanced by sensible heat flux (H), latent heat
flux (λE), and ground heat flux (G) (e.g., Sellers et al., 1997). For an infinitesimally thin soil layer, where the change of energy dH
tends to zero, the
dt
resulting land energy balance is:
Rnet = H + λE + G

(1.3)

The land water and energy balance are tightly coupled through evapotranspiration (E) which is primarily a flux of water but which also requires
energy (λE). So, evapotranspiration constitutes a mass flux in the land water
balance and an energy flux in the land energy balance.

1.3

Land-atmosphere interactions and feedbacks

An important process for land-climate interactions is evapotranspiration, or
the way the land surface influences the partitioning of the available energy
into sensible and latent heat fluxes. A decline in H cools the planetary
boundary layer and reduces convection, whereas decreases in λE reduce the
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water vapor in the atmosphere and, therefore, cloudiness and precipitation
(e.g., Betts et al., 1996). In addition, the land surface influences momentum
exchange and the carbon balance (e.g., Pitman, 2003).
The water stored in the soil provides long term ”memory” effects, due to
the persistence associated with soil moisture anomalies and the integrative
behavior of soil moisture (e.g., Koster and Suarez, 2001; Wu and Dickinson,
2004; Lo and Famiglietti, 2010; Seneviratne and Koster, 2012). This is similar
to the effects from sea surface temperature on a similar but shorter timescale.
Soil moisture memory, or persistence, can be defined in different ways, e.g., it
can be defined by the autocorrelation (Seneviratne and Koster, 2012; Orth
and Seneviratne, 2012). Here, we do not use this definition, but define soil
moisture memory by its memory about what has happened in the atmosphere
in the past. Hence, in a climate model run where soil moisture is prescribed,
the soil moisture memory is zero.
The energy partitioning is controlled by the availability of moisture and
the capacity of the soil-vegetation system to supply water to the surfaces
where evaporation occurs (e.g., Seneviratne et al., 2010; Evans et al., 2011).
Shukla and Mintz (1982) already state that ”the global fields of rainfall,
temperature, and motion strongly depend on the land-surface evapotranspiration. This confirms the long-held idea that the surface vegetation, which
produces the evapotranspiration, is an important factor in the earth’s climate.“ Land surface processes and climate interact with one another through
various feedback loops. The most relevant ones for this thesis are described
in the next sections.

1.3.1

Soil moisture-temperature feedbacks

The partitioning of net radiation between latent and sensible heat flux
strongly depends on the availability of moisture in the soil. In transitional
climate regimes, soil moisture can vary substantially between wet and dry
conditions. In regions where, and in time periods when, the total energy
used for latent heat is limited by soil moisture, more energy is available for
ground and sensible heat flux, leading to an increase in temperature. Soil
moisture-temperature feedbacks have been found to be important for European summer climate (e.g., Vautard et al., 2007; Diffenbaugh et al., 2007;
Hirschi et al., 2011) and other regions of the globe (Mueller and Seneviratne,
2012). For example, the 2003 summer in Central Europe was so dry that
the occurring heat wave was enhanced by the lack of soil moisture (e.g., Ferranti and Viterbo, 2006; Fischer et al., 2007b; García-Herrera et al., 2010;
Seneviratne et al., 2012a). But not only the conditions directly in the region of a heat wave matter: Vautard et al. (2007), Zampieri et al. (2009),
Stefanon et al. (2012b), and Quesada et al. (2012), additionally showed that
European heat waves are often preceded by winter rainfall deficits in Southern Europe. Subsequently, drought and heat can spread northward due to
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atmospheric transport of anomalously warm and dry air from the South and
increase the probability for heat wave episodes in Western and Central Europe. With increasing dry conditions in Central and Southern Europe (Dai,
2013; Seneviratne et al., 2012b) this feedback is projected to become even
more important in the future in this region (Seneviratne et al., 2006b).

1.3.2

Soil moisture-precipitation feedbacks

Two different impacts from soil moisture on precipitation are proposed in
the literature: a direct effect via moisture recycling, and an indirect effect mediated through impacts on the planetary boundary layer (PBL) (e.g.,
Seneviratne et al., 2010). Until the 1990s, most studies focused on the direct effect and tried to quantify the ratio of precipitated water that directly
comes from regional evapotranspiration (e.g., Eltahir and Bras, 1996). So,
wet soils causing more evapotranspiration that directly lead to additional
precipitation over the same region. The more recent studies focus more on
the indirect feedback that soil moisture can have on precipitation, and highlight that under several conditions the impact on boundary-layer stability
and precipitation formation is more important than the absolute moisture
input from evapotranspiration (e.g., Betts et al., 1996; Eltahir, 1998; Schär
et al., 1999; Findell and Eltahir, 2003a,b; Ek and Holtslag, 2004; Betts and
Viterbo, 2005; Taylor and Ellis, 2006; Hohenegger et al., 2009; Taylor et al.,
2012). Most of these studies are based on modeling data, since studies based
on observations are constrained by the scarce availability of soil moisture
data. However, it is not clear if this indirect precipitation feedback is positive or negative. Some studies find increased low-level moist static energy
over wet soils via an increase in net surface radiation. Wet soils generate
lower bowen ratios and shallower PBLs (increasing moist static energy per
unit mass of air even more) and entrainment of air with low moist static energy from above the PBL is reduced. These feedbacks increase the frequency
and magnitude of convective rainfall events (Eltahir, 1998; Schär et al., 1999;
Pal and Eltahir, 2001). Other studies propose a negative feedback between
soil moisture and subsequent precipitation. Still, dry soils enhance bowen
ratio and PBL height but in theses studies convection is triggered through
strong surface warming (Findell and Eltahir, 2003a,b; Ek and Holtslag, 2004;
Hohenegger et al., 2009). Recently, Taylor et al. (2012) found enhanced afternoon moist convection over drier soils due to increased H in a global-scale observational study. This result supports the presence of negative soil-moisture
precipitation feedbacks, at least on the mesoscale.

1.3.3

Vegetation-climate feedbacks

On the one hand, vegetation cover determines radiative properties (albedo)
of the earth’s surface and, therefore, the available energy. On the other
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hand, different vegetation covers vary in their amount of transpiration and
also influence ground evaporation. Hence, vegetation properties influence the
partitioning of net radiation into latent and sensible heat flux (Pitman, 2003;
Bonan, 2008b; Teuling et al., 2010; Williams et al., 2012) and can impact
air temperature, boundary layer stability, or precipitation. Teuling et al.
(2010) found for instance that surface heating was twice as high over forest
than over grassland under heat wave conditions in Central Europe. Land
use and land cover changes (LULCC) have regionally significant impacts,
although uncertainties remain high in this area (e.g., Pitman et al., 2009).
Conversion of natural ecosystems into agricultural land (or vice versa) affects
regional climate mainly due to impacts on albedo and the partitioning of
available energy into sensible and latent heat flux (Pitman, 2003). LULCC
can induce warming or cooling effects, depending on factors such as the
duration of the growing season, changes in albedo or how the partitioning
between H and λE interacts with the atmosphere and clouds (Pitman et al.,
2009, 2011; Boisier et al., 2012; de Noblet-Ducoudré et al., 2012). It was also
found that land cover changes can mask or amplify the impact of CO2 on
climate extremes (Avila et al., 2012). It has been shown, that deforestation
can have warming or cooling effects, depending on the region of the world
and if the radiative effects or transpiration effects win (Betts, 2011; Davin
and de Noblet-Ducoudré, 2010). In addition, LULCC affect emissions and
deposition of carbon and other trace gases, which can have global impacts
(Betts et al., 1997; McGuire et al., 2001).
On shorter timescales, leaf phenology could play a role in vegetationclimate feedbacks (Bonan, 2008a, chapter 26.4). Depending on prevailing
weather conditions (mainly temperature and precipitation) the timing of leaf
emergence and senescence as well as the quantity of leafs (expressed as e.g.
leaf are index (LAI)) can vary between years (see Fig. 1.2, Stöckli and Vidale
(2004)). It has been found that the main impact of inter-annual variations
in leaf area index is a modification of the partitioning of net radiation into
sensible and latent heat fluxes (Buermann et al., 2001; Kang et al., 2007).
Evapotranspiration is sensitive to variations in vegetation, especially over wet
continental surfaces that are not densely vegetated. Over dense vegetation
covers (such as tropical forests) and due to physiological control induced
by environmental stress (e.g. in arid and semiarid regions), this sensitivity
is reduced (Guillevic et al., 2002). Thus, such effects may play a role for
European climate and extremes.
It has been shown that satellite-derived land surface and vegetation products can improve modeled near-surface climate in global circulation models
(e.g., Buermann et al., 2001; Lawrence and Slingo, 2004a; Kang et al., 2007;
Lawrence and Chase, 2007). These data sets have only appeared recently,
since satellite measurements only started in the early 1980s. Meanwhile,
satellite measured vegetation data span reasonable time periods and can,
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Figure 1.2: Inter-annual and seasonal variability in NDVI (Normalized Difference
Vegetation Index, an estimator for the radiation used within the photosynthetic processes occurring in leaves) as observed in the 20-year
period from 1982 to 2001 for the Alps sub-domain. The area-averaged
start and end of the growing season is plotted as a black dashed line.
After Stöckli and Vidale (2004).

thus, even be used for the investigation of inter-annual variability (Stöckli
and Vidale, 2004; Kang et al., 2007). This provides opportunities for studying
impacts from vegetation on climate on the inter-annual timescale.

1.4

Regional climate modeling

Climate models are used to investigate the climate system and to make projections into the future. With mathematical equations that are discretized on
a grid, we can numerically describe the climate system. The general circulation of the atmosphere can be described by first-order principles such as the
equations of motion, conservation of energy, mass and angular momentum,
or the thermodynamic equation. Other processes, that cannot be described
by a physical equation or that are too small-scale to be represented on the
grid, have to be parametrized in a simplified form. The parametrizations are
based on the physical understanding of the underlying processes or empirical
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knowledge (e.g., Randall et al., 2007; Knutti and Hegerl, 2008).
Global Circulation Models (GCMs) are used to model the global climate
on horizontal resolutions of about 100–250km. If one is more interested on the
subcontinental scale, rather than global scale, this resolution is too coarse.
Especially in regions with complex topography or heterogeneous land surfaces and coastlines, these small-scale features cannot be properly resolved
by GCMs and the dynamics and physics of mesoscale processes cannot be
accurately simulated. To circumvent these issues Regional Climate Models (RCMs) have been introduced in the late 1980s (Giorgi, 2006). To be
able to use higher resolutions without exceeding computational resources, a
limited-area model is used over the given region of interest. This requires the
provision of initial and lateral meteorological boundary conditions (e.g., wind,
temperature, surface pressure etc.), as well as surface boundary conditions
(e.g., sea surface temperature). The lateral boundary conditions can be derived from observations or GCMs, depending on the application. RCMs run
on grids of about 10–50km resolution, and in some cases even on cloud resolving scale down to 2km (e.g., Hohenegger et al., 2009). The nesting of
limited area models is well established and has been used for many years in
numerical weather prediction. Nevertheless, the extension of the available
limited area models to long-term climate simulations caused some problems
at the beginning. These problems mainly occurred because processes secondary at short time scales (days) but important for climatic time-scales
(decades to centuries), such as atmospheric radiative forcing or interactive
soil moisture, were not included in these weather prediction models (Giorgi,
2006). Nowadays, most of these problems have been solved for the most
part and RCMs are useful tools to investigate finer-scale regional climate
information. RCMs have been shown to provide added value especially for
investigations of extreme events and local scale forcings.

1.4.1

Land surface models

Land surface processes are parametrized by land surface models (LSMs) in
regional and global climate models. LSMs represent hydrological, biogeophysical and biogeochemical processes which determine the exchange of radiation, heat, water and chemical compounds between the land surface and
the atmosphere. Two fundamental equations that need to be solved in land
surface models represent the surface energy balance and the surface water
balance (introduced in section 1.2).
Land surface models vary strongly in complexity depending on how the
different terms of the energy and water balance are parametrized. They
are often subdivided into three categories: 1st-generation, 2nd-generation
and 3rd-generation land surface models (Sellers et al., 1997; Pitman, 2003;
Seneviratne et al., 2010). 1st-generation land surface models are the simplest
LSMs, in which evapotranspiration is defined as the potential evapotranspi-

12

CHAPTER 1. INTRODUCTION

ration (ETpot ) times a limiting factor. This first generation of LSM is also
called “bucket model” and already captures soil moisture limitation on evapotranspiration. However, it has several drawbacks e.g., the water holding
capacity and surface albedo are constant, there is only one soil layer, the
description of physical processes is overall very simplistic, and soil moisture
is the only vegetation-related limiting factor for E. The latter generally leads
to an overestimation of E (e.g., Seneviratne et al., 2002). In the second generation of land surface models, processes are treated explicitly and they are
more physically based. The most important examples are the BATS model
(e.g., Dickinson, 1984) and SiB (e.g., Sellers et al., 1986). One of the major
advances is that these models represent the vegetation-soil system in a way
that the surface interacts with the atmosphere instead of being mostly passive
as in the 1st-generation models. However, the most important improvement
is the introduction of the biophysical control on E through the stomatal resistance rs (or the stomatal conductance gs = 1/rs ). Generally, this leads to
smaller, more realistic E rates and an improved simulation of continental hydrometeorology (e.g., Sato et al., 1989; Henderson-Sellers et al., 1996). The
most advanced 3rd-generation LSMs simulate plant photosynthesis, including carbon assimilation, nutrient uptake or light interception by chloroplasts
in leaves by parametrizing the relation between stomatal conductance and
photosynthesis (e.g., Sellers et al., 1997; Arora, 2002; Bonan et al., 2003).
As compared to the 2nd-generation models, gs is more physically described
as an empirical function of net CO2 assimilation. These physiological models
are for instance able to simulate soil moisture limitation on photosynthesis
(as e.g., observed by Granier et al. (2007)) or possible effects of CO2 concentration on the water-use efficiency of plants (as e.g., observed by Leuzinger
and Körner (2007)). The most advanced LSMs even include further processes
such as a nitrogen cycle or dynamic vegetation (Arora, 2002).

1.4.2

Models used

The first study presented here uses the non-hydrostatic RCM COSMOCLM (version 2.4.11). The two other studies use the RCM COSMO-CLM2 .
COSMO-CLM2 consists of the ”COSMO-CLM“ (version COSMO4.8-CLM11)
coupled to the 3rd-generation LSM ”Community Land Model 3.5“ (CLM3.5).
The native LSM in COSMO-CLM, the 2nd-generation LSM TERRA_ML,
is retained in the COSMO-CLM2 framework, in which it can thus be used
alternatively to CLM3.5.
COSMO-CLM
COSMO-CLM is a non-hydrostatic RCM jointly used by the COnsortium
for Small-scale Modeling (COSMO) and the Climate Limited-area Modeling
Community (CLM-Community). The COSMO consortium and the CLM-
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Community (respectively European national weather services and climate
research centers) together maintain the model for both, operational weather
prediction and regional climate simulations. The first COSMO-CLM version
was developed on the basis of the Local Model (version 3.1, now COSMO
model), which was originally developed by the German weather service. The
COSMO consortium and CLM-Community did not release unified versions
before 2007/08 (version 4.0), therefore, the numbering of the first version
used, COSMO-CLM2.4.11, is far away from the newer one used, COSMO4.8CLM11, even though not much time lies in between their development. Different versions of COSMO-CLM have been extensively evaluated for Europe
(e.g., Rockel et al., 2008; Jaeger et al., 2009). More details about COSMOCLM can be found on www.cosmo-model.org and www.clm-community.eu.
The dynamical core of COSMO-CLM is based on the primitive thermohydrodynamical equations which describe atmospheric motion. These equations are used in a non-hydrostatic and fully compressible form, allowing
applications on different spatial scales. The equations are defined on a 3dimensional grid in rotated geographical and generalized terrain-following
height coordinates. The second order Leapfrog scheme is used for time integration (optionally Runge-Kutta could be used).
Different physical parametrizations represent diverse processes. The vertical turbulent mixing is parametrized according to a level 2.5 closure using
Turbulent Kinetic Energy as a prognostic variable (Mellor and Yamada, 1974,
1982). For moist convection, the mass flux scheme of Tiedtke (1989) is used.
For radiation, COSMO-CLM uses a δ-two-stream radiation scheme (Ritter
and Geleyn, 1992). This scheme solves the radiative transfer equation for
plane-parallel horizontally homogeneous atmospheres. It is solved for three
spectral intervals in the solar part and five spectral intervals in the thermal
part of the radiation spectrum as well as with a reduced temporal resolution
only, due to computational constraints. Different microphysics schemes can
be used within COSMO-CLM to calculate the formation of grid-scale clouds
and subsequent precipitation. We use a bulk microphysics scheme which includes water vapor, cloud water, cloud ice, rain and snow. Sub-grid scale
cloudiness is calculated by an empirical function that depends on relative
humidity and height.
TERRA_ML The default land surface scheme in COSMO-CLM is
TERRA_ML, which is a 2nd-generation multi-layer soil model. Figure 1.3
shows a schematic of TERRA_ML. TERRA_ML solves the thermal as well
as the hydrological budget of the soil. The distribution of the soil temperature in the vertical is calculated by the heat conduction equation (Fourier’s
law). The lower boundary condition is given by a prescribed temperature
climatology. At the surface, the energy balance is computed to obtain the
upper boundary condition which is the ground heat flux. The hydrological
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Figure 1.3: Schematic showing the energy and water balances in the multi-layer
soil model TERRA_ML. Dw : hydraulic diffusivity, Esub : Evaporation from snow, K: hydraulic conductivity, QS,d : shortwave energy
flux density, QL,d : longwave energy flux density, Wi : intercepted water content, Ws : water content in snow cover, Wl,k : water content
in soil layer, Trk : extraction of water from soil by plant roots, other
abbreviations as elsewhere. Adapted from Block (2007).

budget, i.e., soil water content, is calculated by the Richards’ equation. In
addition, the water content of above ground reservoirs such as snow is predicted. The source of water is the atmosphere through precipitation, dew and
rime (Doms et al., 2011). Water sinks are runoff and evapotranspiration. Total evapotranspiration consists of canopy interception, canopy transpiration
and ground evaporation. However, canopy evaporation from interception is
not activated in TERRA_ML, due to numerical instability problems. Transpiration is calculated by Eq. 1.4 in accordance with other 2nd-generation
LSMs (e.g. BATS Dickinson (1984)):
Etran = ρa

qsat (Ts ) − qr
ra + rc

(1.4)

where ρa is the density of air, qsat (Ts ) is the saturation water-vapor specific humidity at the temperature of the surface, qr the water-vapor specific
humidity at the reference atmospheric level, ra the aerodynamic resistance
between the surface and the lowest layer of the atmosphere and rc the canopy
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resistance, rc =rs /LAI. rs is related to the stomatal conductance gs by:
gs =

1
1
= min f (P AR)f (T )f (δe)f (Ψl )
rs
rs

(1.5)

where the functions f (P AR), f (T ), f (δe), f (Ψl ) describe the dependence of
rs on solar radiation (photosynthetically active radiation PAR), temperature
(T), vapor pressure deficit (δe), and leaf water potential (Ψl ). The latter
can be related to soil water content in the root zone, root distribution and
evaporative demand. In ideal conditions (no stress) these factors are equal
to one and rs equals the minimum stomatal resistance rsmin . Ground evaporation, like transpiration, is calculated as in the BATS model (Dickinson,
1984; Doms et al., 2011).
COSMO-CLM2
COSMO-CLM2 couples the COSMO-CLM RCM to the 3rd-generation LSM
CLM3.5. COSMO-CLM2 coupled to CLM3.5 has been evaluated in Davin
et al. (2011) and Davin and Seneviratne (2012), as well as in Lorenz et al.
(2012) presented in Chapter 3. It was found that the simulated climate
is affected by the coupling to CLM3.5, especially in summer. The use of
CLM3.5 improves the simulation of several variables e.g., surface fluxes, radiation fluxes, temperature and precipitation. Figure 1.4 shows the improved
net radiation biases when using CLM3.5 compared to TERRA_ML, as well
as the improvement obtained by an updated atmospheric scheme. The main
improvement is a better partitioning of the turbulent fluxes. The bowen ratio
is increased, since λE is reduced while H is increased, leading to a decrease
in cloud cover as well as precipitation. The decrease in cloud cover results in
an enhancement of absorbed surface radiation. Together with the increased
sensible heat flux, the enhancement of absorbed surface radiation leads to a
rise in 2-meter temperatures. Overall, biases in mean summer temperature,
precipitation, net long-wave, net short-wave, net radiation and cloud cover
are found to be diminished with the more sophisticated LSM (Davin et al.,
2011; Davin and Seneviratne, 2012).
Community Land Model
The Community Land Model is the land surface component of the Community Earth System Model (CESM). CESM is a community-developed
global climate system model which can be used for inter-annual and
inter-decadal variability studies, paleo-climate simulations as well as projections into the future (e.g., Dickinson et al., 2006; Gent et al.,
2011).
The Community Land Model is a collaborative project between scientists at the National Center for Atmospheric Research (NCAR,
http://www.cgd.ucar.edu/tss/clm/index.html). We use version 3.5 of the
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Figure 1.4: Summer (JJA) mean net radiation bias (model minus GSWP-2) for
different model versions. Top panels: COSMO-CLM coupled to
TERRA_ML, bottom panels: COSMO-CLM coupled to CLM3.5.
Left panels show COSMO-CLM4.0, right panels show COSMOCLM4.8. The considered time period is 1986–1995 and areas where
the model bias is within the GSWP-2 uncertainty range are indicated
with grey shading. After Davin and Seneviratne (2012).

Community Land Model (CLM3.5). CLM3.5 represents biogeophysical processes including radiation interactions with vegetation and soil, heat transfer
in soil as well as snow, soil, and canopy hydrology and stomatal physiology
and photosynthesis (Oleson et al., 2004, 2008). See Figure 1.5 for a schematic
of the main components. Biogeochemical processes can be included optionally in CLM3.5. However, we used neither carbon-nitrogen dynamics, biogenic emissions nor ecosystem dynamics.
Oleson et al. (2008) describe the improvements made to CLM3.0 that significantly improved the partitioning of global evapotranspiration in CLM3.5.
These improvements led to wetter soils, less plant water stress, enhanced
transpiration and photosynthesis, and an improved annual cycle of total water storage. Stöckli et al. (2008) used FLUXNET observations to show that
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Figure 1.5: Schematic showing the main components of current land surface models as CLM3.5. Adapted from Bonan (2008b).

the improved terrestrial water cycle in CLM3.5 led to more realistic landatmosphere exchanges in coupled simulations.
CLM3.5 versus TERRA_ML The degree of complexity between
CLM3.5 and TERRA_ML largely differs, since CLM3.5 is a 3rd-generation
model and TERRA_ML is a 2nd-generation model. However, we did not
fully exploit the possible complexity of CLM3.5 since we did not use carbonnitrogen dynamics, biogenic emissions and ecosystem dynamics. Nevertheless, CLM3.5 resolves more processes than TERRA_ML, such as photosynthesis, and its overall structure is more complex. There are also large differences in the representation of hydrology which can be part of the reason for
differences between runs with TERRA_ML and CLM3.5. Table 1.1 shows
an overview over the differences in soil column structure between CLM3.5
and TERRA_ML.
In contrast to TERRA_ML, CLM3.5 uses a tile approach and explicitly
represents surface heterogeneity. Within one grid-point we can have glaciers,
lakes, wetlands, urban or vegetated areas. Within the vegetated areas there
are up to 17 Plant Functional Types (PFTs). The radiation fluxes are calculated separately for canopy and soil/snow surfaces in CLM3.5, whereas they
are derived from the simulated grid-scale surface albedo and temperature
in TERRA_ML. Both models solve the Richards’ equation for hydrological
processes, but CLM3.5 has a prognostic groundwater model coupled to the
lowest soil level. In addition, CLM3.5 explicitly calculates stomatal conductance and photosynthesis. As distinguished from the 2nd-generation models
(eq. 1.5) gs is more physically described as function of net CO2 assimilation
(An ) in 3rd-generation models, leading to the semi-empirical equation:
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Table 1.1: Multi-layer structure of the soil column in TERRA_ML versus CLM3.5
(adapted from Davin et al. (2011))

TERRA_ML
10

CLM3.5
10

Same layer structure
for thermal and hydrological calculations

Yes

Yes

Depth of deepest layer
(at bottom)

15.24 m

3.43 m

Number of thermally
active layers

9

10

Depth of last thermally
active layer (at bottom)

7.76 m

3.43 m

Concept of thermal
calculation

Heat conduction
equation

Heat conduction
equation

Type of bottom boundary
condition for thermal
part

Constant climatological temperature in last layer

Zero heat flux
condition

Number of hydrologically
active layers

7

10

Depth of last hydrologically active layer
(at bottom)

2m

3.43 m

Concept of hydrological
calculation

Richards’ equation

Richards’ equation

Type of bottom boundary
condition for hydrological part

Only gravitational
drainage

Coupled with underlying aquifer, or zeroflux condition if the
water table is within
the soil column

Total number of layers

gs = m

An
hs p + b
cs

(1.6)

where m is an empirical coefficient (different for C3 /C4 plants), cs the CO2
concentration, hs relative humidity at the leaf surface, p is the atmospheric
pressure, and b the minimal stomatal conductance (Sellers et al., 1997).
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Aims and outline

As discussed in the foregoing sections, land-climate feedbacks strongly affect
European summer climate and in particular extreme events such as droughts
and heat waves. These relationships have been investigated in several studies (e.g. Seneviratne et al., 2006b; Fischer et al., 2007a; Vautard et al., 2007;
Hirschi et al., 2011; Jaeger and Seneviratne, 2011). The magnitude of those
impacts and/or feedbacks depend very much on the models used, also the
LSM. Many different LSMs of different complexity exist but most of today’s
RCMs still use relatively simple LSMs (often 2nd-generation). To investigate vegetation feedbacks, it is of advantage to use a 3rd-generation LSM
which includes a more comprehensive representation of vegetation processes.
Therefore, in this thesis I tested the difference between two RCM versions,
one coupled to a standard 2nd-generation scheme and one coupled to a more
complex 3rd-generation scheme with respect to the representation of landclimate feedbacks and their impacts on European climate. Using the RCM
coupled to the 3rd-generation scheme I investigated feedbacks from phenology to climate, an aspect that had been little studied in the past.
The objective of this PhD thesis is to improve the understanding of
biosphere-climate feedbacks in Europe, especially their role for extremes like
heat waves and droughts. The main research questions are:
• Which land surface processes are relevant for the persistence of heat
waves?
• Are land-atmosphere feedbacks realistically captured in regional climate models? What is the influence of the land surface model?
• What is the role of phenological feedbacks for heat waves and droughts
in Europe?
This thesis consists of 5 chapters and 3 appendices. The core of the thesis
consists of three articles, two of which are published (Chapter 2 and 3), and
the third one is submitted (Chapter 4). These chapters are included as selfcontained scientific contributions and all contain an abstract, introduction
and conclusion. The detailed outline of these chapters is as follows:
• Chapter 2: Persistence of heat waves and its link to soil moisture memory, Lorenz et al. 2010 . This study looks at different definitions of heat waves to disentangle the effects of changes in
temperature distribution from those due to atmospheric persistence.
By performing soil moisture experiments with COSMO-CLM we learn
about the influence of soil moisture on the persistence of heat waves.
• Chapter 3: Modeling land-climate coupling in Europe: Impact
of land surface representation on climate variability and extremes, Lorenz et al. 2012. This paper compares COSMO-CLM
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coupled to the land surface model “TERRA_ML“ with COSMO-CLM
coupled to the more sophisticated land surface scheme “Community
Land Model“ (CLM3.5). Both LSMs are used with the identical atmospheric scheme, thus, enabling us to investigate the influence of the land
surface model on the RCM. The analysis focuses on the comparison of
climate variability, temperature extremes and land-climate coupling in
the two model versions.
• Chapter 4: How important is vegetation phenology for European climate and heat waves?, Lorenz et al., submitted. This
study uses a new phenological data set which contains data over the
whole time period of the COSMO-CLM2 simulations (Stöckli et al.,
2011). Hence, we are able to perform simulations with inter-annual
variability in LAI instead of the default seasonal cycle. In addition, by
using the new data set we are able to increase the temporal resolution
of LAI from monthly to daily timesteps. We investigate the influence
of vegetation phenology on temperature extremes by performing different phenology experiments. A special focus is set on the heat waves
and droughts that occurred in 2003 in Central Europe and in 2007 in
South-Eastern Europe, for which we analyze the effect of phenological
feedbacks.
• Chapter 5: Conclusions and outlook In the final chapter of this thesis I draw the overall conclusions of this thesis and provide an outlook
into possible future research topics.

2

Persistence of heat waves and its link
to soil moisture memory
Geophys. Res. Lett., 37, L09703, doi:10.1029/2010GL042764
Ruth Lorenz,1 Eric B. Jaeger,1 and Sonia I. Seneviratne1

∗

Abstract In this study, we assess the role of soil moisture for heat wave
persistence using simulations with a regional climate model. Several studies
have investigated changes in the frequency of hot summer days but very few
investigated changes in their persistence. We use two different heat wave
thresholds, either defined by the 90th percentile of the control run or by the
90th percentile of the respective sensitivity experiment. We identify that
simulations in which soil moisture is fixed to a constant value or prescribed
seasonal cycle, even with prescribed constant dry conditions, present a lower
intrinsic heat wave persistence than simulations with interactive soil moisture. This effect is related to the impact of soil moisture persistence in the
interactive simulations and amounts to ca. 5-10% of the spell lengths of the
10% hottest days in the respective simulations. Our results highlight the key
role of soil moisture memory for the persistence of heat wave events, beside
the known effect of soil moisture on heat wave intensity.
∗
This publication was slightly changed from its original version by adapting abbreviations to ensure consistency throughout this thesis.
1
Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland.
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Introduction

Observational studies have identified that the frequency of hot summer days
and heat waves over Europe has increased during the past decades (e.g.,
Klein Tank and Können, 2003; Della-Marta et al., 2007). Climate model
simulations project that this trend will continue in the future and that extremely hot summers will become more frequent, more intense and longer
lasting (Meehl and Tebaldi, 2004; Christensen et al., 2007, and references
therein). According to Schär et al. (2004) and Vidale et al. (2007) this trend
goes along with an increase in inter-annual temperature variability in summer. Seneviratne et al. (2006b) identified that this projected increase in
temperature variability is strongly related to changes in soil moisture (SM)
and in particular to changes in the strength of SM-atmosphere coupling.
The land energy and water balances are coupled via the latent heat flux
associated with evapotranspiration (E). In SM-limited regions, the partitioning of the surface energy into sensible (H) and latent heat (λE) fluxes is
strongly determined by SM. If SM is lacking, all the energy from surface
net radiation is used by H and, consequently, air temperature is strongly
enhanced. Regions where SM most impacts the atmosphere are transitional
zones between dry and wet climates (Koster et al., 2004). In Central Europe,
similar effects were found to play a central role during heat wave summers
(Fischer et al., 2007a). More recently, Jaeger and Seneviratne (2011) showed
that SM effects on temperature are asymmetric and mostly affect hot extremes.
In addition, SM is an important memory component within the climate
system (Koster and Suarez, 2001; Seneviratne et al., 2006b). Because SM
is a slowly varying variable, the associated seasonal storage of water in the
soils leads to long-term memory effects with time scales of several weeks to
months (e.g., Koster and Suarez, 2001; Seneviratne et al., 2006a). The role
of SM in this respect is similar to that of other slowly varying components
causing climate persistence, such as ice, snow, or sea surface temperatures.
In this study we investigate the role of SM for heat wave persistence using
regional climate model (RCM) experiments performed with the COSMOCLM model (see section 2.2). While previous studies such as Durre et al.
(2000) and Fischer et al. (2007a) focus on the impact of SM for the intensity of
hot days (which, depending on the chosen threshold, may lead to changes in
heat wave persistence, see hereafter), here we look specifically at the impact
of SM persistence for intrinsic heat wave persistence, and disentangle these
two effects. Effects of SM on predicted spells of extreme temperature have
been for example investigated by Brabson (2005) for Global Climate Model
(GCM) simulations, but they did not distinguish between the impacts of
these effects.

2.2. METHODS

2.2
2.2.1
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Methods
Model description

The numerical experiments are performed with the COSMO-CLM RCM,
which is the climate version of the COSMO-model (COnsortium for Smallscale MOdeling). We use COSMO-CLM version 2.4.11 with 0.44◦ (≈ 50 km)
horizontal grid resolution, 32 vertical layers, 10 soil layers and a model time
step of 240 seconds. Lateral boundary conditions are derived from ERA40
re-analysis data (1958–2001) (Uppala et al., 2005) and from the ECMWF
operational analysis data set (2002–2006), whereas the initial conditions correspond to the climatological values of a long-term ERA40-driven COSMOCLM simulation.
This COSMO-CLM model version has been evaluated with regard to its
mean climate (Jaeger et al., 2008) and to land surface processes and landatmosphere interactions (Jaeger et al., 2009). For more details on the model
dynamics and physics see the documentation on the COSMO-CLM homepage
(http://www.clm-community.eu/).

2.2.2

Experimental design

The experimental set-up includes a control run (CTL) and three sensitivity
experiments. The CTL simulation covers 49 years for the period 1958–2006
and has an interactive SM. For the sensitivity experiments, the CTL simulation was repeated with the same model set-up but uncoupling SM from the
atmospheric evolution (using the same method as e.g. Koster et al. (2004)
and Seneviratne et al. (2006b)). In these uncoupled simulations, SM is prescribed at each time step for each grid point separately, according to soil type.
In ”IAV“ SM is prescribed to a smoothed annual cycle without inter-annual
variability (Jaeger and Seneviratne, 2011). In ”PWP“ and ”FCAP“, SM is
fixed over the whole length of the simulations to the permanent plant wilting
point (PWP) and the field capacity (FCAP) respectively, which correspond
to the minimum and maximum SM values from the point of view of plant
transpiration. These values were chosen in order to assess the impacts of
extreme values of SM on climate (see supplementary material for an illustration of SM evolution in all experiments). Prescribing SM in this way removes
the possibility for spells with anomalous soil moisture, effectively eliminating
persistence associated with SM.

2.2.3

Measures of heat waves

The analysis focuses on different heat wave duration indices (hwdi, hwdi? ).
A heat wave is defined here as the number of consecutive days (at least two)
where the daily maximum temperature (Tmax ) exceeds a given threshold.
Hereafter, we use the long-term 90th percentile (90p) based on the empirical
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PDFs as threshold, either calculated from the control run (hwdi) or the actual
model run (hwdi? ). The indices are based on Tmax values over the 92-day
period June-July-August (JJA) for the analyzed 48 years (1959–2006). For
each summer day, 90p is calculated for a 5-day window centered on the
respective calendar day over the same analysis period (1959–2006). Then,
indices are computed by calculating the mean length of the 90p exceedances.
By comparing two different time series (e.g. distinct model experiments,
model simulation vs. observations), differences in the heat wave duration
defined with a common threshold (hwdi) can be induced by two factors: 1)
A difference in the distribution functions (PDF) of Tmax which results in
more (less) frequent threshold exceedances and thus a higher (lower) likelihood of ’long’ heat wave events; 2) Alternatively, a difference in the temporal
clustering (persistence) of high Tmax values, even independently of any differences in the PDFs. When the 90p value of the actual time series is used
as threshold (hwdi? ), 10% of the data must necessarily exceed this threshold
(but only if 90p and hwdi? are calculated for the same periods). We can thus
infer from a difference in hwdi? between two time series that they are characterized by a different number of threshold exceedances and, hence, a different
mean length of threshold exceedances. This goes along with a difference in
the persistence of Tmax exceedances. Accordingly, with the joint analysis of
hwdi and hwdi? , it is possible to disentangle differences in heat wave duration
caused by differences in the intrinsic persistence of Tmax (clustering of hot
days) and due to differences in the PDF of Tmax .
Figure 2.1 a,b display schematics with an idealized heat wave event that
illustrates the implied distinctions between the hwdi and hwdi? indices. If
there is an increase in Tmax for the experiment (T(EXP1 )) compared to the
control run (T(CTL)), hwdi is generally increased (Fig. 2.1a). However,
hwdi? is only modified if persistence itself is different, hence, if the shape of
the temperature curve changes (T(EXP2 ) vs. T(EXP1 ), Fig. 2.1b). An actual example for a case study based on the conducted experiments is provided
in Fig. 2.1c and discussed in the following sections.

2.3

Results

The mean climate characteristics of PWP, FCAP, and IAV compared to
CTL are briefly summarized here. More details are provided in Jaeger and
Seneviratne (2011) as well as in the supplementary material (section 2.5.2).
In summary, in PWP, low SM leads to a decrease in λE and an increase in
H. This causes a deeper, drier and warmer planetary boundary layer associated with decreased total cloud cover and precipitation. FCAP presents
the opposite behavior. IAV, in turn shows only a weak modification of the
mean climate. In the present study we focus on the heat wave persistence
characteristics of CTL, PWP, FCAP, and IAV.

2.3. RESULTS
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Figure 2.1: a), b) show a schematic illustrating the distinction between hwdi
(a) and hwdi? (b) for an idealized heat wave temperature curve
for the control (T(CTL)) and dry (warmer) (T(EXP)) experiments.
T(EXP1 ) and T(EXP2 ) denote two possible curves for the experiment with the same 90p (long-term 90th-percentile). Both T(EXP1 )
and T(EXP2 ) have a PDF that is shifted to higher values compared
to CTL, but only T(EXP2 ) has a decreased persistence in temperature (note the change in the shape of the curve): a) hwdi is increased for T(EXP1 ) compared to T(CTL). b) hwdi? is identical for
T(CTL) and T(EXP1 ); hwdi? changes only if the persistence (shape)
between T(EXP) and T(CTL) differs (e.g. becomes narrower like for
T(EXP2 )). c) Case study illustrating this effect in the actual simulations (temperatures for all model runs during the 2005 heat wave
on the Iberian Peninsula). The arrows indicate hwdi? lengths for all
model runs (CTL ≈8.5 days, PWP ≈6 days, FCAP ≈6.5 days, and
IAV ≈6 days). The inset displays the temperature during the whole
year for CTL, including soil moisture anomaly. A second case study
and a short analysis are provided in the supplementary material.
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Figure 2.2: Maps of mean heat wave duration indices [days] for the summer period (JJA) 1959–2006 for CTL (a,e), PWP-CTL (b,f), FCAP-CTL
(c,g), and IAV-CTL (d,h). The top row displays hwdi and the bottom row hwdi? (see text for definition). Note that for CTL hwdi is
identical to hwdi? . The numbers in the lower right corner denote the
area-weighted fraction of the significance on the 5% level based on a
one-sided Kolmogorov-Smirnov test using 500 bootstrap samples (see
supplementary material for details).

2.3.1

Differences in heat wave duration indices

Figures 2.2a and 2.2e display hwdi and hwdi? for the CTL experiment (identical since for hwdi the reference threshold is set to the 90p of the CTL
simulation for all experiments). The mean heat wave duration in CTL is
roughly 2.5–3.5 days across Europe. Note that the values found for other
RCMs (ENSEMBLES simulations: http://ensembles-eu.metoffice.com/)
and observations (see supplementary material) are in the same order of magnitude. Figure 2.2 reveals that the increase in hwdi is statistically significant
for PWP (2.2b), as well as the decrease for FCAP (2.2c), as expected according to the changes in mean climate and implied differences in 90p (warmer
climate in PWP and colder climate in FCAP). For IAV, hwdi is slightly decreased for the whole of Europe (2.2d). The differences in hwdi? (Fig. 2.2f–h)
between all experiments and CTL are smaller than those for hwdi and, interestingly, of the same sign for all experiments (decrease in most of Europe).
This decrease is significant at a 5%-level for 81–86% of the grid points for all
three experiments.
A detailed analysis of single heat wave events shows that pronounced heat
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Figure 2.3: Differences between histograms of the lengths of the 90p exceedances
(a,c), amplitude of the 90p exceedances for CTL and the experiments
(b,d). Note that for a)-d) the 90p thresholds are taken from the respective simulation (as for hwdi? ). Top row: Iberian Peninsula, bottom
row: Mid-Europe. Boxplot for all subdomains showing the difference
in hwdi? between the experiment and CTL normalized by CTL in
percent is shown in (e). Sequence is always PWP, FCAP, IAV for all
subdomains (BI: British Islands, IP: Iberian Peninsula, FR: France,
ME: Mid-Europe, SC: Scandinavia, AL: Alps, MD: Mediterranean,
EA: Eastern Europe).

waves occurring in CTL can also be identified in PWP, FCAP and/or IAV
(see e.g. Fig.2.1c). Consequently, the occurrence of heat waves is largely
influenced by the large-scale circulation patterns that are not significantly
perturbed in our experiments (same boundary conditions), and SM acts as
an amplifying/dampening factor.
Changes in the mean duration of heat waves defined using the 90p of the
CTL (hwdi) have the same sign as changes in mean temperatures (positive
for PWP; negative for FCAP and IAV), whereas the mean duration of heat
waves defined based on the 90p of the actual model run (hwdi? ) show decreasing values for all simulations with prescribed SM. To shed more light on
the implied decrease in persistence, the threshold exceedances of hwdi? are
analyzed in more detail in the following sections.

2.3.2

Impact of soil moisture on Tmax threshold exceedances

Figures 2.3a and 2.3c display the differences in 90p threshold exceedance
length between CTL and the experiments for the Iberian Peninsula and MidEurope, 2 of the 8 PRUDENCE subdomains defined e.g. in Christensen and
Christensen (2007).
The differences between CTL and the experiments are statistically signif-
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icant (tested with a two-sided Kolmogorov-Smirnov test). In PWP, FCAP,
and IAV the number of short heat waves (≈2–3 days) increases, whereas the
number of longer heat waves (>3 days) is smaller. The increase in 2-day heat
wave frequency amounts to up to 8%, whereas, for example the frequency of
5-day heat waves drops on average by ≈2% (over all 8 domains). Hence, heat
waves in the PWP, FCAP, and IAV experiments are in general shorter than
those in CTL. This behavior points to a decrease of heat wave persistence
when SM is prescribed to a constant value or seasonal cycle (i.e. no extended
spells of SM anomalies). Hence, in our experiments, temperature time series
exhibit more frequent fluctuations that are dominated by components other
than SM (e.g. chaotic atmospheric fluctuations) and therefore the persistence
of intrinsic heat waves is likely to be decreased. In the control simulation
SM persistence results in a higher persistence of heat waves. This behavior
is well illustrated for the case study presented in Fig. 2.1c (see also Fig. 2.7
in the supplementary information for another example).

2.3.3

Impact of soil moisture on amplitudes of Tmax threshold exceedances

The exceedance amplitudes (Fig. 2.3b and 2.3d) are smallest for FCAP, of
medium size for IAV and highest for both CTL and PWP. The small amplitudes for FCAP are a result of the damping effect of SM. The similar shape of
the histograms for PWP and CTL is a consistent feature in all domains (not
shown). Hence, even though exceedance amplitudes are much smaller in the
wet simulation (FCAP), they are not further increased for the dry simulation
(PWP) compared to CTL, suggesting that heat waves in the CTL simulation
occur under conditions similar to those in PWP (dry soils). This is consistent
with the results of Fischer et al. (2007a), which identified heat waves in Europe to be associated with (and to a large extent caused by) anomalously dry
SM conditions. Consequently, the effect of SM on exceedance amplitude is
asymmetric and not further enhanced in permanently dry climate (PWP) according to our model simulations. Note that this applies to the mean climate
characteristics of the simulations but not necessarily to extreme summers (see
Jaeger and Seneviratne (2011), where even stronger heat waves were found
in PWP for extreme summer case studies). Hence, our simulations highlight
two different effects of SM on heat waves: an enhancement (dampening) of
the exceedance amplitudes under dry (wet) conditions, while these effects
can be asymmetric, and an increase of the longevity of the exceedances due
to SM persistence.

2.4. DISCUSSION AND CONCLUSIONS

2.4
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Discussion and conclusions

To investigate the impact of SM on heat wave persistence we performed
several RCM experiments with the COSMO-CLM model for the period 1959–
2006. A heat wave is defined here by the length of exceedance of Tmax above
a certain temperature threshold for at least two consecutive days.
Our results show that SM has an impact on the length of heat waves,
which can be explained by the impact of SM persistence. Indeed, we identify
a decreasing tendency of hwdi? in the dry run (PWP), the wet run (FCAP),
as well as the experiment with removed inter-annual variability of SM but
same mean SM (IAV), i.e., a decreasing persistence of high temperatures
when SM is prescribed to a constant level or seasonal cycle. In addition,
with prescribed SM, the number of short exceedances increases while longer
exceedances are less frequent. This decrease in heat wave persistence is summarized in Fig. 2.3e, which shows the difference in hwdi? for all experiments
normalized by the heat wave lengths of the CTL for different subdomains of
Europe. The decrease in intrinsic heat wave length (hwdi? ) amounts to ca.
5–10% the mean, in excess of 20% for certain grid points.
This study also highlights the importance of the exact definition of the
duration of heat waves using the hwdi vs hwdi? indices. As we illustrate, an
enhancement of the heat wave duration can be diagnosed when using a common threshold (hwdi index) for cases such when only the mean temperature
is changed. However, when using relative thresholds (hwdi? ), such changes
are only found in the case of changes of intrinsic persistence of hot days.
Since society is better able to adapt to changes in mean climate than to the
clustering of given extreme events, we argue that changes in the intrinsic heat
wave persistence, as measured by hwdi? , may be more relevant than changes
induced solely by mean temperature changes, for instance in the context of
climate change. Our findings indicate that the SM persistence (or memory)
is particularly relevant for this persistence measure.
Acknowledgment We acknowledge the EU-project CECILIA and the
NCCR-Climate program for funding, the Swiss National Supercomputing
Centre (CSCS) for computational resources, the COSMO and COSMO-CLM
community as well as ECMWF for access to models and data, D. Lüthi for
technical support, M. Hirschi and B. Orlowsky for helpful discussions.
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Supplementary material
Simulation set-up

In order to illustrate the simulation set-up, Figure 2.4 displays the soil moisture evolution in CTL, PWP, FCAP, and IAV for one grid point on the
Iberian Peninsula (3.93◦ W, 38.63◦ N).

Figure 2.4: Illustration of the soil moisture evolution of the different experiments
for one grid point. Shown is the 2nd model soil level for the period
2002-2005. Adapted from Jaeger and Seneviratne (2011).

2.5.2

Mean climate

Figure 2.5 illustrates the main behavior of the model in the experiments for
summer (JJA). The first row shows the mean temperature for CTL and the
differences to the experiments. The second row shows the same for precipitation. In the bottom row, the Bowen ratio (ratio of sensible to latent heat flux)
for CTL as well as the differences between the experiments (PWP, FCAP,
IAV) and CTL are shown. Note that the anomalous values of the Bowen
ratio in Northern Europe are associated with the presence of lakes.

2.5.3

Significance testing

According to the CECILIA (www.cecilia-eu.org/) definition, the heat wave
duration indices are calculated over the whole period of interest. This results in one value only for each grid point, which makes testing for statistical
significance difficult. To circumvent this issue, we artificially increase the
sample size by using a block bootstrap method. Out of the 48 simulation
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Figure 2.5: First row: Temperature [K] in CTL (a) and differences PWP-CTL
(b), FCAP-CTL (c) and IAV-CTL (d). Second row: Precipitation
[mm/day] for CTL (e) and differences PWP-CTL (f), FCAP-CTL (g)
and IAV-CTL (h). Bottom row: Bowen ratio [-] for CTL (i) and
differences PWP-CTL (j), FCAP-CTL (k) and IAV-CTL (l). The
numbers in the lower right corners denote the area-weighted statistical
significance (see section on significance testing for further details).
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years (each having 92 summer days) we randomly draw 48 years with replacement and calculate hwdi and hwdi? for these new time series (separately for
each grid point). This is repeated 500 times in order to obtain an empirical distribution function for hwdi and hwdi? . A sample size of 500 is still
quite small, but limited by the computational constraints associated with
the size of the datasets. The statistical significance is then assessed with a
one-sided Kolmogorov-Smirnov test based on a 5%-significance level. It tests
if two samples come from the same continuous distribution (H0 ), against
the alternative that their underlying distributions differ (Ha ). The numbers
drawn in the lower right corner of the plots in Figure 2.2 denote the averaged
area-weighted fraction of significantly different grid points.

2.5.4

Model intercomparison

The analysis of hwdi? was also performed for E-OBS observations (Haylock et al., 2008) as well as different ENSEMBLES RCMs (E-RCMs,
http://ensembles-eu.metoffice.com/) to make sure that COSMO-CLM
performs comparable to observations as well as other models. The derived
patterns in CTL are similar to those in the observations as well as in the
other RCM simulations, with COSMO-CLM performing very well compared
to E-OBS. These results are presented in Figure 2.6. Note that the relative
agreement across RCM simulations could be partially induced by the fact
that they are all driven with the same boundary conditions (ERA40).

2.5.5

Case studies

To detail and illustrate the highlighted mechanisms during heat wave events
we had a closer look at specific summer heat wave events, such as the 1976 and
2005 heat waves in France and Spain (Fischer et al., 2007a). Figure 2.7 shows
the temporal evolution of Tmax from the end of June to the beginning of July
in the summer 1976 for CTL, PWP, FCAP and IAV, as well as their longterm 90th percentiles over France. The inset displays Tmax for CTL for the
whole year 1976 as well as the corresponding long-term climatology and its
typical inter-annual range (±1 std). Additionally, the soil moisture anomaly
(actual soil moisture value minus the long term mean of the particular day)
is indicated in green. It is striking that heat waves occur together with large
soil moisture anomalies. The main Tmax peaks seen in CTL are also visible in
PWP, FCAP and IAV, but the signal is highly increased (PWP), respectively
damped (FCAP, IAV), in the model experiments. In PWP, Tmax is larger,
however, the decrease in hwdi? is clearly seen. For FCAP and IAV, hwdi? is
also significantly decreased. This effect can also be seen in other examples
(e.g. June 2005 Iberian Peninsula, Figure 2.1 c, main manuscript). However,
depending on the magnitude of the soil moisture influence the effect can be
larger or smaller.
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Figure 2.6: First row: hwdi? for a) E-OBS, b) CTL and c) difference. 2nd to 4th
row: hwdi? for several RCMs for the time period 1961-2000. The RCM
ETHZ_CLM corresponds to another model version of COSMO-CLM.
All models were driven by ERA40 data.
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Figure 2.7: Temperatures for all model runs during the 1976 heat wave event in
France. The arrows indicate hwdi? lengths for all model runs, hwdi?
for CTL (≈14 days), PWP (≈11.5 days), FCAP (≈9 days). Additionally, temperature during the whole year for CTL incl. soil moisture
anomaly.
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Remarks on the method

Three aspects regarding the employed method have to be kept in mind:
1. Same periods for 90p and hwdi? : To hold that 10% of the data must
necessarily exceed the 90th percentile threshold for hwdi? , the time
periods for the calculation of 90p and of hwdi? must be exactly the
same.
2. 2-day threshold: Due to the fact that per definition for 10% of the
days Tmax is above 90p and, hence, any differences in hwdi? must
be associated with a different number of 90p threshold crossing (i.e.
persistence differs) differences in hwdi? between two data sets can only
come from differences in their intrinsic persistence. However, this is
only fully true if hwdi? would be calculated without applying a 2-day
threshold. We tested if this has a systematic effect on the result. The
values of hwdi and hwdi? with/without the 2-day threshold are slightly
different. However, the impact is small and non-systematic.
3. 5-day window for 90p: The 90p are calculated over a 5-day window
centered over the corresponding day. This is done in order to increase
the sample size for the calculation of the 90th percentile, and guarantees
that its annual cycle is rather smooth. However, it comes at the expense
of the 90p at a given day not exactly representing the long-term 90th
percentile of this particular day of the year. Again, the impacts of the
5-day window turn out to be small and non-systematic.
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Modeling land-climate coupling in
Europe: Impact of land surface
representation on climate variability
and extremes
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Ruth Lorenz,1 Edouard L. Davin,1 and Sonia I. Seneviratne1

Abstract Land-climate coupling has been shown to be important for European summer climate variability and extreme events. However, the sensitivity of these feedbacks to land surface model (LSM) choice has been little
investigated up to now. In this study, we assess the impact of the LSM on the
simulated climate variability in a regional climate model (RCM). The experiments were conducted with the COSMO-CLM2 RCM. COSMO-CLM2 can be
run with two alternative LSMs, the 2nd-generation LSM TERRA_ML or the
more sophisticated 3rd-generation LSM Community Land Model (CLM3.5).
The analyzed simulations include control and sensitivity experiments with
prescribed soil moisture (dry or wet). Using CLM3.5 instead of TERRA_ML
improves the simulated temperature variability by alleviating an overestimation of temperature inter-annual variability in the RCM. Also, the repre1
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sentation of the probability density functions of daily maximum summer
temperature is improved when using the more advanced LSM. The reduced
climate variability is linked to a larger ground heat flux and smaller variability in soil moisture and short-wave radiation. The latter effect results
from the coupling of the LSM to the atmospheric module. In addition, using
CLM3.5 reduces the sensitivity of COSMO-CLM2 to extreme soil moisture
conditions. An analysis assessing the relationship between the standardized
precipitation index and the subsequent number of hot days in summer reveals a better representation of this relationship using CLM3.5. Hence, we
find that biases in climate variability and extremes can be reduced and the
representation of land-climate coupling can be improved with the use of the
more sophisticated LSM.

3.1

Introduction

Human societies and ecosystems are greatly affected by climate variability
and in particular by the frequency and intensity of extreme events (e.g.,
Changnon et al., 1996; Ciais et al., 2005; IPCC, 2012). Hence, it is important to understand the processes shaping these extremes and their sensitivity
to climate change. Observational studies suggest an increase in frequency as
well as intensity of hot temperature and heavy precipitation extremes for the
recent past, whereas climate models project an amplification of this trend for
the coming decades (e.g., Meehl and Tebaldi, 2004; Alexander et al., 2006;
Fischer and Schär, 2010; Orlowsky and Seneviratne, 2011; Seneviratne et al.,
2012b). In this context, several studies have shown that land-climate interactions, especially soil moisture-temperature feedbacks, can play a significant
role over Europe (e.g., Seneviratne et al., 2006b; Diffenbaugh et al., 2007;
Vautard et al., 2007; Haarsma et al., 2009; Jaeger and Seneviratne, 2011). A
modeling study by Jaeger and Seneviratne (2011) identified an asymmetric
effect of soil moisture on temperature extremes, with a stronger effect on hot
extremes. This result was recently confirmed with observations in southeastern Europe (Hirschi et al., 2011) as well as in a global-scale observational
study (Mueller and Seneviratne, 2012).
The term “land-climate coupling” refers to the degree to which the land
surface controls the climate in a given region, for instance through evapotranspiration. One of the most important aspects in this context is the soil
moisture-temperature feedback. When the availability of soil moisture limits
the energy used for the latent heat flux, more energy is used for the sensible heat flux, consequently increasing near surface temperature (Seneviratne
et al., 2010). Land-climate coupling is of varying strength in different regions
of the world. The variability of evapotranspiration is large enough to influence climate only in the transitional regions between dry and wet climates
(Koster et al., 2004; Seneviratne et al., 2010). However, the definition of these
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transitional regions is not static. Regions characterized by an overall dry or
wet climatology can occasionally present a transitional soil moisture regime,
too. For example, the summer 2003 in Central Europe was so dry that the
occurring heat wave was enhanced by the lack of soil moisture (e.g., Ferranti
and Viterbo, 2006; Fischer et al., 2007b; García-Herrera et al., 2010; Seneviratne et al., 2012a). In addition, not only soil moisture availability but also
vegetation properties determine the partitioning of net radiation into latent
and sensible heat flux (Bonan, 2008b; Teuling et al., 2010; Williams et al.,
2012) and can, therefore, impact air temperature, boundary layer stability, or
precipitation (Seneviratne et al., 2010). Thus, to study land-climate coupling
with climate models, we need land surface models (LSMs) which represent
soil hydrology and vegetation processes realistically.
Regional climate models (RCMs) are useful tools to study land-climate
coupling, since many of the involved processes are regional in nature (Giorgi,
2006). These studies are strongly dependent on how climate models represent
the land surface and its coupling to the atmosphere (Irannejad et al., 2003).
Land surface models represent hydrological, biogeophysical and biogeochemical processes which determine the exchange of radiation, heat, water and
carbon between the land surface and the atmosphere. Most current RCMs
use relatively simple 2nd-generation LSMs (Davin et al., 2011; Subin et al.,
2011) which are not optimal to investigate biosphere-climate feedbacks, despite improvements compared to even simpler earlier bucket-model schemes
(Sellers et al., 1997; Pitman, 2003). Recently, efforts were made to couple
sophisticated 3rd-generation LSMs to RCMs (e.g., Steiner et al., 2009; Subin
et al., 2011; Davin et al., 2011; Davin and Seneviratne, 2012).
In this study, we use a coupled land-atmosphere RCM including two alternative LSMs (a 2nd-generation and a 3rd-generation scheme). This set-up
allows us to assess the role of land surface representation in simulating the
European climate. In previous efforts to couple sophisticated 3rd-generation
LSMs to RCMs, analyses were focused on the evaluation of annual or seasonal mean climate (Steiner et al., 2009; Subin et al., 2011; Davin et al., 2011;
Davin and Seneviratne, 2012). The role of land surface parametrization for
land-atmosphere coupling has also been investigated with a global climate
model coupled to three different LSMs (Wei and Dirmeyer, 2010; Wei et al.,
2010) but without investigating the effect on climate extremes. In contrast,
we focus here on inter-annual climate variability and climatic extremes. To
our knowledge, the role of land surface parametrization choice for climate
variability and extremes in RCMs has not been studied in detail in Europe.
The aim of the study is to investigate whether the RCM coupled to the
more sophisticated LSM represents well land-climate coupling, climate variability and extremes. If so, this model version can be used for investigations
of biosphere-climate feedbacks in the future. To this end, we perform control
runs and prescribed extreme soil moisture experiments with both LSMs. We
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investigate if the relevant processes are correctly represented in the simulations by putting our results into context with observations. In particular,
we assess possible improvements (or lack thereof) when this new model is
compared to that with the simpler 2nd-generation scheme.
The structure of this article is as follows: Section 2 describes the models
and data used in this study as well as the methodologies used in the analysis. Section 3 presents the results for mean summer climate and land-climate
coupling. In Section 4 we focus on climate variability and temperature extremes. In addition, we investigate the connection between heat waves and
droughts. A discussion of the main results as well as the conclusions of this
study are provided in Section 5.

3.2
3.2.1

Methods and data
Model description

In this study, we perform simulations with COSMO-CLM2 (Davin et al.,
2011; Davin and Seneviratne, 2012), an RCM based on the combination
of COSMO-CLM (Rockel et al., 2008) and CLM3.5 (Oleson et al., 2008).
COSMO-CLM is a non-hydrostatic RCM jointly used by the COnsortium
for Small-scale Modeling (COSMO) and the Climate Limited-area Modeling Community (CLM-Community). We use version 4.8.11 of COSMO-CLM
with a second-order leapfrog scheme for the time integration. Vertical turbulent mixing is parametrized according to a level 2.5 closure using Turbulent
Kinetic Energy (TKE) as a prognostic variable (Mellor and Yamada, 1974,
1982). For moist convection, we use the mass flux scheme of Tiedtke (1989).
The native LSM in COSMO-CLM, TERRA_ML (Grasselt et al., 2008),
is retained within the COSMO-CLM2 framework so that either CLM3.5 or
TERRA_ML can be used with the same atmospheric model. Table 3.1
summarizes the differences between CLM3.5 and TERRA_ML, and Davin
et al. (2011) provides a more detailed description. CLM3.5 is a state-of-theart LSM, which is overall more sophisticated than TERRA_ML. CLM3.5
uses a tile approach and explicitly represents surface heterogeneity, whereas
TERRA_ML does not represent sub-grid scale heterogeneity. The radiation
fluxes are calculated separately for canopy and soil/snow surfaces in CLM3.5,
whereas they are derived from the simulated grid-scale surface albedo and
temperature in TERRA_ML. Both models solve the Richards equation for
hydrological processes, but CLM3.5 has a prognostic groundwater model coupled to the lowest soil level. In addition, CLM3.5 explicitly calculates stomata
conductance and photosynthesis. Hence, the degree of complexity of these
two LSMs largely differs. On the one hand, these differences allow us to investigate the role of land surface representation in the context of land-climate
coupling. On the other hand, these differences are manifold and complex,
making an exhaustive cause-effect analysis difficult.
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Table 3.1: Main differences between the land surface models CLM3.5 and
TERRA_ML.

Surface heterogeneity
Radiation fluxes

Hydrology

Stomata conductance
and photosynthesis

3.2.2

CLM3.5
Explicit, multiple land
units per grid cell (e.g.,
glacier, lake, vegetated)
Short-wave and longwave radiation fluxes
calculated for canopy
and soil/snow surface,
two layer scheme
Richards equation
10 soil layers,
prognostic groundwater model
Explicit link
C3 and C4 plants

TERRA_ML
No explicit sub-grid
scale heterogeneity
Derived from simulated grid-scale surface
albedo and temperature
Richards equation
8 soil layers
Empirical relation,
photosynthesis not
represented

Experimental design

We perform 6 model runs with the COSMO-CLM2 RCM using the two alternative LSMs. The two control runs (CTLT ERRA and CTLCLM ) have interactive soil moisture. Additionally, we perform experiments with prescribed very
high (”WET“) or very low (”DRY“) soil moisture. Unlike the control runs, in
these experiments soil moisture evolution is decoupled from the atmospheric
state (the same method was used e.g., in Koster et al. (2004) and Seneviratne
et al. (2006b)). In these uncoupled simulations, soil moisture is prescribed
in all soil levels at each time step for each grid point separately according
to soil type. We either prescribed soil moisture to very wet conditions (field
capacity) for ”WETT ERRA “ and ”WETCLM “ or to very dry conditions (0.05
vol-%) for ”DRYT ERRA “ and ”DRYCLM “. Table 3.2 provides an overview of
all model experiments.
All experiments are conducted over a European domain with 0.44 ◦ (≈ 50
km) horizontal resolution, 32 vertical layers, and a model time step of 240
seconds. We derived the lateral boundary conditions from the ERA-Interim
re-analysis data (www.ecmwf.int/research/era/do/get/era-interim, Dee et al.
(2011)). ERA-Interim is the latest ECMWF global atmospheric re-analysis
which covers the recent data-rich period and is continuing in real time. The
simulations cover the period 1989–2008. The first year is used as spin-up and
we thus analyze only data from 1990–2008 in the following. Figure 3.1 shows

42

CHAPTER 3. MODELING LAND-CLIMATE COUPLING

Table 3.2: Overview of model runs and their acronyms.

Acronym
CTLCLM

Atmospheric Model
COSMO4.8-CLM11

Land Model
CLM3.5

DRYCLM

COSMO4.8-CLM11

CLM3.5

WETCLM

COSMO4.8-CLM11

CLM3.5

CTLT ERRA

COSMO4.8-CLM11

TERRA_ML

DRYT ERRA

COSMO4.8-CLM11

TERRA_ML

WETT ERRA

COSMO4.8-CLM11

TERRA_ML

Description
control run with
interactive soil
moisture
soil moisture prescribed to 0.05 vol-%
soil moisture prescribed to field
capacity
control run with
interactive soil
moisture
soil moisture prescribed to 0.05 vol-%
soil moisture prescribed to field
capacity

the model domain with its topography and the definition of the sub-regions
used for the analysis.

3.2.3

Evaluation datasets

E-OBS To evaluate the control runs, we use the E-OBS gridded version 5.0
of the European Climate Assessment and Data set (ECA&D, Haylock et al.
(2008)). E-OBS is a daily gridded observational data set for precipitation
and temperature in Europe based on ECA&D information. The full data
set covers the period 1950-2009, however, we only use data from 1990–2008,
given the length of the simulations.

FLUXNET We use sensible (H) and latent heat flux (λE) measurements
as well as temperature from several FLUXNET sites (e.g., Baldocchi et al.,
2001; Baldocchi, 2008) to evaluate the simulations. Table S3.1 summarizes
the characteristics of the stations used. The same data have been previously
used by Jaeger et al. (2009) and Davin et al. (2011). The data were not
gap-filled and calculations were only done when no gaps occurred.
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Figure 3.1: Model domain with topography [m] and subdomains used for analysis.
IP: Iberian Peninsula, FR: France, ME: Mid Europe, EA: Eastern
Europe.

3.2.4

Analysis methodology

Mean climate We analyze the simulations over seasons, such as JJA
(June, July, August) for summer. The mean of variables such as temperature and precipitation is calculated over the respective months over the period 1990–2008. As a measure for inter-annual climate variability we use the
inter-annual standard deviation (σ) of the respective variable. In addition,
we use the evaporative fraction (calculated as λE/(λE+H) for daily data)
which indicates how much of the available energy is used for evapotranspiration. The evaporative fraction is a good measure of the evaporative regime,
with low values indicating soil moisture limitation and high values found in
energy-limited regimes (e.g. Seneviratne et al., 2010). Another measure used
in the analysis is the correlation between temperature and latent heat fluxes
(Corr(T,λE), see also Table 3.3) as a measure for soil moisture-temperature
coupling. Again we use daily data. A negative correlation of temperature
and latent heat flux indicates moisture limitation whereas positive correlations are found when the latent heat flux is energy limited (Seneviratne
et al., 2006b; Jaeger et al., 2009). Also, we calculated these measures for
daily summer FLUXNET data. We did not correct for energy closure, but
the measures we analyze are unlikely to be strongly affected by this closure,
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as the bowen ratio (H/λE) can be assumed to be approximately correct in
the measurements (Foken et al., 2012).
Table 3.3: Overview of the climate indices used in this study.

Acronym
σ
λE/(λE+H)
Corr(T,λE)

perc90
nhd
hwdimean

SPI

Definition
Standard deviation of respective variable,
measure for inter-annual variability
Evaporative fraction, fraction of available
energy used for evapotranspiration
Correlation between temperature and latent
heat flux, measure for land-climate coupling,
negative correlation indicates moisture
limitation of the latent heat flux
90th-percentile of daily Tmax
Number of hot days with Tmax > long-term
(1990–2008) 90th-percentile of CTL
90th-percentile-based mean heat wave length
Mean of all spells with at least two
consecutive days with Tmax > long-term
(1990–2008) 90th-percentile of CTL
Standardized precipitation index, standardized
drought index taking into account accumulated precipitation over preceding 3 months
(McKee et al., 1993)

Unit
[-]
[-]

[-]
[K]
[days]

[days]

[-]

Significance and skill score We test if the differences between using
CLM3.5 or TERRA_ML are statistically significant. The numbers in the
lower-right corner of the difference maps indicate the area weighted fraction of
land points at which the null hypothesis of ’being from the same distribution’
is rejected at the 5% level according to the two-sided Kolmogorov-Smirnov
test (as used in Jaeger and Seneviratne, 2011).
Moreover, we use a skill score defined by Perkins et al. (2007) which
tests how well a model captures the observed probability density functions
(PDF). In Section 3.4.2 we use this metric for the PDFs of the daily maximum
temperatures. It measures the overlapping area between two PDFs. For
perfect agreement between model and observations the skill score equals one.
It is calculated by summing up the probability at each bin of a given PDF
(Eq. 3.1).
Sscore =

n
X
1

minimum(Zm , Zo ),

(3.1)
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where n is the number of bins used to calculate the PDFs, and Zm and
Zo correspond to the frequency of values in a bin from the model and the
observations, respectively.
Climate extremes We use several hot temperature and drought indices to
investigate climate extremes. Table 3.3 provides an overview of the employed
indices. As a measure for extreme temperatures we use the 90th-percentile of
daily maximum temperature (perc90). The number of hot days (nhd) counts
the number of days where the daily maximum temperature (Tmax ) is above
perc90. The heat wave duration index (hwdimean ) is the mean length of all
heat spells where Tmax is above perc90 for at least two consecutive days
(Lorenz et al., 2010).
As a measure for duration and intensity of droughts we use the standardized precipitation index (SPI). SPI is a standardized index which takes
into account the accumulated precipitation of the preceding months (McKee
et al., 1993). The SPI can be calculated for different time periods. We use
here the 3-month SPI. Consequently, precipitation deficits are computed out
of the three months preceding the current month. Then, a Gamma function
is fitted to the cumulative precipitation separately for each ending month for
the whole time series (to take into account seasonal differences in distributions). These cumulative distributions are then transformed into a standard
normal distribution (with mean zero and variance of one) which gives the
value of the SPI for three months (McKee et al., 1993; Lloyd-Hughes and
Saunders, 2002). However, since this approach is not practical for computing
SPI for a large number of data points, we use an approximative conversion
(following Lloyd-Hughes and Saunders (2002)). A main advantage of the
SPI is that it only depends on precipitation, for which relative exhaustive
measurement networks exist (unlike for soil moisture for instance). A disadvantage is that it does not necessarily capture the full range of droughts.
Nevertheless, studies have shown that SPI can be well related to soil moisture
droughts (e.g. Hirschi et al., 2011; Mueller and Seneviratne, 2012).
Quantile regressions Quantile regression originates from ordinary least
squares regression and was introduced as an extension. It is used to assess
the response of a variable in all parts of its data distribution and not only in
the mean. Instead of using conditional mean functions as in ordinary least
squares regression, conditional quantile functions are used. This method has
been often used in econometrics (Koenker and Bassett, 1978; Koenker, 2005).
Recently, it has also been used in geophysics (Barbosa, 2008) and climatology
(Hirschi et al., 2011; Quesada et al., 2012; Mueller and Seneviratne, 2012)
(for details see above-mentioned references). We look at the response of nhd
to SPI. The calculations were done with R using the ”quantreg” package. We
calculated the significance of the slopes using 1000 bootstrapping samples and
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the xy-pair method, but only for nhd in July and preceding SPI. The figures
show the regression slopes for the number of hot days in June, July and
August and the 3-month SPI in the (respective) preceding month. Results
for the 6-month SPI are similar but the region with statistical significance is
largely reduced (not shown).

3.3

Mean climate and land-climate coupling

Firstly, we investigate the impact of the different LSMs on mean summer
climate and land-climate coupling. Figure 3.2 displays mean summer temperature, precipitation, evaporative fraction and the correlation between temperature and latent heat flux (Corr(T,λE)) for CTLCLM (a–d), CTLT ERRA
(e–h), and the difference between CTLCLM and CTLT ERRA (i–l).

3.3.1

Mean summer climate

Differences in temperature between the two model versions are largest
in Northern Europe. Figure 3.2 i shows that CTLCLM is warmer than
CTLT ERRA in Northern Europe, whereas it is slightly colder or similar to
CTLT ERRA in the southern part of Europe. For precipitation the largest differences are also found in the North, where CTLCLM is drier than CTLT ERRA
(Fig. 3.2 j). However, this difference in precipitation is only significant for
14% of the grid points.
More pronounced differences between CTLCLM and CTLT ERRA exist
for the evaporative fraction (Fig. 3.2 k). Compared to CTLT ERRA , the
evaporative fraction is larger for CTLCLM in the North and smaller in the
South. Consequently, the North-South gradient in the evaporative fraction
is reduced in CTLCLM . Nonetheless, both model versions display an energylimited evapotranspiration regime in Central and Northern Europe and a soil
moisture-limited evapotranspiration regime in the South (Fig. 3.2 c,g). This
is consistent with results of several observational analysis (Teuling et al.,
2009; Seneviratne et al., 2010; Mueller and Seneviratne, 2012).
We use FLUXNET data to evaluate the realism of the simulated evaporative fraction in the two model versions. The colored dots in Fig. 3.2 c,g (and
d,h) correspond to measured data from several FLUXNET sites. The colorbar is the same as for the model results. The size of the dots indicates the
amount of available data for the calculation of the evaporative fraction at the
respective site. In addition, we show scatter plots comparing model results
and observations in Fig. 3.3, which are more quantitative. Overall, the evaporative fraction from the FLUXNET sites is better represented by CTLCLM
(Fig. 3.2 c,g and Fig. 3.3 a,c). CTLT ERRA overestimates the evaporative
fraction in the North where too much energy is used for evapotranspiration.
Hence, the partitioning of sensible versus latent heat flux is improved when
using the more sophisticated LSM. This finding is consistent with the results
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Figure 3.2: Mean summer temperatures [K] (T2m ), precipitation [mm/d] (prec),
evaporative fraction [-] (λE/(λE+H)), and correlation between T and
λE [-] (Corr(T,λE), from left to right) for (a–d) CTLCLM , (e–h)
CTLT ERRA and (i–l) CTLCLM −CTLT ERRA . The numbers in the
lower-right corner of the difference plots give the area weighted fraction of land points at which the null hypothesis of ’being from the
same distribution’ is rejected at the 5% level according to the twosided Kolmogorov-Smirnov test. The colored dots in Figures c, d, g, h
correspond to measured data from several FLUXNET sites. The size
of the dots are proportional to the number of data points which are
available at a certain site.
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of Davin et al. (2011) and Davin and Seneviratne (2012), who showed that
this better partitioning results in a decreased bias in cloud cover when using
CLM3.5 instead of TERRA_ML in the COSMO-CLM2 framework. The reduced cloud cover has a positive effect on biases in simulated net short-wave
radiation, temperature and other surface variables.

3.3.2

Land-climate coupling

The correlation between temperature (T) and latent heat flux (λE) (Fig.
3.2 d,h) can be used as a measure for soil moisture-temperature coupling
(Seneviratne et al., 2006b). Negative correlations indicate soil moisture limitation and a strong coupling of land and atmosphere. CTLCLM shows a
clearer limitation of the area of strong coupling to Southern Europe (Fig.
3.2 d). Both model versions capture the general pattern with negative correlations of Corr(T,λE) in Southern Europe and positive correlations in Central and Northern Europe. As for the evaporative fraction, we compare
Corr(T,λE) to FLUXNET data. Only one FLUXNET station on the British
Islands shows a negative correlation in the North which is not shown by either
model version. Figure 3.3 b,d reveals that the root mean squared error for
CTLCLM compared to FLUXNET is smaller than the one from CTLT ERRA .
On the other hand, the correlation for CTLT ERRA and FLUXNET is higher.
Hence, with the available observations it is not possible to determine if one
of the two model versions performs better than the other with respect to
Corr(T,λE).

3.3.3

Influence of soil moisture state on mean summer climate

To gain additional insights on how the two model versions react to surface
processes, we also perform sensitivity experiments with extreme soil moisture conditions. In these experiments the land surface is decoupled from the
atmosphere. The sensitivity of the summer mean temperature to the soil
moisture state is shown in Fig. 3.4. In general, the extreme soil moisture
experiments show the expected results. The DRY runs result in higher temperatures (Fig. 3.4 b,f) and less precipitation (not shown) whereas the WET
runs result in colder temperatures (Fig. 3.4 d,h) and more precipitation (not
shown). The results using the more sophisticated LSM are consistent with
those using the simpler LSM, as well as with results of Jaeger and Seneviratne (2011) (which were also based on COSMO-CLM simulations with the
TERRA_ML LSM). However, the difference between DRYCLM -CTLCLM
and WETCLM -CTLCLM are smaller than those using TERRA_ML (Fig.
3.4 j,l). This shows that the model sensitivity to soil moisture changes is
smaller when using the more complex LSM.
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λ

(a)

(b)
λ

(c)

(d)

Figure 3.3: (a and c) Summer mean evaporative fraction and (b and d) correlation of temperature and latent heat flux (Corr(T,λE)) from CTLCLM
(Figures a and b) and CTLT ERRA (Figures c and d) compared to observations from FLUXNET data. Model data are taken for the same
time period as the observations are available and for the corresponding
grid point. There is one dot resulting per observation station.
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Climate variability and extremes
Inter-annual summer climate variability

To evaluate climate variability in summer, we use the inter-annual standard
deviation. Figure 3.5 shows the inter-annual variability (σ) in 2-meter temperature for CTLCLM , CTLT ERRA , their difference, and the corresponding
biases compared to E-OBS observations. Inter-annual temperature variability is substantially overestimated in CTLT ERRA (Fig. 3.5 d). In CTLCLM
this problem is largely alleviated, with a more realistic representation of
inter-annual temperature variability (Fig. 3.5 b). This difference between
CTLCLM and CTLT ERRA can also be seen in the inter-annual variability of
the sensible and latent heat fluxes (Fig. 3.6). Also for the heat fluxes, the
variability in CTLT ERRA is much larger than in CTLCLM (Fig. 3.6 e,f).
The overestimation of summer climate variability is a common feature of
most RCMs (e.g., Vidale et al., 2007; Jacob et al., 2007; Lenderink et al.,
2007) and has been attributed to combined effects of downward long-wave
radiation, net short-wave radiation and evaporation (Lenderink et al., 2007).
It seems to have no unique cause for all RCMs, but previous COSMO-CLM
versions have been shown to have a large sensitivity to soil drying, leading to decreased evaporation and enhanced summer temperature variability
(Lenderink et al., 2007). Thus, we investigated possible causes for the better performance in CTLCLM , namely differences in the representation of soil
moisture, ground heat flux, downward long-wave and incoming short-wave
radiation.
Soil moisture is expressed as volumetric water content over several soil
levels. The volumetric water content (over the first 0.829 meter of CTLCLM
compared to the first 0.7 meter of CTLT ERRA ) is mainly increased in
CTLCLM compared to CTLT ERRA (Fig. 3.7 a,c,e), indicating less summer drying in CTLCLM . However, since the soil levels of CLM3.5 and
TERRA_ML are very different, an exact comparison between CLM3.5 and
TERRA_ML is not possible. If we consider only the levels down to 0.1656 m
(CLM3.5) resp. 0.16 m (TERRA_ML), the levels which are closest to each
other, CTLCLM has a lower soil moisture content than CTLT ERRA in summer (not shown). Therefore, we cannot definitely confirm that less summer
drying is the cause for the improved temperature variability in CTLCLM .
Nevertheless, we obtain a clear decrease of soil moisture variability in
CTLCLM compared to CTLT ERRA (Fig. 3.7 b,d,f; results for other soil levels
are similar, not shown). The region where soil moisture variability is smaller
in CTLCLM is more extended than the region where climate variability is
smaller (Fig. 3.5 e, 3.6 e,f and Fig. 3.7 f). Nonetheless, the reduced soil moisture variability is likely one of the causes for the decreased climate variability
in CTLCLM .
Part of the available energy at the surface is used to heat the ground
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difference between CTLCLM and CTLT ERRA .
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Figure 3.7: (a, c, and e) Mean summer volumetric soil water content (SM) and
(b, d and f) inter-annual summer variability in soil moisture (σSM )
for CTLCLM (Figures a and b), CTLT ERRA (Figures c and d) and
CTLCLM -CTLT ERRA (Figures e and f). Soil moisture content is
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(ground heat flux) during the day. The ground heat flux is up to 10 W/m2
larger for CTLCLM than CTLT ERRA during summer (Fig. 3.8 e). In addition, the variability in the ground heat flux is also enhanced in CTLCLM for
large areas in Southern and Central Europe (Fig. 3.8 f). The fact that more
heat can be stored in the ground in CTLCLM can also explain the reduced
climate variability due to an increased buffering effect of the soil column.
Lenderink et al. (2007) also proposed incoming long-wave and net shortwave radiation as possible causes for the overestimation of inter-annual temperature variability. Figure 3.9 shows the standard deviation of incoming
long-wave and incoming short-wave radiation. We prefer to look at incoming short-wave radiation instead of net short-wave radiation because incoming short-wave radiation is actually forcing the land surface, however, the
results are comparable. There is no consistent decrease in incoming longwave radiation from CTLCLM to CTLT ERRA and some regions show even
an increase (Fig. 3.9 e). On the other hand, incoming short-wave radiation
displays clearly smaller variability in CTLCLM compared to CTLT ERRA in
most parts of Europe (Fig. 3.9 f). This suggests that a large fraction of the
reduced (and more realistic) summer temperature variability in CTLCLM is
due to a reduced incoming short-wave radiation variability in the coupled
model, and is thus due to feedbacks between the more sophisticated LSM
and the atmospheric module.

3.4.2

Temperature extremes

To investigate temperature extremes in the control runs we analyze several
indices listed in Table 3.3. The patterns of perc90 agree with those of summer
mean temperature (Fig. 3.2 a,e and 3.10 a,e). Compared to E-OBS, CTLCLM
has a smaller bias in perc90 than CTLT ERRA , which underestimates perc90
in the North and overestimates it in the South (Fig. 3.10 b,f). The better
representation of perc90 in CTLCLM is consistent with the more realistic
representation of climate variability as well as the improved simulation of
mean summer temperature in this model version (Davin and Seneviratne,
2012).
Heat wave duration indices show a less distinctive pattern. There is
no well-defined pattern in the differences between the two model versions
(Fig. 3.10 c,d,g,h). CTLCLM rather underestimates the mean heat wave
duration compared to E-OBS (Fig. 3.10 d). CTLT ERRA rather overestimates
the mean heat wave duration in Northern and Western Europe, whereas it
underestimates hwdimean in Northern Italy, Southeast Spain and some other
regions (Fig. 3.10 h).
Figure 3.11 displays the PDFs of Tmax for 4 different regions (Iberian
Peninsula (IP), France (FR), Mid Europe (ME), and Eastern Europe (EA),
as defined e.g., in Christensen and Christensen (2007) and shown in Fig. 3.1)
for the different experiments compared to E-OBS. For all four regions, the
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Figure 3.8: (a, c and e) Mean summer ground heat flux [W/m2 ] (G) and (b, d,
and f) inter-annual summer variability in ground heat flux (σG, )
for CTLCLM (Figures a and b), CTLT ERRA (Figures c and d) and
CTLCLM -CTLT ERRA (Figures e and f).
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Figure 3.9: (a, c and e) Inter-annual summer variability in downward long-wave
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Figure 3.11: Probability density functions for daily maximum summer temperature [K] in E-OBS, CTL, DRY and WET runs. For COSMO-CLM2
(a–d) coupled to CLM3.5 and (e–h) coupled to TERRA_ML. Sscore
is the corresponding skill score (used in Perkins et al. (2007), see section 3.2.4) for CTLCLM and CTLT ERRA compared to E-OBS.

Tmax distribution in CTLCLM is more similar to E-OBS than in CTLT ERRA
(the exact values of several statistics are shown in Table 3.5). Sscore is a
skill score measuring the common area of two PDFs (section 3.2.4). It is
computed for the control runs compared to observations and confirms that
CTLCLM displays more realistic PDFs for Tmax . In total, CTLCLM captures
more than 80% of the observed PDF in all regions except the Mediterranean
(MD, values for all PRUDENCE subdomains are shown in Fig. 3.14 a).
In contrast, in all regions, CTLT ERRA always captures less than 80% of
the observed distributions (Fig. 3.14 b). Thus, not only perc90 itself has a
smaller bias in CTLCLM , but also the whole PDF is more realistic with the
more sophisticated LSM.
In line with previous studies (Zhang et al., 2009; Jaeger and Seneviratne,
2011; Hirschi et al., 2011; Mueller and Seneviratne, 2012) the extreme soil
moisture experiments show that the effect of soil moisture on Tmax is mostly
asymmetric (Fig. 3.11). Except for IP, the change in PDF for DRY is
larger than for WET (Fig. 3.11 b–d,f–h). The influence of dry soil moisture
conditions on hot extremes is, therefore, larger than the influence of wet
anomalies. For IP both effects are similar in magnitude (Fig. 3.11 a,e).
This is also true for MD (not shown). Hence, in regions which are rather
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soil moisture limited (IP, MD, Fig. 3.2 c), the influence of
anomalies on hot extremes has a similar magnitude. In regions
limitation is predominant (FR, ME, EA), only dry anomalies
extremes in a noticeable way. The influence of soil moisture
daily temperatures is very small (not shown).

3.4.3

wet and dry
where energy
influence hot
on minimum

Quantile regressions for number of hot days and standardized precipitation index

To study soil moisture-temperature feedbacks during climatic extremes, we
study the relationship between the number of hot days (nhd) and the standardized precipitation index (SPI, indicates wet or dry conditions). We use
quantile regressions to investigate this relationship (see section 3.2.4 for details on the methodology). The advantage of this analysis is that it uses
only widely measured data, i.e. temperature and precipitation. Hence, the
influence of wet and dry conditions on hot extremes in the models can be
compared to observations (see also Hirschi et al., 2011).
Figure 3.12 shows the regression slopes for nhd and SPI for the two different control runs and the observations for the 90% quantile for the European domain. The lower quantiles (not shown) show almost no relation between nhd and SPI, whereas higher quantiles display mostly negative slopes.
Negative slopes mean a widening of the nhd distributions with drier conditions. Hence, in regions with negative slopes, hot days occur more often
with drier conditions. Regions with no or positive slopes do not show this
behavior. From the studies of Hirschi et al. (2011) and Mueller and Seneviratne (2012), we expect negative slopes in Southern Europe (transitional soil
moisture regime) and no or positive slopes in Central and Northern Europe
(wet regime). This is shown by both models as well as E-OBS. Note that
we use the 3-month SPI and not the 6-month SPI as in Hirschi et al. (2011),
because the results are more pronounced for the 3-month SPI (not shown).
The highest quantile (90%) is most important for climate extremes.
CTLCLM displays negative slopes in Southern Europe and positive slopes
in some areas of Central, Northern and Eastern Europe (Fig. 3.12 a) for the
90% quantile. This appears similar for CTLT ERRA (Fig. 3.12 c), yet, the absolute values of the slopes are higher in CTLT ERRA (Fig. 3.12 e). Negative
slopes in E-OBS are often underestimated in CTLCLM (Fig. 3.12 b). The
largest disagreement between CTLCLM and E-OBS occurs in a region over
France, Switzerland, Austria and Northern Italy where slopes are strongly
negative in E-OBS (Fig. 3.12 f) and only slightly negative or even positive in
CTLCLM (Fig. 3.12 a). This region also shows too small negative slopes in
CTLT ERRA . The too small negative slopes could be related to the underestimation of hwdimean in Northern Italy (Fig. 3.10 d,h). Besides, the region in
the East where slopes are negative is too large in CTLT ERRA (Fig. 3.12 d).
The regions where the two CTLs do not agree (Fig. 3.12 e) partially over-
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lap with regions where they show the largest difference in Corr(T,λE) (Fig.
3.2 l). Furthermore, the difference patterns in Fig. 3.12 e are also similar to
the differences in σT2m , σH, and σλE (Fig. 3.5 e and 3.6 e,f). This indicates
a connection between the disagreement in land-climate coupling and climate
variability in CTLCLM and CTLT ERRA .
Figure 3.15 shows the significance levels for the 90% quantile slopes for
nhd in July and SPI in June. In most cases, regions where the 90% slopes
are significant correspond to regions with negative slopes and where soil
moisture-temperature coupling is high (Fig. 3.2 d,h). CTLT ERRA shows the
largest significant regions (Fig. 3.15).
The regression slopes for several quantiles averaged over regions such as
IP, FR, ME, or EA show the widening of the hot day distribution with decreasing SPI (not shown). Altogether, models and observations agree well
on the main behavior. The direct comparison of the slopes at all quantiles between models and observations (Fig. 3.13) shows that CTLCLM and
CTLT ERRA agree quite well with E-OBS in FR (Fig. 3.13 b). CTLT ERRA
represents well the whole shape of the curve and CTLCLM agrees very well
with observations for all quantiles except the 90% quantile for which it underestimates the slope. Both model versions underestimate the negative slope
over IP (Fig. 3.13 a) and overestimate it in ME (Fig. 3.13 c), whereas this
overestimation is larger in CTLT ERRA . In EA (Fig. 3.13 d), CTLCLM agrees
well with E-OBS (except for the 90% quantile which is again underestimated),
whereas CTLT ERRA overestimates the negative slope (the same is true for
the Alps, not shown). In summary, CTLCLM agrees overall better with observations than CTLT ERRA , but nonetheless underestimates the slope of the
highest quantiles. Generally, CTLT ERRA overestimates the effect of dry conditions on temperature extremes. In regions where this relationship should
be most pronounced (IP, MD), both models underestimate the effect of dry
conditions on hot extremes.

3.5

Discussion and conclusions

This study evaluates the performance of the COSMO-CLM2 RCM using two
alternative LSMs with respect to land-climate coupling, climate variability,
and extremes. A state-of-the-art 3rd-generation LSM (CLM3.5) is compared
to a simpler 2nd-generation model (TERRA_ML).
When TERRA_ML is used a very pronounced overestimation of interannual summer temperature variability is found. This feature is a common
problem in most current RCMs (e.g., Lenderink et al., 2007). When using the
more sophisticated LSM, this issue is substantially alleviated as inter-annual
variability is decreased. We also found that the distribution of daily maximum temperature is better captured in CTLCLM . The pattern of the 90%percentile over Europe is improved, as well as the whole probability density
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(c) Mid Europe, and (d) Eastern Europe for E-OBS, CTLCLM , and
CTLT ERRA .
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functions for maximum daily temperatures over various regions (improvement from 56–79% to 70–84% agreement to observations). Even though the
PDFs of Tmax are better captured in CTLCLM , the persistence of heat waves
is rather underestimated in CTLCLM . The relationship between the number
of hot days (nhd) and the standardized precipitation index (SPI) is overall
well captured in both model versions. Nonetheless, it is underestimated in
Southern Europe and overestimated in Mid Europe. In the transitional zone
from strong to weak land-climate coupling, CTLT ERRA also overestimates
this relationship. This is an indicator for the better (spatial) representation
of land-climate coupling in CTLCLM .
Based on extreme soil moisture experiments, we also confirm the asymmetric effect of soil moisture on maximum daily temperatures reported by
e.g., Zhang et al. (2009); Jaeger and Seneviratne (2011); Hirschi et al. (2011);
Mueller and Seneviratne (2012). The overall smaller climate variability in
CTLCLM is also associated with decreased sensitivity to extreme soil moisture changes.
The decreased temperature variability when using CLM3.5 can be explained by a larger ground heat flux and a smaller variability in soil moisture
and incoming short-wave radiation. It is difficult to affirm if the larger ground
heat flux in CLM3.5 is realistic, since not many observations are available to
evaluate this flux. Generally, the ground heat flux is relatively small, about
10% of net radiation during daytime and over vegetated areas. During nighttime and over sparsely and non-vegetated areas it becomes more important
(Ronda and Bosveld, 2009). The models simulate a mean summer net radiation in Europe between 70–150 W/m2 , thus, a first estimate of the ground
heat flux is about 7–15 W/m2 . Tsuang (2005) estimates the ground heat flux
to be between 6–12 W/m2 for summer between 30 ◦ N–60 ◦ N. Results from
TERRA_ML are smaller (3–9 W/m2 , see Fig. 3.8 c) and the ground heat
flux in CLM3.5 is rather higher (9–18 W/m2 , see Fig. 3.8 a). Nevertheless,
the values simulated by CLM3.5 seem to be in a realistic range and the larger
ground heat flux in CLM3.5 appears thus reasonable.
The decrease in incoming short-wave radiation variability is another reason for the smaller temperature variability in CTLCLM . Davin et al. (2011)
and Davin and Seneviratne (2012) have shown that biases in net short-wave
radiation, net long-wave and net radiation are smaller when using CLM3.5
compared to TERRA_ML, suggesting a better representation of radiative
fluxes in general. The reduced bias in net short-wave radiation is caused
by a better representation of cloud cover, which is itself the result of a better partitioning of the surface fluxes (Davin et al., 2011). Figure 3.3 of the
present study confirms the better partitioning of latent and sensible heat
fluxes.
We also found that soil moisture variability is lower in CLM3.5 resulting
in a decrease in the variability of the surface fluxes as well as temperature. We
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note that Oleson et al. (2008) state that soil moisture variability in CLM3.5 is
rather underestimated. Therefore, some of the decrease in temperature variability may occur for the wrong reason. One of the main differences between
CLM3.5 and TERRA_ML is that in CLM3.5 the lowest soil level is coupled
to a simple prognostic groundwater model (Niu et al., 2007). Compensating
effects from the groundwater model could be a reason for the low soil water
variability in CTLCLM .
Lorenz et al. (2010) have shown that the persistence of heat waves is influenced by soil moisture variability. Thus, the low soil moisture variability in
CLM3.5 could be the reason for the underestimation of heat wave persistence
in CTLCLM . In some regions CTLCLM also underestimates the relationship
between SPI and nhd for the highest quantile, so, land-climate coupling may
be at the lower end in this model version. This, in turn, could be linked to
the underestimation of heat wave persistence in CTLCLM .
In conclusion, COSMO-CLM2 coupled to the Community Land Model
provides a good tool for regional scale investigations of land-climate coupling,
despite a possible underestimation of soil moisture variability. Overall, the
model coupled to CLM3.5 is found to have a more realistic coupling between
the land and the atmosphere compared to that coupled to TERRA_ML,
which also results in a better representation of climate variability in Europe.
Soil moisture experiments in combination with vegetation experiments can
be used in the future to investigate soil moisture- versus vegetation-climate
feedbacks in COSMO-CLM2 given the detailed representation of vegetation
processes in the CLM3.5 land surface model and its overall good performance
in coupled mode.
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Bayreuth
Bily_Kriz_Forest
Bordeaux_Le_Bray
CastelPorziano
Collelongo
El_Saler
Flakaliden
Griffin
Gunnarsholt
Hainich
Sarrebourg
Hyytiälä
Kaamanen
Lavarone
Loobos
Mitra_II
Nonantola
Norunda
Puechabon
Renon
Roccarespampani
SanRossore
Sodankyla
Tharandt
Vielsalm
Zerbolo
Mehrstedt
Amplero
Las_Majadas_del_Tietar
Fyodorovskoye

Site

Short
Name
DEBay
CZBK1
FRLBr
ITCpz
ITCol
ESES1
SEFla
UKGri
ISGun
DEHai
FRHes
FIHyy
FIKaa
ITLav
NLLoo
PTMi1
ITNon
SENor
FRPue
ITRen
ITRo1
ITSRo
FISod
DETha
BEVie
ITPT1
DEMeh
ITAmp
ES-LMa
RUFyo

Lon
[°E]
11.87
18.54
-0.77
12.38
13.59
-0.32
19.46
-3.80
-20.22
10.45
7.06
24.29
27.30
11.28
5.74
-8.00
11.09
17.50
3.60
11.43
11.93
10.29
26.64
13.57
6.00
9.06
10.66
13.61
-5.77
32.92

Lat
[°N]
50.14
49.50
44.72
41.71
41.85
39.35
64.11
56.61
63.83
51.08
48.67
61.85
69.14
45.96
52.17
38.54
44.69
60.09
43.74
46.59
42.41
43.73
67.36
50.96
50.31
45.20
51.28
41.90
39.94
56.46

Alt.
[m]
775
908.0
61
68
1550
10
226
340
78
430
300
181
155
1353
25
250
25
43
270
1730
235
4
180
380
450
60
286
884
260
265

Table 3.4: Fluxnet sites used for evaluation.

Evergreen Needleleaf
Evergreen Needleleaf
Evergreen Needleleaf
Evergreen Broadleaf
Deciduous Broadleaf
Evergreen Needleleaf
Evergreen Needleleaf
Evergreen Needleleaf
Deciduous Broadleaf
Deciduous Broadleaf
Deciduous Broadleaf
Evergreen Needleleaf
Wetland/Tundra
Mixed Forest
Evergreen Needleleaf
Evergreen Broadleaf
Deciduous Broadleaf
Evergreen Needleleaf
Deciduous Broadleaf
Evergreen Needleleaf
Deciduous Broadleaf
Evergreen Needleleaf
Evergreen Needleleaf
Evergreen Needleleaf
Mixed Forest
Deciduous Broadleaf
Cropland
Grassland
Evergreen broadleaf
Evergreen Needleleaf

Biome Type

Time period
[years]
1996–1999
2000–2005
1996–2003
2000–2005
1996–2004
1999–2003
2000–2002
1997–2001
1996–1998
2000–2003
1996–2005
1996–2005
2000–2005
2000–2002
1996–2003
1999–2003
2001–2003
1996–2003
2000–2005
1998–2005
2000–2003
1999–2005
2000–2005
1996–2003
1996–2005
2002–2004
2003–2005
2002–2005
2002–2004
1998–2005
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Table 3.5: Statistics for PDFs of daily maximum temperature

Domain
Iberian Peninsula

France

Mid Europe

Eastern Europe

E-OBS
mean: 300.97
std:
3.39
90th:
305.13
iqr:
4.59
skew:
-0.44
mean: 296.48
std:
3.83
90th:
301.57
iqr:
5.56
skew:
0.31
mean: 295.75
std:
3.93
90th:
301.10
iqr:
5.59
skew:
0.23
mean: 297.11
std:
3.17
90th:
301.26
iqr:
4.27
skew:
-0.07

CTLCLM
mean: 301.50
std:
3.70
90th:
306.06
iqr:
4.89
skew:
-0.39
mean: 296.71
std:
3.91
90th:
301.95
iqr:
5.59
skew:
0.30
mean: 295.35
std:
3.57
90th:
300.30
iqr:
5.26
skew:
0.19
mean: 297.51
std:
3.09
90th:
301.70
iqr:
4.28
skew:
0.22

CTLT ERRA
mean: 301.80
std:
4.12
90th:
306.88
iqr:
5.70
skew:
-0.42
mean: 296.82
std:
4.53
90th:
303.05
iqr:
6.33
skew:
0.39
mean: 294.02
std:
3.89
90th:
299.15
iqr:
5.60
skew:
0.35
mean: 295.75
std:
3.70
90th:
300.77
iqr:
4.94
skew:
0.35
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How important is vegetation
phenology for European climate and
heat waves?
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Abstract It has been hypothesized that vegetation phenology may play
an important role for the mid-latitude climate. In this study, we investigate
the impact of inter-annual and intra-seasonal variations in phenology on European climate using Regional Climate Model simulations. In addition, we
assess the relative importance of inter-annual variations in soil moisture and
vegetation phenology on European summer climate.
We find that even drastic phenological changes have a relatively small
effect on mean climate, i.e. for summer temperature only about 14 of those
induced by extreme soil moisture anomalies. However, the impact of phenological anomalies during heat waves is found to be of the same order of
magnitude as the effect owing to soil moisture anomalies. Generally, late
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greening and weak vegetation activity have amplifying effects, and early and
strong greening rather have dampening effects on heat waves. The experiments suggest that in the extreme hot 2003 (West and Central Europe) and
2007 (South-East Europe) summers the decrease in vegetation activity amplified the heat wave peaks by about 0.5 ◦ C for daily maximum temperatures
(about half the effect induced by soil moisture). In contrast to hypotheses from earlier studies, the employed phenological dataset does not show
an anomalous early greening in spring 2003. Hence, our results indicate that
vegetation amplified the 2003 heat wave but was not responsible for its initiation. In conclusion, our results suggest that phenology has a limited effect on
European mean climate, but its impact can be as important as that induced
by soil moisture in the context of specific extreme events.

4.1

Introduction

The land surface and the atmosphere form a coupled system. Land surface
processes can affect climate in several ways, especially through exchanges of
water, energy and chemical compounds (e.g., Pielke et al., 1998; Arora, 2002;
Arneth et al., 2010; Seneviratne et al., 2010). In particular soil moisturevegetation interactions can be critical in affecting these exchanges. Plants extract water and nutrients from the soil and exchange CO2 and water through
their leaf stomates. The regulation of this exchange is driven, among other
factors, by solar radiation, temperature, soil moisture (SM), and air humidity
(e.g., Sellers et al., 1997). In addition, the plants strongly affect the radiative and aerodynamic properties of the land surface, which is also relevant
for land-climate feedbacks (e.g., Betts et al., 2007; Davin and de NobletDucoudré, 2010).
Vegetation-climate feedbacks have been investigated on regional and
global scales by using climate models as well as observations. For instance,
the conversion of natural ecosystems into agricultural land affects regional climate through impacts on surface albedo, radiative forcing, or the partitioning
of available energy into the sensible (H) and latent heat (λE) fluxes (Pitman
et al., 2009; de Noblet-Ducoudré et al., 2012). On shorter timescales, leaf
phenology could play a significant role in vegetation-climate feedbacks (e.g.,
Bonan, 2008a, chapter 26.4). For instance, Levis and Bonan (2004) have
shown that the timing of leaf emergence has a relatively strong impact on
springtime temperature. Depending on prevailing weather conditions, mainly
temperature and precipitation, the timing of leaf emergence and senescence
as well as the amount of leaves (expressed as e.g. leaf are index, LAI) can
vary from year to year (e.g., Stöckli and Vidale, 2004).
It has been found that inter-annual LAI variations primarily modify the
partitioning of net radiation into sensible and latent heat fluxes, which in
turn can influence the regional state of climate (Buermann et al., 2001).
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Evapotranspiration is sensitive to variations in vegetation, especially over
wet continental surfaces that are not densely vegetated. Over dense vegetation covers (such as tropical forests) and due to physiological control because
of environmental stress (e.g., in arid and semiarid regions) this sensitivity is
reduced (Guillevic et al., 2002). Weiss et al. (2012) showed that a realisitc
representation of vegetation positively influences the simulation of evapotranspiration. Boussetta et al. (2012) could show that the forecast of near-surface
air temperature and humidity is improved when realistic LAI from satellitedata is used. Zaitchik et al. (2006) propose that an early green-up in spring
2003, due to anomalous warm temperatures, enhanced soil drying and contributed to an increase in sensible heat flux in the following which enhanced
the European 2003 summer heat wave. The late-summer drought in 2003 led
to a net reduction in vegetation activity, especially over crops and pastures,
further decreasing evapotranspiration and increasing temperature over these
areas. Nevertheless, the effect of phenology on heat waves, such as the 2003
event in Europe, has not been widely investigated. Stefanon et al. (2012a)
was the first study to look at the effects of dynamic phenology on temperature anomalies in France during the 2003 heat waves. They found that
phenology dampened the heat wave in June but amplified the temperature
anomaly in August.
In this study, we use a Regional Climate Model (RCM) coupled to a
3rd-generation land surface model (COSMO-CLM2 ) to investigate impacts
of phenology on climate. We focus on biogeophysical processes on monthly
to yearly timescales and the European region. The model does not calculate
vegetation activity interactively, instead we use a new LAI dataset with daily
data over 50 years (Stöckli et al., 2011) to prescribe phenology in the model.
Hence, we can perform model experiments with realistic inter-annual variability in LAI with this set-up. In addition, we perform sensitivity experiments
removing the inter-annual variability in LAI (prescribed mean, maximum
and minimum seasonal cycles). In contrast to other studies investigating
vegetation-climate feedbacks, the analysis does not only addresses effects on
mean climate, but focuses in particular on the effect of LAI variability on
specific extreme events. Furthermore, we use experiments with prescribed
soil moisture to compare vegetation phenology effects versus effects from soil
moisture dynamics. Note that although our set-up does not technically allow
feedbacks strictu sensu, because LAI is prescribed in the simulations and not
dynamically computed by the model, the impact of phenology anomalies in
single years (e.g. during the extremes 2003 and 2007 events, see hereafter)
can be considered as feedbacks, because they result from the (observed) response of phenology to the respective climate anomalies during these events.
The outline of the study is as follows: Section 2 describes the model
and employed dataset as well as the performed model experiments. In Section 3, we investigate effects from vegetation phenology on mean climate,
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whereby we first examine the model sensitivity, and then effects on mean
summer climate. The effects of LAI changes on temperature extremes are
discussed in Section 4. We investigate effects from vegetation phenology on
climate in connection with heat waves and compare their effects to those of
soil moisture-climate feedbacks. Finally, we analyze in more detail the respective feedbacks during the 2003 and 2007 European summer heat waves
and droughts. Section 5 presents the discussion of the main results and the
conclusions.

4.2
4.2.1

Methods and data
Model description

We use the COSMO-CLM2 RCM (Davin and Seneviratne, 2012). COSMOCLM2 consists of the non-hydrostatic RCM COSMO-CLM (Rockel et al.,
2008) version 4.8.11 coupled to the Community Land Model (CLM3.5) (Oleson et al., 2008). CLM3.5 is a 3rd-generation Land Surface Model (LSM) representing hydrological, biogeophysical, and biogeochemical processes which
determine the exchange of radiation, heat, water and chemical compounds
between the land and the atmosphere. The version of COSMO-CLM2 used in
this study has been evaluated over Europe by Davin and Seneviratne (2012)
and Lorenz et al. (2012).
The model offers several options related to the dynamical core and physical packages. We use the second-order leapfrog scheme for time integration.
Vertical turbulent mixing is parametrized by a level 2.5 closure using Turbulent Kinetic Energy as prognostic variable (Mellor and Yamada, 1982,
1974). The mass flux scheme of Tiedtke (1989) is used for moist convection
and large-scale precipitation is parametrized with a four-category 1-moment
cloud-ice scheme including cloud and rain water, snow and ice. CLM3.5 is
used here without carbon-nitrogen dynamics and ecosystem dynamics, hence,
LAI is not calculated interactively and is instead prescribed based on satellite
data.

4.2.2

Leaf area index data set

The default LAI dataset in CLM3.5 is based on MODIS data and contains
only a monthly climatology (Lawrence and Chase, 2007). In this study, the
default dataset is replaced by a new global reanalysis of vegetation phenology presented in Stöckli et al. (2011). This newer product covers 50 years
by using a prognostic phenology model driven by ECMWF ERA-Interim
and ERA-40 meteorological data. The phenology model is constrained by
10 years of quality screened MODIS observations and delivers a daily LAI
m2
dataset with a mean LAI uncertainty of 0.34 m
2 . The same sub-grid scale
representation of Plant Functional Types (PFT’s) as in CLM3.5 is used and
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a)

b)

c)

Figure 4.1: Seasonal cycles in LAI over (a) France and (b) Eastern Europe for
the climatology of the LAI dataset (PHENOclim ), the minimum
(PHENOmin ) and maximum (PHENOmax ) range and the year 2003.
Panel (c) shows the inter-annual variability in LAI.

the dataset contains values per individual PFT. The final dataset contains 50
years of daily 1 ◦ x1 ◦ global phenology with photosynthetically active radiation (FPAR) and LAI as well as their uncertainty. For details on the method
see Stöckli et al. (2011).
Figure 4.1 shows the annual cycle of LAI statistics for 2 subdomains in
Europe (Fig. 4.1 a,b, PRUDENCE subdomains France and Eastern Europe
as defined e.g. in Christensen and Christensen (2007)). We display the
climatology, minimum and maximum range, and as an example the year 2003,
when a major heat wave and drought occurred in Europe during summer.
The drop in LAI was most pronounced in France (FR) during 2003 (Fig.
4.1 a). The range between all time minimum and maximum LAI is largest
in Eastern Europe (EA, Fig. 4.1 b). This can also be seen in Fig. 4.1 c,
which shows the standard deviation in LAI over the whole domain during
summer, hence, the inter-annual summer LAI variability. The variability is
largest in Eastern Europe, the Balkans and Scandinavia. However, generally
the variability in our dataset is rather small compared to other, satellite-only
based, datasets (e.g., Buermann et al., 2001; Guillevic et al., 2002).
The new LAI data shows a positive inter-annual correlation between LAI
and SM (see supplementary material Fig. 4.12). This positive correlation is
consistent with the concept that plants grow better under moist conditions
and, since LAI anomalies are prescribed in these simulations, suggests that
the RCM is reasonably replicating the inter-annual variations in precipitation (and therefore soil moisture). The correlation between daily maximum
temperature (Tmax ) anomalies and LAI anomalies (Fig. 4.12, supplementary
material) is positive in Northern Europe, some regions in Central Europe,
Northern Spain and the Alps. In contrast, the correlation is slightly negative
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in Southern Europe. This is as expected since warm temperatures favor plant
growth in Central and Northern Europe but too high temperatures can have
long-term negative effects in the drier South.

4.2.3

Experimental description

We performed several model runs with COSMO-CLM2 (Table 4.1). The
reference run (CTL) uses the new LAI dataset with inter-annual variability
and calculates SM interactively. The experimental runs can be split into SM
and phenology experiments. All phenology experiments, except PHENOzero
and PHENOold , are based on the daily LAI dataset. ”PHENOclim “ has
no inter-annual variability in LAI using the daily climatology from CTL.
”PHENOmin “ contains the lowest LAI values out of the total timeseries for
each day of the year, hence, a minimum seasonal cycle. Thus, PHENOmin
represents late and weak greening of the vegetation and early senescence.
”PHENOmax “ contains the highest LAI values out of the total timeseries
for each day of the year, hence, a maximum seasonal cycle. It thus represents early and strong greening of the vegetation and late senescence.
”PHENOzero “ is an extreme experiment to test the model sensitivity when
LAI is always set to zero. Additionally, PHENOold uses the default LAI
dataset from Lawrence and Chase (2007).
The SM experiments ”DRY“ and ”SMclim “ have prescribed SM values
and, therefore, no influence from the atmosphere on the SM state (the same
method to decouple land and atmosphere is used e.g., in Koster et al., 2004;
Seneviratne et al., 2006b; Jaeger and Seneviratne, 2011; Lorenz et al., 2012).
In the DRY run, SM is prescribed to very low values (0.05 vol-%), to obtain
an extreme dry case (note that DRY was run with the default LAI dataset,
Table 4.1). SMclim is more realistic and contains the SM climatological
cycle from CTL. Soil liquid and soil ice content are separately prescribed
to the values from CTL in SMclim . SMclim roughly corresponds to the LAI
experiment PHENOclim , the difference between PHENOclim and CTL shows
the effect of inter-annual variability in LAI as the difference between SMclim
and CTL shows the effect of inter-annual variability in SM. But whereas LAI
is prescribed in SMclim , SM is interactive in PHENOclim .
All model runs have 0.44 ◦ (≈ 50 km) horizontal resolution, 32 vertical
atmospheric layers, and a model time step of 240 seconds. Lateral boundary
conditions were derived from ERA-Interim re-analysis data (Dee et al., 2011).
This is the latest ECMWF global atmospheric re-analysis, covering the datarich period since 1979, and continuing in real time. All simulations cover the
years 1989–2010. The first year is used as spin-up period and only data from
1990–2010 are analyzed.

77

4.2. METHODS AND DATA

Table 4.1: Overview of model runs and their acronyms.

Acronym

interactive
SM

interannual
varying
daily LAI
X

climatological
monthly
LAI

Description

CTL

X

PHENOclim

X

PHENOmin

X

lowest LAI values of day
of the year out of the
total timeseries for each
day of the year, extreme
minimum experiment

PHENOmax

X

highest LAI values of
day of the year out of the
total timeseries for each
day of the year, extreme
maximum experiment

PHENOzero

X

LAI always zero, extreme
experiment to test model
sensitivity

PHENOold

X

SMclim

DRY

reference run with daily
LAI values with interannual variability and
interactive SM
daily seasonal cycle of
LAI

X

LAI based on older,
default dataset
soil moisture prescribed
to seasonal cycle from
CTL

X

extreme dry run where SM
is prescribed to 0.05 vol-%

X
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Analysis methodology

Mean climate
We analyze the simulations over seasons, such as JJA (June, July, August)
for summer or MAM (March, April, May) for spring. The mean of the
corresponding variables is calculated over the respective months over the
period 1990–2010. As a measure for inter-annual climate variability we use
the inter-annual standard deviation (σ) of the respective variables.
Heat wave duration indices
We use several heat wave duration indices (Table 4.2). The exact definition
of a heat wave index can have a crucial influence on the results (e.g., Lorenz
et al., 2010; Perkins et al., 2012). Therefore, we check if our results are robust for several indices. We use indices where the 90th-percentile of daily
temperatures is used as threshold to define if a day is considered as a heat
wave day or not. For the heat wave duration index (hwdi) and hot spells
the 90th-percentile is calculated from the reference run. For hwdi? and hot
spells? the 90th-percentile is calculated from the respective experiment, to
remove the effect from the change in mean climate, i.e., focusing on intrinsic
persistence of the heat day anomalies for the respective runs (see also Lorenz
et al., 2010). Then, we investigate the mean duration of heat waves over the
timeseries at each gridpoint. For hwdi we only look at daily maximum temperature, for the hot spells also minimum daily temperatures are considered
(to investigate heat waves with hot days and warm nights). Only heat waves
where the 90th-percentile threshold is exceeded for at least two consecutive
days (and nights for hot spells) are taken into account.

4.3
4.3.1

Effect of LAI and SM changes on mean climate
Model sensitivity to vegetation phenology changes

The experiment with zero LAI (PHENOzero ) shows that the simulated mean
summer climate is not very sensitive even to extreme vegetation changes
(Fig. 4.2). Temperature is increased as expected but at most by 1 ◦ C (Fig.
4.2 a). Precipitation is decreased over most of Europe, but the differences to
the reference run are small (Fig. 4.2 b). Correspondingly, the bowen ratio
is increased due to a rise in H and a drop in λE (not shown). Only ground
evaporation remains, since transpiration as well as canopy evaporation is
shut down (not shown). Figure 4.2 also includes the corresponding results
for DRY. There, temperature changes go up to 5 ◦ C (Fig. 4.2 a) and precipitation is decreased by up to 40 mm (Fig. 4.2 b). Hence, the model’s mean
summer climate is substantially more sensitive to extreme SM changes than
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Table 4.2: Overview of heat wave indices shown in the figures.

Name
hwdi
hwdi?
hot spells
hot spells?

Definition
mean heat wave duration where daily maximum temperature is above the long term 90th-percentile from the
reference run.
mean heat wave duration index where daily maximum
temperature is above the long term 90th-percentile
from the respective run itself.
mean heat wave duration where daily maximum and daily
minimum temperature are above the long term 90thpercentile from the reference run.
mean heat wave duration where daily maximum and daily
minimum temperature are above the long term 90thpercentile from the respective run itself.

vegetation state (by a factor of 3–5 for temperature and 6–8 for precipitation). In addition, the impact of the new LAI dataset is rather small (i.e. for
CTL vs PHENOold ; see supplementary Figure 4.10 for a short overview of the
effect of the new dataset compared to the default LAI product). Because the
differences between runs with the default (PHENOold ) and the new (CTL)
dataset are rather small and not consistent we only discuss results compared
to CTL. In addition, there is no pronounced effect on model performance
compared to observations (see supplementary material Fig. 4.11 for the Taylor diagrams of modeled summer daily and monthly temperature). Hence,
we do not find a clear improvement or a decline in model performance when
we use realistic, yearly varying LAI data, at least for mean climate. However, the performed sensitivity experiments suggest that the prescribing of
realistic daily phenology fields can be relevant for capturing extreme events
(see hereafter).
CLM3.5 is a rather wet model and, as the model is currently parameterized, capillary forces can efficiently bring moisture from deep water stores
up to the surface, maintaining relatively high ground evaporation even during periods of no rain (Oleson et al., 2008; Lawrence et al., 2011). In DRY,
both ground evaporation and transpiration become very small, whereas in
PHENOzero only transpiration becomes zero and ground evaporation is increased, maintaining λE. The fact that ground evaporation compensates for
the decrease in transpiration to such a large degree is unrealistic and has
been identified as a problem in CLM (Lawrence and Chase, 2009; Boisier
et al., 2012). Hence, although PHENOzero shows the upper boundary for
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a)

b)

Figure 4.2: Mean JJA (a) 2m temperature and (b) precipitation for PHENOzero
versus CTL (blue) and DRY versus CTL (red).

effects due to vegetation in this model, in reality effects from vegetation may
be larger.
Note that the two extreme cases PHENOzero and DRY would not occur
independently in reality. Extreme dry SM can yield extreme low LAI in the
worst case, thus they both together would amplify non-linearly the response
to the respective climate forcing. The reverse is not true, since trees will not
necessarily grow more leaves than under normal conditions when soil moisture
is high. Under warm and dry conditions it is possible to get more and early
leaves in temperate climates and at high altitudes (as seen in 2003, Jolly
et al., 2005), and less leaves in Mediterranean climates. So, soil moisture and
vegetation activity effects act on each other in reality and make it difficult
to investigate one effect without the other.

4.3.2

Extreme LAI experiments PHENOmin and PHENOmax

Compared to CTL, PHENOmin and PHENOmax represent cases with maximum or minimum vegetation activity, respectively. Smaller vegetation activity leads to a decrease in transpiration (Fig. 4.3 a). The resulting enhancement in ground evaporation compensates a large fraction of this decrease in
transpiration (Fig. 4.3 c) resulting in only about 1–3 W m−2 drop in latent
heat flux (Fig. 4.3 e). The change in λE is most pronounced around the
Black Sea. The decrease in λE corresponds to some degree to the increase
in mean 2m temperature (T2m ), which is also largest around the Black Sea
(Fig. 4.4 a). Maximum daily temperature (Tmax ) is a bit less affected in
PHENOmin than the 2m temperature (not shown), whereas daily minimum
temperature (Tmin ) shows the largest effect (Fig. 4.4 c).
Figure 4.1 a, b already shows that the minimum LAI is further away from

PHENOmin-CTL
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PHENOmax-CTL

a)
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d)
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latent heat flux [W m-2]

ground evaporation [W m-2]

canopy transpiration [W m-2]
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Figure 4.3: Differences from (a,c,e) PHENOmin and (b,d,f) PHENOmax to
PHENOref in mean summer (a,b) canopy transpiration, (c,d) ground
evaporation, and (e,f) latent heat flux.
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PHENOmax-CTL

T2m [K]

PHENOmin-CTL

b)

c)

d)

Tmin [K]

a)

Figure 4.4: Differences from (a,c) PHENOmin and (b,d) PHENOmax to
PHENOref in mean summer (a,b) 2m temperature and (c,d) daily
minimum temperature.

the LAI climatology than the maximum. Hence, the rise in vegetation activity in PHENOmax is smaller than the decrease in PHENOmin . Accordingly,
the increase in transpiration (Fig. 4.3 b) and the decrease in ground evaporation (Fig. 4.3 d) compared to CTL are smaller in PHENOmax than the
opposite effects in PHENOmin . However, the resulting enhancement in latent
heat flux in PHENOmax is not much smaller than the decline in PHENOmin
(Fig. 4.3 f). The corresponding decrease in T2m in PHENOmax (Fig. 4.4 b)
is constrained to Southern and Eastern Europe and largest around the Black
Sea and the Balkans. Tmax is affected similarly to T2m (not shown). Like
for PHENOmin , Tmin is again slightly more affected than T2m (Fig. 4.4 d).
The differences between the phenology experiments in spring are generally
less pronounced than in summer and very small (not shown). The same effect
as in summer occurs, that much of the change in transpiration is compensated
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by ground evaporation. This response could be specific to the model used due
to the overcompensation of changes in transpiration by ground evaporation
(as mentioned in 4.3.1) and effects during spring are possibly larger in reality.
The largest impact of inter-annual phenological variability is found for
Tmin in the PHENOmin experiment. Tmin increases more than Tmax , hence,
the diurnal temperature range (DTR) is decreased. The DTR has been
shown to be sensitive to several factors, including land-surface vegetation
and moisture availability (Zhou et al., 2007, 2008; Zhang et al., 2009; Jaeger
and Seneviratne, 2011; Jeong et al., 2011). Zhou et al. (2007) propose that
a decrease either in soil emissivity and/or vegetation cover would act to
increase Tmin more than Tmax . In dry conditions, daytime heat storage is
increased as a result of less shading of the soil and more soil heating during
the night. In wet conditions, longwave heat loss is decreased as a result of
lower soil emissivity. In addition, a reduction in vegetation cover exposes
more soil directly to the atmosphere which increases the importance of the
soil’s emissivity on absorption and emission of longwave radiation. So, more
heat is transferred from the soil to the atmosphere via H, increasing nighttime
temperatures in particular. This theory can also be applied to PHENOmin .
Daily minimum temperatures usually occur shortly before sunrise, hence,
they are mostly affected by outgoing longwave radiation (LWout ). LWout
is higher in the less dense canopy of PHENOmin than in CTL in summer
(not shown). In PHENOmin more energy is stored in the soil during the day
that can be emitted during the night. Thus, due to decreased/increased LAI,
LWout is increased/decreased and, therefore, Tmin is increased/decreased.

4.3.3

Effect of removing inter-annual variability in phenology

The effect of removing the inter-annual variability in LAI on mean summer
climate is shown in Fig. 4.5 a,c,e and 4.6 a,c. In general, the effect on
mean climate is small. Around the Black Sea we obtain the clearest signal,
ground evaporation is mainly decreased in this region resulting in decreased
λE (Fig. 4.5 a,c,e). The corresponding increase in temperature is very small
(Fig. 4.6 a,c) and other regions show the opposite effect. In contrast to
PHENOmin and PHENOmax , removing inter-annual variability has a more
pronounced effect on T2m than Tmin (and Tmax , not shown). Since we only
remove the inter-annual variability but mean LAI stays the same we did not
expect large effects on mean climate. Accordingly, the effect of introducing
inter-annual variability in LAI on mean spring climate is even smaller than
for summer (not shown).
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SMclim-CTL
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latent heat flux [W m-2]

ground evaporation [W m-2]

canopy transpiration [W m-2]

PHENOclim-CTL

Figure 4.5: Differences from (a,c,e) PHENOclim and (b,d,f) SMclim to
PHENOref in mean summer (a,b) canopy transpiration, (c,d) ground
evaporation, and (e,f) latent heat flux.
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Figure 4.6: Differences from (a,c) PHENOclim and (b,d) SMclim to PHENOref
in mean summer (a,b) 2m temperature and (c,d) daily minimum temperature.
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Effect of removing inter-annual variability in SM

The effect of removing the inter-annual variability in SM on mean summer
climate is shown in Fig. 4.5 b,d,f and 4.6 b,d. All evapotranspiration related
variables show the same pattern, an increase in Southern Europe and a decrease in Central and Northern Europe (Fig. 4.5 b,d,f). The effect on λE
is more pronounced than for the phenology experiments since the changes
in canopy transpiration and ground evaporation go into the same direction
everywhere. The effect on temperature is also more pronounced, showing a
clear, homogeneous, decrease in T2m and Tmin (Fig. 4.6 b,d).
In the SMclim experiment evapotranspiration is generally not SM limited,
causing the consistent increase in evapotranspiration in Southern Europe.
The decrease in evapotranspiration in Northern Europe is more difficult to
explain and is caused by a limitation of the approach we use to prescribe
SM. In Northern Europe evapotranspiration is energy and not SM limited.
Because of the overall decrease in temperature the amount of the prescribed
soil ice and soil liquid water does not correspond to the temperature anymore
and the amount of soil ice is increased. This leads to an increase in ground
heat flux, reducing the available energy for H and λE, and therefore, reducing
evapotranspiration in the energy limited North.

4.4
4.4.1

Effect of LAI and SM changes on temperature extremes
Phenology effects on heat wave duration

Figure 4.7 shows differences to CTL in four heat wave duration indices for
PHENOmin (orange), PHENOmax (turquoise), PHENOclim (violet), and
SMclim (blue) for 8 PRUDENCE subdomains defined e.g., in Christensen
and Christensen (2007). In this section we focus on panels a) and c). Even
though the differences from CTL to the PHENOmin /PHENOmax experiments were larger than to PHENOclim for the mean climate, the effect of
removing inter-annual variability in LAI has an effect on temperature variability (not shown) and heat waves that is of a similar order of magnitude as
for the two extreme experiments. The two heat wave indices hwdi (a) and hot
spells (c) are comparable in their spatial patterns. The duration of the hot
spells is generally shorter than hwdi since they also take into account warm
nights in their definition. The general geographical regions of increased/decreased heat wave duration for an experiment are similar for the two heat
wave indices. PHENOmin shows an increase in hwdi and hot spells in all
regions. Based on correlation maps (see supplementary material Fig. 4.13 e)
between LAI and Tmax , which show a slight negative correlation for summer
in Southern and Central Europe, we expected heat waves to be amplified
when LAI is decreased. PHENOmax shows increasing hwdi and hot spells
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a)

b)

c)

d)

Figure 4.7: Differences in heat wave indices between PHENOmin , PHENOmax
and PHENOclim to PHENOref and between SMclim and CTL.

for Northern regions (BI, ME, SC) and decreasing hwdi and hot spells in all
other regions. PHENOclim mostly shows increasing hwdi and hot spells.
However, the patterns are not homogeneous (not shown) which indicates
that other effects (like for instance climate conditions and land cover types)
are of similar importance, especially at the local scale. In general, total evapotranspiration decreases when LAI is lower and increases when LAI is higher.
However, the density and activity of vegetation cover does not only have a
direct effect on transpiration, but also has an indirect effect on ground evaporation via impacts on SM and shading of the ground (Notaro et al., 2008; Liu
et al., 2010). In some regions, it is more important that for instance with less
active vegetation more water stays in the ground because of the decreased
transpiration and that more radiation reaches the ground and, thus, ground
evaporation is increased. So, the net effect of vegetation state on total evapotranspiration, and thus also sensible heat flux, depends on additional factors
like climate conditions and land cover type and, therefore, varies between
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regions (Katul et al., 2012; Wang and Dickinson, 2012). Hence, depending
on the geographical region, the effects from phenology on heat waves vary
in sign and magnitude. Generally, a higher LAI decreases inter-annual temperature variability and tends to decrease heat wave lengths. A lower LAI
rather increases heat wave length. Thus, LAI and Tmax tend to be negatively correlated, especially in June/July (see also supplementary material
Fig. 4.13). In most European regions, the variability in LAI rather dampens heat waves, probably because usually enough moisture is available for
enhanced transpiration during hot temperatures.

4.4.2

Phenology versus soil moisture effects on heat waves

To assess the impact of vegetation phenology versus SM on climate we compare prescribed-SM and prescribed-phenology experiments. In the SM experiment (SMclim ), SM is prescribed to the seasonal cycle from CTL. The
counterpart is PHENOclim , where LAI is prescribed to a daily climatological
cycle. Since SM is still interactive in PHENOclim whereas LAI is prescribed
in SMclim , the two experiments are not totally equivalent. Nevertheless, by
comparing the differences between PHENOclim −CTL and SMclim −CTL for
temperature extremes we roughly see the difference in vegetation versus SM
effects (Fig. 4.7 violet and blue bars).
For the SM experiment we find a decrease in heat wave duration almost
all over Europe. For PHENOclim Fig. 4.7 shows regions with increases
and regions with decreases. In some regions, all phenology experiments (in
which no inter-annual variability in LAI is present) have enhanced heat wave
duration (e.g., ME, SC). This suggests that for heat wave duration in these
regions the variability in LAI is most important, and not the total value of
LAI. The effects from PHENOclim are rather smaller compared to SMclim ,
especially for hwdi. However, the effects on mean summer temperature are
smaller for the phenology experiments (see Fig. 4.6 b, decrease in mean
summer temperature ≥ 0.5 ◦ C over large areas). This has an influence on the
extremes if we calculate heat wave duration with reference to CTL (as shown
in panels a and c). If we look at hwdi? and hot spells? (Fig. 4.7 b,d) where
we take the 90th-percentile from SMclim resp. PHENOclim , we prevent this
influence from the change in mean climate. For the phenology experiments
the differences between these indices (hwdi, hwdi? ) are rather small, since
the changes in mean climate are very small. When we use hwdi? and hot
spells? the effects from the SM and phenology experiment are comparable
in magnitude or even more pronounced for phenology in some regions (e.g.,
Fig. 4.7 d ME). The effect of prescribing SM to the climatology is alleviating
heat waves everywhere except hot spells? in BI and SC, whereas the effect
from prescribing phenology without heat wave variability increases heat wave
duration in most regions.
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Case study: Hot summer 2003 in Western and Central
Europe

During the 2003 summer, Europe experienced a record breaking heat wave
(Schär et al., 2004), which was very likely the hottest summer of the last 500
years (Luterbacher et al., 2004). The main cause for the occurring heat wave
was a persistent anticyclonic circulation anomaly (e.g., Ferranti and Viterbo,
2006; García-Herrera et al., 2010). However, the SM deficit enhanced the
heat wave in summer 2003, especially the second part in August (Ferranti and
Viterbo, 2006; Fischer et al., 2007a,b). It has been suggested in the literature
that early vegetation green-up in spring 2003 together with a precipitation
deficit during spring played an important role for the heat wave (e.g., Zaitchik
et al., 2006; Fischer et al., 2007a,b; Loew et al., 2009).
Figure 4.8 a shows the timeseries of the anomalies in prescribed LAI averaged over France in green. We clearly see a negative LAI anomaly in summer.
However, there is only a very small positive LAI anomaly in spring and early
summer, in contrast to the expectations from e.g. Zaitchik et al. (2006), Fischer et al. (2007b), and Loew et al. (2009) who proposed an early vegetation
onset. We do see a positive LAI anomaly over the Alps (and Scandinavia)
in June (Fig. 4.14 a) in our data, indicating that some regions experienced
more pronounced greening due to the warm spring. However, we do not
find distinct positive anomalies in vegetation state during spring in other regions. The dataset used is consistent with the results from Seneviratne et al.
(2012a) in this respect, who also found very high evapotranspiration in June
(Fig. 4.14 j) to be the most important driver for the pronounced SM deficit
in late summer at a catchment site in Switzerland (and thus little impact of
earlier spring meteorological conditions). On the other hand, García-Herrera
et al. (2010) state that the negative precipitation anomaly in spring caused
a decrease in vegetation state in Eastern Europe due to the lack of available
moisture for plant growth. This is in agreement with our LAI dataset (Fig.
4.14 a), but it should be noted that the peak of the 2003 heat wave was not
located in that region.
Figure 4.8 a also displays the timeseries of the simulated (CTL) SM and
Tmax anomalies averaged over France. SM was already smaller than normally in spring and this negative anomaly became even more pronounced in
summer. The positive temperature anomalies in summer show the timing of
the 2003 heat waves (since the 2003 event was really subdivided in two heat
waves, one in June and another one in August). Additional maps illustrating
the 2003 heat wave and drought are presented in the supplementary material,
Fig. 4.14. This figure shows the anomalies in the 2003 summer, for June,
July and August as maps over Europe, for LAI (a–d), SM (e–h), Tmax (i–l),
λE (j–l), and H (m–o). Altogether, the development of the 2003 summer
in the model simulations is consistent with results from the literature. The
region where we see the strongest anomalies in Tmax in August 2003 only
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a)

b)

Figure 4.8: (a) Anomalies in total leaf area index in CTL, soil moisture in
CTL and PHENOclim , and daily maximum temperature in CTL,
PHENOclim , and SMclim and (b) differences in Tmax anomalies between PHENOclim /SMclim and CTL during spring and summer 2003
in France.
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Table 4.3: Differences in Tmax during heat wave peaks (averaged over 1 week) in
2003 and 2007 between CTL and PHENOclim and CTL and SMclim ,
respectively.

Year
2003
2007

Domain
France
Eastern Europe

CTL−PHENOclim
+0.48
+0.65

CTL−SMclim
+1.19
+1.33

partially overlap with the regions where we see the highest net radiation.
But in France, where the second phase of the 2003 heat wave was strongest,
we find a pronounced decrease in LAI and SM compared to the climatology. This indicates a strengthening effect of the land surface on maximum
temperatures in this region during the 2003 summer.
To illustrate the influence of vegetation and SM state on the heat wave,
Figure 4.8 a also displays the anomalies in Tmax for PHENOclim and SMclim
and Fig. 4.8 b shows these differences to CTL directly. Additionally, in Fig.
4.8 a the SM anomaly for PHENOclim is shown. Generally, the time evolution
of Tmax is similar in all model runs. Hence, soil moisture and phenology do
not influence the main features of the heat waves. However, the largest peak
in August is clearly smaller in the runs without variability in phenology and
SM, respectively (Fig. 4.8 b). The net effects from phenology impacts and SM
feedbacks around the hottest days in August (averaged over 1 week) in France
are summarized in Table 4.3. The heat wave peak is dampened by more than
1 ◦ C by climatological SM and almost 0.5 ◦ C by climatological LAI. The first
extended heat wave in June is amplified by climatological SM as well as
climatological vegetation activity. The SM anomaly in PHENOclim is larger
than the one in CTL causing the Tmax peak to be highest for PHENOclim in
June. For the heat wave peak in July the effect from LAI and SM are almost
the same (Fig. 4.8 b).

4.4.4

Case study: Hot summer 2007 in South-Eastern Europe

The same analysis as for 2003 was carried out for the heat wave that occurred in South-Eastern Europe during 2007. The 2007 heat wave had large
impacts in the affected regions, ranging from excess deaths to power outages and forest fires (Founda and Giannakopoulos, 2009; Barriopedro et al.,
2011). Figure 4.9 a displays the timeseries of LAI, SM and Tmax over Eastern
Europe during 2007. In the supplementary material in Fig. 4.15 the associated anomalies during summer for LAI, SM, Tmax , H and λE are provided
as maps over Europe. The affected region was restricted to South-Eastern
Europe where a large negative anomaly in soil moisture persisted during
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a)

b)

Figure 4.9: (a) Anomalies in total leaf area index in CTL, soil moisture in
CTL and PHENOclim , and daily maximum temperature in CTL,
PHENOclim , and SMclim and (b) differences in Tmax anomalies between PHENOclim /SMclim and CTL during spring and summer 2007
in Eastern Europe.

the whole summer. The negative soil moisture anomaly was caused by pronounced negative precipitation anomalies during winter 2007 over the entire
Mediterranean (not shown, Luterbacher et al. (2007)). In contrast to the
2003 event, the 2007 event starts with a pronounced positive LAI anomaly
in spring. A negative LAI anomaly established over July and August. Note
also that the region affected by the 2007 heat wave overlaps with the region
where the inter-annual variability in LAI is largest in our dataset. This area
is, therefore, expected to be more affected by phenology-feedbacks than the
rest of Europe.
The area of negative λE anomalies in summer 2007 spreads quickly and
accordingly also the area with pronounced positive anomalies in H. The resulting positive anomalies in temperature are possibly a combination of soil
moisture-temperature and phenology-temperature feedbacks. The heat wave
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had its peak in July, but Tmax was larger than normal during extended
periods already in May and June 2007 in South-Eastern Europe (Fig. 4.9 a).
Again we show the anomalies in Tmax for PHENOclim and SMclim and
the SM anomaly for PHENOclim in addition to CTL. At the heat wave peak
in July we see the same effect as for the 2003 heat wave, a dampening of the
peak for PHENOclim and SMclim . Figure 4.9 b and Table 4.3 reveals that
LAI dampens the heat wave by more than 0.5 ◦ C and SM by more than 1 ◦ C.
Hence, the effect of climatological LAI dampens the heat wave peak by about
half as strong as climatological SM. However, the smaller heat wave peak in
August is higher in PHENOclim than CTL. In this case also the duration of
the heat wave episode is changed by the experiments. If we take SM into
account as well, we see that the SM anomaly in PHENOclim is even more
pronounced than in the reference run in August. Hence, the cause for the enhanced Tmax in PHENOclim in August is due to SM-temperature feedbacks.
It seems that the fact that LAI is not decreased in PHENOclim depletes SM
more than in CTL in this case, further amplifying temperature. Thus, the
2007 case confirms that phenology effects can damp or enhance heat waves.
It shows that depending on if the effect from vegetation state preventing SM
depletion or the effect preventing transpiration is more important, the effects
from phenology can have either sign.

4.5

Discussion and Conclusions

In this study we performed phenology experiments to investigate impacts of
phenology on climate and compare their magnitude to that of soil moistureclimate feedbacks. Our results suggest that today’s European mean spring
and summer climate is not largely affected by vegetation phenology. However,
phenological effects are more important for temperature extremes.
Particularly, the effects from phenology on mean climate are much smaller
than those from SM. Since variability in vegetation activity is not very pronounced over Europe, effects may be larger in regions where the variability
in vegetation activity is more extreme (Bounoua et al., 2000; Lawrence and
Slingo, 2004b; Rechid and Jacob, 2006). Additionally, model structural biases, such as low soil moisture variability (Oleson et al., 2008), total soil moisture or evapotranspiration partitioning (Lawrence and Chase, 2009), could
affect the sensitivity of the model to our experiments. Levis and Bonan
(2004) have shown a relatively strong impact on springtime warming rates
from timing of leaf emergence using an earlier version of the Community
Land Model (CLM2). CLM2 was drier on average than the version used
here, which possibly caused the larger response to LAI. Especially the large
compensation of changes in transpiration by ground evaporation is unrealistic (Lawrence and Chase, 2009; Boisier et al., 2012). Hence, in the real world
(or other climate models), the influence of vegetation phenology on climate
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could be larger than the effects identified here. For example, Lawrence et al.
(2007) found that land-atmosphere coupling in general can be different in
models with different partitioning of evapotranspiration.
We found that effects on heat wave duration are of the same order of
magnitude for phenology and SM, if we do not take into account the larger
effect on mean climate in the case of SM. Climatological state of LAI has
rather amplifying effects on heat wave duration. In general, late greening
and weak vegetation activity have amplifying effects on heat waves and early
and strong greening rather have dampening effects, whereas the effects from
strong greening depend largely on the considered region.
In the case of the 2003 summer, the model simulations are largely consistent with results found in other studies. However, our dataset does not show
early greening of the vegetation over large areas as shown by Zaitchik et al.
(2006) for France and proposed by Fischer et al. (2007b). We only find positive anomalies in LAI over Scandinavia and the Alps in early summer 2003.
This is consistent with the findings of Jolly et al. (2005). Phenology effects
did nonetheless play a role during 2003, as our dataset shows a pronounced
decrease in LAI during this hot summer. We could show that the decrease
in LAI further increased maximum temperatures during July and August in
France. Stefanon et al. (2012a) investigated interactive vegetation phenology
in 2003 and found a dampening effect in the June heat wave and an amplifying effect of interactive vegetation in the August heat wave. Our results
confirm this finding. Hence, phenology amplified the 2003 event by about
0.5 ◦ C, but did not initiate it. We also analyzed the heat wave occurring
in South-Eastern Europe during summer 2007. The results for this event
confirm the results found for the 2003 case study that heat waves can be
amplified by phenology impacts. However, they also show that anomalies in
LAI can dampen heat waves if less vegetation activity prevents SM depletion.
However, whereas the dampening in June 2003 results from anomalously high
evapotranspiration due to high insolation and slightly higher vegetation activity, in August 2007 the effect that a decreased LAI prevents transpiration
and therefore more SM stays in the soil than in the case with climatological
LAI plays a major role. The 2007 case illustrates clearly that in regions with
large LAI variability, phenology plays an important role for extreme temperature events. Hence, in some cases enhanced temperature during heat waves
can be caused by phenology effects and drought conditions, whereas we find
that the effect from vegetation phenology generally are about half as large,
and sometimes even as large, as those from soil moisture.
However, the sensitivity of the model used is small to the implied experiments and the results are dependent on the model structure. In reality
the influence of vegetation phenology on climate could be larger. Therefore,
we would like to see similar experiments to be repeated in other modeling
systems to investigate the influence of the model structure on model sensi-
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tivity to vegetation phenology. In addition, including interactive calculation
of vegetation dynamics and the carbon cycle could reveal interesting results.
We did not investigate the sensitivity of carbon fluxes during heat waves and
droughts to phenology. The sensitivity of the carbon fluxes might be much
larger since phenology and soil moisture effects amplify each other for carbon in contrast to the water fluxes where effects on transpiration and ground
evaporation dampen one another.
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Supplementary material
CTL versus PHENOold

Figure 4.10 shows differences in mean summer temperature between
PHENOold (older run with default monthly LAI dataset) and CTL (new
daily LAI dataset). The distribution in plant functional types is not changed
between these two model simulations only the LAI dataset. Central Europe
shows mainly smaller LAI in PHENOold whereas we have higher LAI values in Scandinavia, Southern France, the Alpine region and the Balkans in
PHENOold (Fig. 4.10 a). The main difference in temperature is a lower temperature in PHENOold by up to 0.5 ◦ C (b) which goes along with mainly
higher precipitation (c). Figure 4.10 d–f show the evapotranspiration related
variables. Transpiration (d) is mainly higher in PHENOold whereas ground
evaporation (e) is mainly higher in CTL. The resulting difference in λE (f)
is rather small, PHENOold shows generally higher values especially in the
South, corresponding nicely with the difference in T2m . Thus, the effect
from the higher LAI values in PHENOold dominate, resulting in increased
λE and decreased temperature.
Even though we obtain an increase in T2m with the new LAI dataset
by up to 0.5 ◦ C, the overall performance compared to observations is not
influenced much. The standard deviation and correlation range from 0.75–
1.25 and around 0.9 in PHENOold , CTL as well as PHENOclim for daily and
monthly summer temperature values (Fig. 4.11).

4.6.2

Correlation maps

Lag correlations between SM and LAI as well as Tmax and LAI
We could verify the positive correlation between SM and LAI (since plants
rely on SM for growth) between our LAI dataset and the SM model output
(Fig. 4.12). The correlation between Tmax anomalies and LAI anomalies is
positive in Northern Europe, some regions in Central Europe, Northern Spain
and the Alps. In contrast, the correlation is slightly negative in Southern
Europe. This is reasonable since warm temperatures favor plant growth in
Central and Northern Europe but too high temperatures can have longer
term negative effects in the drier South.
Correlations between LAI and SM as well as LAI and Tmax
Figure 4.13 shows correlations between anomalies in LAI, SM and Tmax
for May–August. Always the preceding month is correlated with the subsequent one, to investigate the influence of one variable to the other one month
later. The first row shows the correlation of LAI and SM. During May/June
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Figure 4.10: Differences in mean summer (a) LAI, (b) temperature, (c) precipitation, (d) canopy transpiration, (e) ground evaporation, and (f) latent
heat flux between PHENOold −CTL.

the correlation between LAI and SM is rather negative in the North of Europe, and positive in some regions of Southern and Western Europe. This
changes towards summer, when the region with positive correlation is larger
in June/July and there is almost no negative correlation any more in July/August. The negative correlation in spring can be explained by the fact
that growing plants evaporate water and a positive anomaly in LAI can lead
to a negative SM anomaly due to transpiration (Pielke et al., 1998). The
positive correlation of LAI with subsequent SM could be caused by plants
preventing transpiration during dry conditions due to stomatal closure. Soil
moisture is positively correlated with subsequent LAI during summer almost
all over Europe (Fig. 4.12). Therefore, we cannot exclude that the positive
correlation of LAI with subsequent SM is caused by the positive correlation
of SM with subsequent LAI.
The influence of LAI on Tmax is much weaker than on SM (Fig. 4.13 d–
f). The pattern looks very similar to the correlation SM and Tmax (not
shown). For June/July and July/August it seems that negative correlations
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a)

b)

Figure 4.11: Taylor diagrams for (a) monthly and (b) daily temperature data in
CTL, PHENOold and PHENOclim .

rather occur in Southern Europe and positive ones only rarely. The negative
correlation between LAI and Tmax is related to the one from SM and Tmax . A
positive/negative anomaly in LAI leads to more/less transpiration, therefore,
increasing/decreasing the partitioning of λE and H towards λE and, hence,
dampening/enhancing Tmax . Because this is an indirect feedback it is weaker
than the direct influence from SM to Tmax . The positive correlations are
weak and could be a result of the positive correlation of Tmax with itself
over all summer and the positive correlation of Tmax and LAI (Fig. 4.12 c).
These figures indicate that the relationship LAI/Tmax is variable with time.
The most pronounced relationship between LAI and Tmax generally occurs in
June/July (Fig. 4.13 e) when they are negatively correlated (less vegetation,
higher temperatures and vice versa).

4.6.3

Additional maps for 2003 and 2007 case studies

2003 drought and heat wave
Figure 4.14 shows anomalies in summer 2003 as maps over Europe. Panels
a–c show the development of the pronounced negative LAI anomaly in the
area of the heat wave (Tmax anomalies in panels g–i). Panels d–f show the
associated negative soil moisture anomaly. The main cause for the occurring
heat wave was a persistent anticyclonic circulation anomaly (e.g., Ferranti
and Viterbo, 2006; García-Herrera et al., 2010). Our model results confirm
the associated positive anomalies in net radiation due to the above average shortwave incoming radiation and clear-skies (not shown). Already in
spring, we found anomalous high net radiation and associated temperatures,
below average precipitation and negative anomalies in SM. Latent heat flux
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a)

b)

c)

d)

Figure 4.12: Lag correlation for SM and LAI for (a) lag 0 and (b) lag 30 (b). Lag
correlation for Tmax and LAI for (c) lag 0 and (d) lag 30.
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a)

b)

c)

d)

e)

f)

Figure 4.13: (a–c) Correlations between anomalies in leaf area index and soil moisture (based on monthly data), (d–f) correlations between anomalies
in leaf area index and daily maximum temperature (based on daily
data).
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was higher than usual already in spring over large areas in Europe (Fig.
4.14 j). This was even more so in summer, especially in France and Central
Europe, leading to further decreased SM (Fig. 4.14 f). In June, the positive
anomaly in λE was higher than in August in France and Central Europe (Fig.
4.14 j,l), mainly due to above average transpiration (not shown). In August
the positive anomaly in transpiration and thus λE decreased. The anomaly
in sensible heat flux was negative in June over France and Central Europe
(Fig. 4.14 m). Total H was positive, but because warm air was coming from
the large-scale circulation, the air was warmer than the surface. So, hot air
was warming the ground more than normally (not shown). In August, the
regions where we found a positive anomaly in H was increased (Fig. 4.14 o).
Confirming that the additional energy provided by the high incoming radiation was less balanced by latent heat flux and instead, sensible heat flux
was increased even further in late summer. Altogether, summer 2003 was
represented in the model run in accordance to previous studies.
2007 heat wave
Figure 4.15 shows anomalies in summer 2007 as maps over Europe. The
first two rows show the associated decrease in LAI and SM over summer.
Figure 4.15 g–i show the hot temperature anomalies in South-Eastern Europe.
The latent heat flux showed a positive anomaly at the beginning of summer
but then became negative over most of Europe by August (Fig. 4.15 j–l).
In contrast, the positive anomaly in sensible heat flux increased in both
magnitude and geographical extent during summer, confirming a change in
the partitioning of the energy fluxes caused by the land surface. The shift
from positive λE anomalies to negative λE anomalies and vice versa for H
agrees well with the results found by Teuling et al. (2010) for heat waves over
grassland in Europe.
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Figure 4.14: Anomalies in (a–c) total leaf area index, (d–f) soil moisture, (g–i)
daily maximum temperature, (j–l) latent heat flux and (m–o) sensible
heat flux in PHENOref during June, July and August 2003 (from
left to right).
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Figure 4.15: Anomalies in (a–c) total leaf area index, (d–f) soil moisture, (g–i)
daily maximum temperature, (j–l) latent heat flux and (m–o) sensible
heat flux in PHENOref during June, July and August 2007 (from
left to right).

Conclusions and outlook
5.1

5

Conclusions

This thesis assesses the impact of land-climate interactions and of land forcing
for the characteristics of heat waves and droughts. We use a regional climate
model coupled to land surface models of different complexity to investigate
these issues.
We could show that simulations in which soil moisture is fixed to a constant value or prescribed seasonal cycle, even with prescribed constant dry
conditions, present a lower intrinsic heat wave persistence than simulations
with interactive soil moisture. With prescribed SM, the number of short
heat wave threshold exceedances increases while longer exceedances are less
frequent. This effect is related to the existing soil moisture memory in the
simulations with interactive soil moisture and amounts to ca. 5–10% of the
spell lengths. This chapter also highlights the importance of the exact definition of the duration of heat waves using different indices. Depending on how
a heat wave index is defined, results can have a different meaning (Chapter
2).
We also find that the overall performance of the employed RCM is improved when the model is coupled to a more sophisticated land surface model.
Especially the simulation of climate variability and temperature extremes is
substantially improved. The more realistic, decreased temperature variability can be explained by a larger ground heat flux and a smaller variability in
105
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soil moisture and incoming short-wave radiation. The distribution of daily
maximum temperature is better captured in the model version coupled to
the more sophisticated LSM. The pattern of the 90%-percentile over Europe
is improved, as well as the whole probability density functions for maximum daily temperatures. In addition, we investigated how the number of
heat wave days is influenced by water deficits in the previous months, using the relationship between the standardized precipitation index and the
subsequent number of heat days. This relationship can be used as an indicator for soil moisture-temperature feedbacks and can also be calculated
from observations (e.g., Hirschi et al., 2011; Mueller and Seneviratne, 2012).
Thus, this enables us to compare land-climate feedbacks in the model to
observation-based estimates. This investigation indicated that overall landclimate feedbacks are more realistically simulated with the more sophisticated
land surface scheme. However, the land-climate coupling is rather small in
this model version (Chapter 3).
In the third part of this thesis we focus on vegetation-climate feedbacks.
For this study we used a new phenological data set which is available over
the whole time period of the simulations (Stöckli et al., 2011). This allowed
us to perform simulations with inter-annual variability in leaf area index
instead of the default seasonal cycle. In addition, by using the new data set
we were able to increase the temporal resolution of LAI from monthly to
daily time steps. We investigated the influence of vegetation phenology on
temperature extremes by performing several phenology experiments. Overall,
late and weak vegetation activity leads to an enhancement of heat waves. For
example, during the 2003 European heat wave and drought the decrease in
vegetation activity during summer due to drought conditions and very high
temperatures led to a consequential further enhancement of the heat wave
peak by about 0.5 ◦ C for daily maximum temperature. This amounts to
about half of the effect induced by soil moisture-feedbacks. Hence, heat
and drought conditions that influence the vegetation activity can further
amplify heat waves in addition to the enhancing effect due to soil moisturetemperature feedbacks. However, if the effect that less vegetation activity
prevents SM depletion predominates, vegetation phenology can also have a
dampening effect on heat waves (Chapter 4).
The improvement and further development of land surface models in recent years and the coupling of these more sophisticated LSMs to RCMs
provided the basis for this study. We could show that sophisticated 3rdgeneration land surface models provide meaningful tools to investigate
biosphere-climate feedbacks in regional climate models. Only a realistic representation of vegetation processes allows to satisfactorily study feedbacks
between vegetation and climate, which can be very important, especially for
extreme events. Even though phenology feedbacks do not seem to have a pronounced effect on today’s European mean climate, the projected change in
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mean climate is expected to have an effect on plant phenology. This change
in phenology could in turn feed back on climate, for instance due to the
projected drying in Southern Europe. Therefore, for studying phenologyfeedbacks in the future, interactive calculation of vegetation phenology in
climate models is essential.
An issue that arises in the 3rd as well as the 4th chapter is the fact that
CLM3.5 is not very sensitive to land surface changes. The problem that has
been identified is that CLM3.5 is a rather wet model that efficiently transports water from the lower soil levels to the surface. This is due to the
current land model parameterization and leads to a small soil moisture variability and a compensation of decreased transpiration by ground evaporation
for instance. Hence, the small sensitivity is a characteristic of this particular model. This is an important issue that has to be kept in mind when
analysing and interpreting the results. The problem has been identified by
the model community and efforts are under way to solve this in the newest
version (CLM4.5).
In conclusion, soil moisture memory plays a key role for the persistence of
heat wave events. Furthermore, by using the more sophisticated LSM, biases
in climate variability and extremes are reduced and the representation of
land-climate coupling is improved in the RCM used. Additionally, phenology
is important for specific extreme events but in contrast to SM the model
used suggests that it has no pronounced effect on European mean climate.
Overall, this thesis showed that land-atmosphere feedbacks have fundamental
impacts on hot extremes in Europe. In connection with drought conditions,
soil moisture and vegetation phenology feedbacks can substantially enhance
and prolong existing heat waves.

5.2

Outlook

The results and conclusions of this thesis also highlighted current research
issues that need further investigation. Possible future research topics include
the following areas:
Interactive vegetation: Results from Chapter 4 show that vegetation effects can be important for extreme events. In addition, effects from
changes in climate on vegetation phenology are expected in the future.
However, in the employed CLM version we did not use the dynamic
coupling between phenology and carbon assimilation. The newest CLM
model version, CLM4.0, was further improved with respect to the calculation of vegetation processes. Including the dynamic carbon and
nitrogen cycles in model simulations allows to calculate vegetation activity interactively depending on climatic conditions. This set-up would
allow to investigate vegetation-climate feedbacks in future climate conditions. For example, it could be studied if the phenology-temperature
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feedbacks found for present climate are changed in a warmer future
climate. In addition, this set-up allows to study carbon fluxes and, for
instance, to analyze resulting feedbacks to the carbon cycle during heat
waves and droughts.
Interplay between land surface processes and natural climate variability caused be large-scale oscillations:
Land-climate feedbacks have been shown to be important in a large
fraction of the globe (Mueller and Seneviratne, 2012). One region of
particular interest is Australia, which has been proposed to be sensitive
to land-climate feedbacks, especially in the semi-arid regions (Evans
et al., 2011; Dirmeyer et al., 2012). Nevertheless, in contrast to Europe
or the United States, where land-climate feedbacks have been widely
investigated, the contributions of local and regional processes to largescale hydroclimatology in Australia are largely unknown (Evans et al.,
2011). Australia’s climate is highly variable because it is influenced
strongly by large-scale oscillations such as the El Niño-Southern Oscillation (ENSO). Even though large-scale dynamics dominate in Australia, the land surface processes interact with these large-scale forcings.
For instance, Nicholls and Larsen (2011) found for Melbourne that
daily maximum temperature is higher after drought, in situations that
are typically associated with high maximum temperatures (northerly
winds), relative to similar synoptic situations in wet periods. This
finding supports the hypothesis that dry soil conditions enhance daily
maximum temperature in Australia.
Heat waves and droughts have always been recurring issues in Australia. Nevertheless, ecosystems and societies are vulnerable to these
extremes. Modeling studies project a shift towards even warmer temperature extremes in the future in Australia (e.g., Pitman and Perkins,
2008). In particular, an increase in the number of warm nights, heat
waves with much longer dry spells and interjacent periods of increased
extreme precipitation are projected (Alexander and Arblaster, 2009).
Therefore, it is particularly important to further the knowledge about
possible amplifying feedbacks of such extreme events in this region.
Seasonal forecasting: The realistic representation of soil moisture processes could improve mid-seasonal to seasonal forecast skills thanks
to soil moisture memory (Koster et al., 2010; van den Hurk et al.,
2012). Chapter 2 of this thesis showed that the behavior of soil moisture memory under extreme conditions is important with regard to
the persistence of heat waves. Orth and Seneviratne (2012) showed
that extremely dry or wet states of the soil tend to increase soil moisture memory. This suggests an enhanced prediction potential during
extreme events such as heat waves and droughts. So far, realistic soil
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moisture initializations are not considered in seasonal weather forecasts.
Using more sophisticated land surface schemes and realistic initialization of the land surface could help to improve these forecasts, especially
for the occurrence of extreme events.
Impacts on circulation due to land surface processes: One of the
major shortcomings of the performed land-climate experiments is the
missing link back to the global circulation. The one-way nesting approach with dynamical downscaling prevents the circulation anomalies
caused by land surface processes to propagate back to the global circulation. Either the more complex two-way nesting approach or global
climate models (GCMs) are needed to investigate such impacts. With
a fully coupled GCM it would be possible to investigate feedbacks from
perturbed land surface states onto atmospheric and ocean properties
and how these then feed back onto climate.

A

Anomalies in the energy balance over
grassland versus forested areas during
heat waves and droughts
A.1

Introduction

This appendix section shortly investigates anomalies in the energy balance
during heat wave and drought days using the RCM COSMO-CLM2 . We
compare the anomalies in the energy balance over grassland and forested
regions and investigate if the effects described in Teuling et al. (2010) found
for observations are represented in our model. Section A.2 shortly describes
those methods used that were not discussed in this thesis so far. The results of
this analysis are presented in Section A.3. Section A.4 presents the summary
and conclusions.

A.2

Methods

This analysis was carried out with the same model runs as used in Chapter
3. In addition to the extreme climate indices used there, we also use the
soil moisture deficit index (SMDI, adapted from Narasimhan and Srinivasan
(2005) using monthly instead of weekly data) for drought definition. First,
we calculated the available soil water in every soil level of our model. Sec111
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ond, we summed up the available soil water averaged over 1 month over all 10
soil levels. Then, the minimum (minSW), maximum (maxSW) and median
(MSW) soil water over the soil column for every month of the year is calculated. Finally, we calculated the soil moisture deficit (SD) for every month
(j) using the following formulae:

A.3

SDi,j =

SWi,j − M SWj
∗ 100
M SWj − minSWj

if

SWi,j = M SWj

(A.1)

SDi,j =

SWi,j − M SWj
∗ 100
maxSWj − M SWj

if

SWi,j ≥ M SWj

(A.2)

Results

Figure A.1 and A.2 show flux anomalies during heat wave days and droughts
for two different land cover types, grasslands and forests. Heat wave days
are based on the 90% percentile of the long-term mean Tmax . As expected,
net radiation is increased over large parts of Europe during heat waves (Fig.
A.1 a,e), however, in Southern Europe this increase is relatively small. The
anomaly in sensible heat flux is relatively unexpected. It is not positive everywhere, but over grass we obtain negative anomalies in large parts of Europe
(Fig. A.1 b). Only over the British Islands, the Po Valley, the Carpathian
Basin and around the Black Sea the anomalies are positive over grassland
as we expected it for heat wave days. Also over forest, the anomaly in H is
negative in Southern Europe. In Northern Europe H is increased during heat
wave days (Fig. A.1 f). The anomalies in λE show a decrease in Southern
Europe and an increase in Northern Europe during heat waves over grassland
as well as forests (Fig. A.1 c,g). This increase in λE is mostly coming from
increased canopy transpiration (not shown). This behaviour is expected,
since Northern Europe is normally in an energy limited regime and Southern
Europe in a moisture limited regime (Teuling et al., 2010; Seneviratne et al.,
2010). The ground heat flux is increased during heat waves for grassland as
well as forest. In addition, vegetation temperature is strongly increased all
over Europe during heat waves (not shown).
The differences between grassland and forest (Fig. A.1 i–l) show that the
increase in net radiation during heat waves is larger over forest than grassland
(i). Also, the positive anomaly in H in Northern Europe is larger over forest
and the negative anomaly in the South is larger too (j). The anomalies in
latent heat flux are more similar for both vegetation types, however, the
positive anomalies in the Northern part of Europe are a bit larger over forest
but the negative anomalies in the South are larger over grassland (k). The
increase in ground heat flux is much larger over grassland than over forest
almost all over Europe (l).
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Figure A.1: Anomalies in net radiation, sensible heat flux, latent heat flux, and
ground heat flux (from left to right) during heat wave days over (a–
d) grassland, (e–h) forest, and (i–l) difference between grassland and
forest.
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So, over grassland in Central and Northern Europe, the additional energy
available during hot days rather increases the ground heat flux and the latent
heat flux than sensible heat flux (Fig. A.1 a–d). Only in the Po Valley,
Carpathian Basin, around the Black Sea and on the British Islands H is
increased during heat wave days (and λE decreased) as we intuitively would
expect. Over forests, sensible as well as latent heat flux is increased during
heat waves in the Northern part of Europe.
The drought periods are based on SMDI (a threshold of -2 is used). During droughts differences between grassland and forest are smaller than during heat waves (Fig. A.2). In general, anomalies in net radiation are small.
The sensible heat flux is increased and latent heat flux is decreased during
droughts, especially in Southern Europe. These results are in line with the
theory, that if soil moisture is scarce, λE is decreased and H is increased.
Some of the differences between heat waves and droughts can be explained
by the definitions of heat waves and droughts. Heat waves are defined by
the exceedance of a certain temperature threshold (here long-term 90% percentile) on single days. Here, we include data from all days when this condition is met. So the time period for heat waves is short compared to droughts.
We define droughts by the soil moisture deficit index, which is calculated on
a monthly basis. Hence, if we have a drought it persists for at least one
month. Therefore, the time scales associated with droughts are longer than
those for heat waves. Thus, the anomalies during droughts are influenced by
the mean climate during the drought. The anomalies during heat wave days
are influenced by the conditions on single days.
In the following, we concentrate on the heat wave days. Figure A.3 shows
the energy balance for grid point averages (mix), grassland (grass) and forest
climatologies (top) and heat wave day anomalies (bottom) for the two European domains Iberian Peninsula and Mid Europe. Note that the ground
heat flux can be negative in the climatology, especially for forest. We see
that the climatology for IP shows larger values, except for λE. The sensible
and latent heat fluxes are larger over forests. The anomalies during heat
wave days are larger in ME. Especially short wave net is enhanced during
hot days in ME (not shown). That results in an increased latent heat flux.
In IP, the sensible heat flux is decreased over all land cover classes. In ME,
H is decreased over grassland and the grid point average but increased over
forest. However, these anomalies in H are small over ME.
According to Teuling et al. (2010) we expect the anomalies in H to be
larger over forest than over grassland in Central Europe. We find a similar
result based on the model simulations, however, we even obtain negative
anomalies over grassland in some regions. Teuling et al. (2010) found larger
anomalies during hot days in λE over grassland than forest. This result we
cannot reproduce with our model, we obtain larger λE anomalies over forest
in most regions (Fig. A.1 k and A.3).
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Figure A.2: Anomalies in net radiation, sensible heat flux, latent heat flux and
ground heat flux (from left to right) during droughts over (a–d) grassland, (e–h) forest, and (i–l) difference between grassland and forest.
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(a) IP

(b) ME

Figure A.3: Energy balance during climatology (top) and heat wave day anomalies (bottom) for grid point averages (mix), grassland (grass) and
forest for the two European domains (a) Iberian Peninsula and (b)
Mid Europe.

The negative H anomalies during heat waves indicate a possible negative
feedback, especially over grassland and also over forests in Southern Europe.
We did a similar analysis for ERA-Interim data (without the distinction
of the vegetation type) and the pattern for the flux anomalies during heat
waves look very similar to the one from the grid averaged model output
(not shown). Hence, the negative H anomalies during heat waves are not
a feature of the model. It is caused by a decrease in temperature gradient
(surface temperature minus 2m temperature, not shown) and the increase in
ground heat flux.
The differences between grassland and forest behavior during heat waves
are to some extent caused by the roughness length. We performed a small
experiment with constant roughness length over all plant functional types and
repeated the above analysis (not shown). In this experiment the differences
between grassland and forest are largely reduced, but not zero. Hence, the
roughness length plays an important role for the energy fluxes during heat
waves over vegetated areas, but also other effects are involved.

A.4

Summary and Conclusions

The investigation of the simulated energy balance anomalies over grassland
and forests during heat waves and droughts reveals smaller differences during
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droughts. The diverse behaviour between different vegetation types (grassland versus forests) during heat waves described by Teuling et al. (2010) are
not all well represented in this model. We do obtain the larger anomalies in H
over Central and Northern Europe for forests, however, we obtain negative
anomalies in sensible heat flux for some regions, especially over grassland.
Larger λE anomalies over forest during heat waves could not be shown with
this modeling study. We show that the ground heat flux balances some of the
additional available energy during heat waves. In addition, we could demonstrate that the roughness length causes most of the differences between the
vegetation types.

B

Prescribed soil moisture in CLM3.5
B.1

Wet experiment (WET)

In the WET experiment soil moisture is prescribed to field capacity
(maximum amount of water that a soil can hold by capillary forces,
before the water is drawn away by gravity). Main changes occur in
/land/biogeophys/Hydrology2Mod.F90. At line 234 we introduced the
following lines:
! RL s e t l i q u i d s o i l water t o FCAP
do j = 1 , n l e v s o i
do c = l b c , ubc
l = clandunit ( c )
i f ( i t y p l u n ( l ) == i s t s o i l ) then
h 2 o s o i _ l i q ( c , j )= w a t s a t ( c , j ) ∗ dz ( c , j ) ∗ denh2o
end i f
end do
end do
! RL
If the column land unit is soil, we set the liquid soil water content
(h2osoi liq) for every soil level equal to the volumetric soil water content
at saturation (porosity) which is used as field capacity in CLM3.5. Since
119
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h2osoi liq is needed in [kg/m2 ] we also had to do the unit conversion from
[mm3 /mm3 ] to [kg/m2 ] using the thickness of the soil levels (dz) and the
density of water (denh2o).
In addition, we had to turn off the water balance check as well as the
soil energy balance check in BalanceCheckMod.F90.
Lines 268–276:
! RL t u r n o f f water b a l a n c e check
!
e r r h 2 o ( c ) = endwb ( c ) − begwb ( c ) −
&
!
( f o r c _ r a i n ( g ) + forc_snow ( g ) −
&
!
qflx_evap_tot ( c ) − q f l x _ s u r f ( c ) − &
!
q f l x _ q r g w l ( c ) − q f l x _ d r a i n ( c ) ) ∗ dtime
e r r h 2 o ( c ) = 0 . _r8
Lines 368–373:
! S o i l e n e r g y b a l a n c e check
! RL
do c = l b c , ubc
g = cgridcell (c)
e r r s o i _ c o l ( c ) = 0 . _r8
end do
! RL
We prescribe soil moisture after ”call SoilWater“ where soil water
(h2osoi liq) is calculated with the Richardson equation. After the prescribing of soil moisture, Drainage (SoilHydrologyMod.F90) and SnowHydrology
(SnowHydrologyMod.F90) follow. In the Drainage Module sub-surface runoff
is calculated, which is the sum of lateral drainage and drainage out of the
bottom of the soil column plus adjustments required to keep the liquid water
content of each layer between maximum and minimum values (Oleson et al.,
2004). Drainage occurs from the saturated, where it depends on mean water
table depth, as well as the unsaturated fraction of the soil where it depends
on the soil hydraulic conductivity. h2osoi liq is limited to be greater than
or equal to watmin (0.01), if h2osoi liq is smaller than 0.01 water is needed
from a lower layer or the aquifer, hence, water is brought up the soil column in this case (important for dry case). In addition, ice and liquid mass
is renewed due to condensation. In SnowHydrology ice and liquid mass is
renewed due to sublimation/condensation. If the liquid layer exceeds the
layer’s holding capacity, excess meltwater adds to the underlying layer.
Therefore, h2osoi liq can still change slightly within one timestep, but
since it is prescribed at every timestep these changes should be small.
Because we do not prescribe soil ice (h2osoi ice) it is possible that soil
ice influences the liquid soil water content, especially in winter and spring.

B.2. DRY EXPERIMENT

121

To avoid this, one could prescribe soil ice to a seasonal cycle from the control
run.

B.2

Dry experiment (DRY) and plant wilting point experiment (PWP)

The DRY experiment is very similar to the FCAP/WET experiment. Again,
the main changes occur in /land/biogeophys/Hydrology2Mod.F90. This
time h2osoi liq is set equal to 0.05%-vol.
Lines 235–249:
! RL s e t l i q u i d s o i l water f o r "DRY"
do j = 1 , n l e v s o i
do c = l b c , ubc

! RL

l = clandunit ( c )
i f ( i t y p l u n ( l ) == i s t s o i l ) then
h 2 o s o i _ l i q ( c , j )=0.05 _r8∗ dz ( c , j ) ∗ denh2o
h 2 o s o i _ i c e ( c , j )=0. _r8
end i f
end do
end do

Again, we turned of the water balance check and the soil energy balance
check in BalanceCheckMod.F90 (the changes are identical to those in FCAP).
Possible changes within one time step can occur due to Drainage and
SnowHydrology which are calculated after the prescribing.
We also tried a similar experiment with the plant wilting point (PWP)
first. Finally, we did not use this experiment because the results were not
what we wanted and expected. In some regions over Africa, this experiment
increased soil water content and we obtained larger evapotranspiration than
in the control run. Therefore, we used the DRY run for analysis. Nevertheless, I will describe the procedure in the folloing. In PWP, h2osoi liq is set
equal to the water content when evapotranspiration stops, the plant wilting
point (watdry). The main difference between FCAP and PWP is that watdry
is not a global variable and normally only calculated if CASAMod.F90 is used.
Therefore, watdry has to be defined globally before we can set h2osoi liq
equal to watdry. This was done in /land/main/mkarbinitMod.F90:
Lines 50–52:
! RL
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r e a l ( r 8 ) , p o i n t e r : : watdry ( : , : )
! water c o n t e n t when e v a p o t r a n s p i r a t i o n s t o p s ( n l e v s o i )
! RL
Lines 104–106:
! RL
! RL

watdry

=> clm3%g%l%c%c p s%watdry

The changes in Hydrology2Mod.F90 are:
Lines 151–155:
!\# i f ( d e f i n e d DGVM) | | ( d e f i n e d CN)
! RL a lw ay s d e f i n e watdry
! r e a l ( r 8 ) : : watdry
r e a l ( r 8 ) , p o i n t e r : : watdry ( : , : )

! RL
!\# e n d i f ! RL

!
!
!
!
!

temporary
water c o n t e n t
when
evapotranspiration
stops

Lines 212–214:
! RL
! RL

watdry

=> clm3%g%l%c%c p s%watdry

Lines 241–254:
! RL s e t l i q u i d s o i l water t o PWP
do j = 1 , n l e v s o i
do c = l b c , ubc
l = clandunit ( c )
i f ( i t y p l u n ( l ) == i s t s o i l ) then
h 2 o s o i _ l i q ( c , j )=watdry ( c , j ) ∗ dz ( c , j ) ∗ denh2o
end i f
end do
end do
! RL
watdry is calculated by:
watdry = watsat(c,j) * (316230. r8/sucsat(c,j)) **
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(-1. r8/bsw(c,j))
where sucsat is the saturated soil matric potential and bsw is the slope
of the soil water retention curve.

B.3

Experiment with soil moisture at climatology
(SMclim )

In this experiment we prevent inter-annual variability in soil moisture by
prescribing soil moisture to a seasonal cycle. This seasonal cycle is obtained from the control run by calculating monthly means of soil moisture
over the whole run. Important to note is that we need the soil moisture
output column based per individual pft’s. This soil moisture climatology
is then read into the model in the same way as leaf area index data are
read in and interpolated. Note that the path to this file is hardcoded
and has to be adjusted if you want to use another file. We prescribe the
liquid soil water content as well as soil ice individually to the climatologies obtained from the control run. I wrote two new subroutines which
are called interpMonthlySoil and readMonthlySoil which are very similar to interpMonthlyVeg and readMonthlyVegetation and located in the
same Module which is .../biogeochem/STATICEcosysDynMod.F90.
! RL
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!BOP
!
! ! IROUTINE : i n t e r p M o n t h l y S o i l
!
! !INTERFACE:
subroutine interpMonthlySoil ()
!
! ! DESCRIPTION :
! Determine i f 2 new months o f data a r e t o be r e a d .
!
! ! USES :
use clm_varctl
, only : fs ur da t
u s e clm_time_manager , o n l y : get_curr_date ,
get_step_size ,
get_perp_date ,
is_perpetual
!
! !ARGUMENTS:
i m p l i c i t none
!
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! ! REVISION HISTORY :
! Created by Ruth Lorenz
!
!EOP
!
! LOCAL VARIABLES :
i n t e g e r : : kyr
i n t e g e r : : kmo
i n t e g e r : : kda
integer : : ksec

! y e a r ( 0 , . . . ) f o r n s t e p+1
! month ( 1 , . . . , 1 2 )
! day o f month ( 1 , . . . , 3 1 )
! seconds i n t o current date
! f o r n s t e p+1
r e a l ( r 8 ) : : dtime
! l a n d model time s t e p ( s e c )
r e a l ( r8 ) : : t
! a f r a c t i o n : kda /ndaypm
integer : : i t (2)
! month 1 and month 2 ( s t e p 1 )
i n t e g e r : : m on th s_s oi l ( 2 ) ! months t o be i n t e r p o l a −
! ted (1 to 12)
i n t e g e r , d i m e n s i o n ( 1 2 ) : : ndaypm= &
(/31 ,28 ,31 ,30 ,31 ,30 ,31 ,31 ,30 ,31 ,30 ,31/)
! days p e r month
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
dtime = g e t _ s t e p _ s i z e ( )
i f ( i s _ p e r p e t u a l ( ) ) then
c a l l get_perp_date ( kyr , kmo , kda , ks e c ,
o f f s e t=i n t ( dtime ) )
else
c a l l get_curr_date ( kyr , kmo , kda , k s ec ,
o f f s e t=i n t ( dtime ) )
end i f

&
&

t = ( kda −0.5 _r8 ) / ndaypm (kmo)
i t ( 1 ) = t + 0 . 5 _r8
i t (2) = i t (1) + 1
m o n t h s _ s o i l ( 1 ) = kmo + i t ( 1 ) − 1
m o n t h s _ s o i l ( 2 ) = kmo + i t ( 2 ) − 1
i f ( m o n t h s _s oi l ( 1 ) < 1 ) mo nth s_ so i l ( 1 ) = 12
i f ( m o n t h s _s oi l ( 2 ) > 1 2 ) mo nt hs_ so il ( 2 ) = 1
t i m w t _ s o i l ( 1 ) = ( i t ( 1 ) + 0 . 5 _r8 ) − t
t i m w t _ s o i l ( 2 ) = 1 . _r8−t i m w t _ s o i l ( 1 )
i f ( I n t e r p M o n t h s 1 _ s o i l /= m ont hs _s o il ( 1 ) ) then
c a l l r e a d M o n t h l y S o i l (kmo , kda , mo nth s_ soi l )
I n t e r p M o n t h s 1 _ s o i l = mo nt hs_ so il ( 1 )
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end i f
end s u b r o u t i n e i n t e r p M o n t h l y S o i l
! RL
! RL same a s ReadMonthlyVegetation e x c e p t f o r S o i l
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!BOP
!
! ! IROUTINE : r e a d M o n t h l y S o i l
!
! !INTERFACE:
s u b r o u t i n e r e a d M o n t h l y S o i l (kmo , kda , mo nth s_ soi l )
!
! ! DESCRIPTION :
! Read monthly s o i l data f o r two c o n s e c . months .
!
! ! USES :
u s e clmtype
u s e decompMod
, o n l y : get_proc_bounds , ldecomp ,
gsmap_lnd_gdc2glo ,
perm_lnd_gdc2glo
u s e clm_varpar
, only : n l e v s o i
u s e clm_varcon
, only : i s t s o i l
use f i l e u t i l s
u s e spmdMod

, only : g e t f i l
, o n l y : masterproc , mpicom ,
MPI_REAL8, MPI_INTEGER
u s e clm_time_manager , o n l y : ge t_ ns tep
use ncdio
, o n l y : check_ret , n c d _ i o l o c a l
use netcdf

!
! !ARGUMENTS:
i m p l i c i t none
!
i n c lu d e ’ netcdf . inc ’
i n t e g e r , i n t e n t ( i n ) : : kmo
! month ( 1 , . . . , 1 2 )
i n t e g e r , i n t e n t ( i n ) : : kda
! day o f month ( 1 , . . . , 3 1 )
i n t e g e r , i n t e n t ( i n ) : : mo nt hs_ so il ( 2 )
! months t o be i n t e r p o l a t e d ( 1 t o 1 2 )
!
! ! REVISION HISTORY :
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! Created by Ruth Lorenz
!
!EOP
!
! LOCAL VARIABLES :
c h a r a c t e r ( l e n =256) : : l o c f n
i n t e g e r : : g , n , i , j , k , l ,m, c
integer , pointer : : clandunit ( : )
integer , pointer : : ityplun ( : )
integer , pointer : : ltype ( : )
i n t e g e r : : ncid , dimid , v a r i d
! i n p u t netCDF id ’ s
i n t e g e r : : beg3d ( 3 ) , l e n 3 d ( 3 )
i n t e g e r : : ntim
i n t e g e r : : ncolumn_i
! number o f columns
i n t e g e r : : nlev_i
i n t e g e r : : begc , endc
integer : : ier , ret
integer : : closelatidx , closelonidx
r e a l ( r8 ) : : c l o s e l a t , c l o s e l o n

!
!
!
!
!
!

l o c a l f i l e name
indices
column ’ s l a n d u n i t
l a n d u n i t type
l a n d u n i t type
index

!
!
!
!

netCDF v a r i a b l e
edges
number o f i n p u t
data time s a m p l e s

!
!
!
!
!

number o f i n p u t
data s o i l l e v e l s
beg and end
l o c a l c index
e r r o r code

r e a l ( r8 ) , p o i n t e r : : mh2osoi_liq ( : , : ) ! l i q u i d s o i l
! water c o n t e n t
! r e a d from
! input f i l e
r e a l ( r 8 ) , p o i n t e r : : mh2osoi_ice ( : , : ) ! f r o z e n s o i l
! water c o n t e n t
! r e a d from
! input f i l e
r e a l ( r8 ) , p o i n t e r : : a r r a y l ( : )
! temp l o c a l a r r a y
c h a r a c t e r ( l e n =32) : : subname = ’ r e a d M o n t h l y S o i l ’
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
! A s s i g n l o c a l p o i n t e r s t o d e r i v e d s u b t y p e s components
! ( l a n d u n i t −l e v e l )
ltype

=> clm3%g%l%i t y p e
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! A s s i g n l o c a l p o i n t e r s t o d e r i v e d s u b t y p e s components
! ( column−l e v e l )
clandunit

=> clm3%g%l%c%l a n d u n i t

! Determine n e c e s s a r y i n d i c e s
c a l l get_proc_bounds ( begc=begc , endc=endc )
a l l o c a t e ( m h 2 o s o i _ l i q ( begc : endc , 1 : n l e v s o i ) , &
mh2osoi_ice ( begc : endc , 1 : n l e v s o i ) , s t a t=i e r )
i f ( i e r /= 0 ) then
w r i t e ( 6 , ∗ ) subname ,
end i f

’ a l l o c a t i o n big error
endrun ( )

’; call &

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
! Open monthly s o i l m o i s t u r e f i l e
! Read data from column
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
do k=1 ,2

! l o o p o v e r months and r e a d s o i l data

i f ( m a s t e r p r o c ) then
w r i t e ( 6 , ∗ ) ’ Attempting t o r e a d monthly &
s o i l m o i s t u r e data . . . . . ’
w r i t e ( 6 , ∗ ) ’ n s t e p = ’ , ge t_ nst ep ( ) , &
’ month = ’ , kmo , ’ day = , kda
call

g e t f i l ( ’ / p r o j e c t / s 1 9 3 / r l o r e n z / SM_climatol &
/CTL_ERAint/SM_clim_column_1990 −2008. nc ’ , &
locfn , 0)
c a l l c h e c k _ r e t ( nf90_open ( l o c f n , 0 , n c i d ) , &
subname )
c a l l c h e c k _ r e t ( nf90_inq_dimid ( ncid , &
’ column ’ , dimid ) , subname )
c a l l c h e c k _ r e t ( n f 9 0 _ i n q u i r e _ d i m e n s i o n ( ncid , &
dimid , l e n=ncolumn_i ) , subname )
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c a l l c h e c k _ r e t ( nf90_inq_dimid ( ncid , ’ l e v s o i ’ , &
dimid ) , subname )
c a l l c h e c k _ r e t ( n f 9 0 _ i n q u i r e _ d i m e n s i o n ( ncid , &
dimid , l e n=n l e v _ i ) , subname )
c a l l c h e c k _ r e t ( nf90_inq_dimid ( ncid , ’ time ’ , &
dimid ) , subname )
c a l l c h e c k _ r e t ( n f 9 0 _ i n q u i r e _ d i m e n s i o n ( ncid , &
dimid , l e n=ntim ) , subname )
endif

! masterproc

c a l l mpi_bcast ( ncolumn_i , 1 , MPI_INTEGER, 0 , &
mpicom , i e r )
a l l o c a t e ( a r r a y l ( begc : endc ) , s t a t=i e r )
i f ( i e r /= 0 ) then
w r i t e ( 6 , ∗ ) subname , ’ a l l o c a t i o n a r r a y e r r o r ’ &
; c a l l endrun ( )
end i f
write ( 6 , ∗ ) ’ Before read ’
do j = 1 , n l e v s o i
beg3d ( 1 ) = j
; len3d (1) = 1
beg3d ( 2 ) = 1
; l e n 3 d ( 2 ) = ncolumn_i
beg3d ( 3 ) = mo nt hs_ so il ( k ) ; l e n 3 d ( 3 ) = 1
c a l l n c d _ i o l o c a l ( ncid , ’ SOILLIQ ’ , ’ read ’ , a r r a y l , &
namec , beg3d , len3d , s t a t u s=r e t )
write ( 6 , ∗ ) ’ After read ’
i f ( r e t /= 0 ) c a l l endrun ( t r i m ( subname ) / / ’ &
ERROR: SOILLIQ NOT on c l i m f i l e ’ )
m h 2 o s o i _ l i q ( begc : endc , j ) = a r r a y l ( begc : endc )
c a l l n c d _ i o l o c a l ( ncid , ’ SOILICE ’ , ’ read ’ , a r r a y l ,&
namec , beg3d , len3d , s t a t u s=r e t )
i f ( r e t /= 0 ) c a l l endrun ( t r i m ( subname ) / / ’ &
ERROR: SOILICE NOT on c l i m f i l e ’ )
mh2osoi_ice ( begc : endc , j ) = a r r a y l ( begc : endc )
enddo

B.3. SMCLIM EXPERIMENT
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deallocate ( arrayl )
i f ( m a s t e r p r o c ) then
c a l l c h e c k _ r e t ( n f 9 0 _ c l o s e ( n c i d ) , subname )
w r i t e ( 6 , ∗ ) ’ S u c c e s s f u l l y r e a d monthly s o i l
m o i s t u r e data f o r ’
w r i t e ( 6 , ∗ ) ’ month ’ , mo nt hs_ so il ( k )
write (6 ,∗)
end i f
! s t o r e data d i r e c t l y i n clmtype s t r u c t u r e
do c = begc , endc
l = clandunit ( c )
i f ( l t y p e ( l ) == i s t s o i l ) then
do j = 1 , n l e v s o i
mh2osoi_liq2t ( c , j , k ) = mh2osoi_liq ( c , j )
m h 2 o s o i _ i c e 2 t ( c , j , k ) = mh2osoi_ice ( c , j )
end do
end i f
end do
end do

! end o f l o o p o v e r columns
! end o f l o o p o v e r months

w r i t e ( 6 , ∗ ) ’ S u c c e s s f u l l y r e a d s o i l m o i s t u r e data ’
d e a l l o c a t e ( mh2osoi_liq , mh2osoi_ice )
end s u b r o u t i n e r e a d M o n t h l y S o i l
! RL
In addition, we need to adjust the calculation of the porosity in
SoilHydrologyMod.F90 in the way it is done in CLM4.0, otherwise the model
will crash.
! RL
!
e f f _ p o r o s i t y ( c , j ) = w a t s a t ( c , j )− v o l _ i c e ( c , j )
e f f _ p o r o s i t y ( c , j ) = max ( 0 . 0 1 _r8 , w a t s a t ( c , j )− v o l _ i c e ( c , j ) )
! end RL

C
Definition and calculation of the
Standardized Precipitation Index
The standardized precipitation index (SPI) is a dimensionless drought index
based solely on precipitation. It allows the measurement of droughts and
wet spells in terms of precipitation deficit (McKee et al., 1993; Heim, 2002).
To calculate SPI we can choose different averaging periods, e.g., 1, 3, 6, or
12 months (i). These are the time scales for the precipitation deficits which
are calculated. At each month a new value is determined from the previous
i months. Then a Gamma function is fitted to the cumulative precipitation
separately for each ending month for the whole time series (to take into
account seasonal differences in distributions). This cumulative distributions
are then transformed into a standard normal distribution (with mean zero
and variance of one) which gives the value of the SPI for the time scale
used (McKee et al., 1993; Narasimhan and Srinivasan, 2005). However, since
this approach is not practical for computing SPI for a large number of data
points, we use an approximative conversion following Edwards and McKee
(1997) and Lloyd-Hughes and Saunders (2002).

SP I = −(t −

c0 + c1 t + c2 t2
)
1 + d1 t + d2 t 2 + d3 t 3
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f or

0 < H(x) ≤ 0.5

(C.1)
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SP I = +(t −

c0 + c1 t + c2 t2
)
1 + d1 t + d2 t 2 + d3 t 3

f or

with
c0 = 2.515517, c1 = 0.0802853,
1.432788, d2 = 0.189269, d3 = 0.001308.

0.5 < H(x) ≤ 1
c2

= 0.010328,

(C.2)
d1

=

Some advantages of the SPI are:
• since SPI is normalized, wetter and drier climates are represented in a
similar way
• can monitor wet as well as dry periods
• explicitly specifies time scales
• allows to calculate drought beginning, ending (hence duration), intensity and magnitude.
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