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Abstract

Summertime seasonal simulations with a regional climate model covering Europe and the

northern Atlantic Ocean are used to assess the sensitivity of European climate with respect

to continental-scale anthropogenic vegetation changes. An ensemble of 6 seasonal control

integrations (for the months of April until August of the years 1987-1992) is compared against

an ensemble of 6 sensitivity experiments (for the same time period and years) with modified

vegetation parameters. Initial and lateral boundary conditions are identical for both ensembles

and provided by the ECMWF reanalysis data set. The control and sensitivity experiments

use observed and potential vegetation distributions, respectively. For the former the vegeta¬

tion parameters are derived from satellite measurements, while for the sensitivity experiments a

potential vegetation distribution is computed with a biome model, using a set of basic ecophys-

iological constraints and present-day climatic parameters (monthly mean surface temperature,

precipitation and sunshine duration). This potential vegetation data set is assumed to rep¬

resent the European vegetation in the time period approximately 2000 years before present,

when large areas of the Mediterranean region were covered by forests, before being logged for

wood demand and agricultural purposes.

The results of the experiments demonstrate that vegetation substantially impacts upon the

summertime climate in the Mediterranean region, where the atmospheric water and energy

cycles crucially depend on soil moisture and transpiration by plants. In particular they suggest

that human activities have substantially affected our climate much earlier than today by in¬

creasing the atmospheric concentrations of greenhouse gases. This underlines that landscape

changes represent a seminal element to be included in the analysis of anthropogenic climate

change.

Analysis of the ensemble mean control and sensitivity simulations demonstrates that vegeta¬

tion-induced climate effects are strongest in the Mediterranean region, where they lead to a

moister and cooler spring followed by a drier and warmer summer. For instance, over Spain,

precipitation changes amount to +25 % (-13 %) and surface temperature differences to -0.9 °C

(+0.2°C) in May (August). The following key processes are involved: Evapotranspiration is

increased in the simulation with potential vegetation during the period from April until mid-

July, thus cooling the earth surface, moistening the boundary layer, and eventually enhancing

precipitation. In mid-July the above described sensitivity reverses sign leading to dryer and

warmer conditions. This contrasting sensitivity in the Mediterranean region to vegetation cover

is simulated for all 6 years considered, and is the result of a faster springtime soil moisture

depletion due to higher évapotranspiration rates in the simulation with potential vegetation

parameters, whereupon soil moisture values locally drop sufficiently to almost completely inhibit

transpiration in mid-Juiy.
This seasonal evolution in the Mediterranean region contrasts with the situation in northern

Europe, where synoptic-scale disturbances significantly suppress the land surface sensitivity,

yielding a smaller vegetation-induced signal of little spatial coherency. In this region the sen¬

sitivity to vegetation is of the same sign throughout the entire summer (and qualitatively

corresponds to the situation seen during the period from April until mid-July in the Mediter-
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VI ABSTRACT

ranean region).
Vegetation-induced changes in the simulations are predominantly local and confined to the

land areas. They mainly affect the boundary layer, and are strongest at the earth surface.

Large-scale moisture advection out of the entire model domain and in particular the Mediter¬

ranean region, is however enhanced, as the amplitude of the increase in évapotranspiration is

significantly larger than in precipitation.
A detailed analysis of the surface energy budget was performed for Spain, which is regarded

as representative for the situation in the Mediterranean land areas, with particular focus on the

physical processes in the first period of the integrations (April until mid-July). Investigations
showed that the partitioning of the turbulent flux into its latent and sensible parts strongly

depends on vegetation. In the simulation with potential vegetation, the latent heat flux into

the boundary layer is substantially increased (consistent with the higher évapotranspiration

rates), while the sensible flux is reduced. This different partitioning implies a smaller Bowen

ratio and accordingly a lower boundary layer depth. In addition potential vegetation parameters

also increase the total heat flux into the boundary layer by radiative feedback mechanisms.

Both mechanisms lead to larger values of moist entropy within a smaller volume of boundary

layer air, resulting in an increased potential for convective activity. This tendency for enhanced

convection in the simulation with potential vegetation is verified by an analysis of the simulated

thermodynamical structure of the lower troposphere, which reveals reduced vertical stability
in the boundary layer and lower troposphere.

The present study showed that the regional climate modeling approach allows a comprehensive

study of the impact of continental-scale vegetation changes on atmospheric processes and

climate. Land surface anomalies were able to fully develop, while the large-scale atmospheric
evolution was constrained by the driving lateral boundary conditions, thereby reducing the

non-linearity of the system as compared to general circulation experiments. The identified

sensitivities were seen to be robust in the sense that they appeared in every single simulated

year of the ensemble and they induced a physically highly consistent signal upon the water

and the energy cycle of the European land areas.



Résumé

La sensibilité du climat européen aux modifications anthropogéniques à échelle continentale

de la couverture végétale est étudiée au moyen de simulations saisonnières conduites sur une

durée de plusieurs mois d'été. Le domaine d'intégration utilisé pour le modèle régional du

climat comprend l'Europe et une partie de l'Océan Atlantique. Un ensemble de 6 simulations

de contrôle est entrepris pour la période d'avril en août pour 6 années consécutives (1987
à 1992) et comparé à un ensemble de 6 expériences de sensibilité à la couverture végétale

pour les mêmes mois des mêmes années. Les conditions initiales et latérales sont identiques
dans les deux ensembles et fournies par les données de réanalyses ECMWF ("European Center

for Medium-Range Weather Forecasts"). Les simulations de contrôle sont effectuées à partir
de paramètres dérivés d'observations de la végétation par satellite, tandis qu'une distribution

potentielle est calculée pour les expériences de sensibilité. Cette dernière provient d'un modèle

de végétation prenant en compte une série de contraintes écophysiologiques élémentaires et

de paramètres déterminant le climat actuel (moyenne mensuelle de la température au sol, des

précipitations et durée d'ensoleillement). La végétation potentielle est supposée représenter
I' environement qui caractérisait les pays méditerranéens quelques 2000 ans auparavant. La

majeure partie du sol était alors encore recouverte de forêts, qui furent par la suite abattues

à grande échelle afin de satisfaire les besoins en bois et en terres arables d'une population
croissante.

Les résultats des expériences démontrent que la végétation influence de manière con¬

sidérable le climat des pays méditerranéens en été. Pendant cette saison, les parties atmo¬

sphériques des cycles hydrologiques et énergétiques dépendent de manière cruciale de la teneur

en eau du sol, ainsi que de son évolution temporelle qui est déterminée de manière appréciable

par la transpiration des plantes. En particulier, il est suggéré que les êtres humains modi¬

fient le climat de façon importante, depuis une période considérablement plus longue que le

début du siècle, par une augmentation anthropogénique des concentrations atmosphériques
des gaz à effet de serre. En outre, les altérations de la couverture végétale représentent un

élément essentiel qu'il importe de prendre en considération dans toute analyse de changement

anthropogénique du climat.

La comparaison des moyennes inter-annuelles des ensembles de contrôle et de sensibilité in¬

dique que les paramètres de la végétation potentielle influencent surtout le climat des pays

méditerranéens, où le printemps est plus humide et froid et l'été plus sec et chaud dans la

simulation avec la végétation potentielle. Les précipitations en Espagne diffèrent par ex¬

emple de +25% (-13%) et les température au sol de -0.9°C (+0.2°C) en mai (août).
Les processus-clé suivants interviennent: Dans la simulation avec la végétation potentielle
l'évapotranspiration augmente pendant la période d'avril à mi-juillet, la température au sol

diminue, la couche limite est humidifiée, et les précipitations sont accrues. A partir de mi-

juillet, la sensibilité décrite ci-dessus s'inverse, aboutissant à des conditions atmosphériques
plus sèches et chaudes. Cette sensibilité contraire à la végétation dans les pays méditerranéens

est reproduite pour les 6 années considérées, et résulte d'un dessèchement plus rapide du sol

lié à des taux d'évapotranspiration plus élevés dans la simulation avec les paramètres de la
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VIII RÉSUMÉ

végétation potentielle. La teneur en eau du sol atteint localement des valeurs qui limitent de

façon presque complète la transpiration des plantes à partir de mi-juillet.
Cette évolution saisonnière dans la région méditerranéenne est en contraste avec la sit¬

uation en Europe du Nord, où les perturbations à échelle synoptique répriment de manière

significative la sensibilité atmosphérique à la surface terrestre. Dans cette région, la réponse

atmosphérique à toute modification de la couverture végétale est peu importante et spatiale¬
ment peu cohérente. La sensibilité à la végétation reste de signe identique durant l'été entier

(et correspond qualitativement à la situation qui s'établit dans la région méditerranéenne pen¬

dant la période d'avril à mi-juillet).
Les changements causés par la végétation dans les simulations sont principalement locaux et

confinés aux surfaces continentales. Ils influencent surtout la couche limite et sont spécialement

importants au sol. L'advection d'humidité à grande échelle hors du domaine d'intégration et

en particulier de la région méditerranéenne est cependant augmentée, car les changements en

évapotranspiration sont nettement plus grands que les différences de précipitations.
Une analyse détaillée du bilan énergétique à la surface de la terre est entreprise pour

l'Espagne, qui est supposée représenter la situation des régions méditerranéennes continen¬

tales. Un examen approfondi de la première période des intégrations (avril à mi-juillet) montre

que la répartition des flux turbulents en flux de chaleur latente et sensible dépend fortement

de la végétation. Le flux de chaleur latente du sol, dans la couche limite, est nettement

plus important dans la simulation avec la végétation potentielle (en accord avec un taux

d'évapotranspiration plus élevé), tandis que le flux de chaleur sensible est réduit. Cette

répartition différente est associée à une couche limite moins profonde. De plus, le flux de

chaleur totale est plus important dans la simulation avec la végétation potentielle, à la suite de

méchanismes rétroréactifs radiatlfs. La combinaison des deux processus sus-mentionnés mène

à une augmentation d'entropie humide à l'intérieur d'un volume d'air (de la couche limite) plus
restreint, et résulte en une probabilité accrue de précipitations convectives. L'augmentation de

cette tendance dans la simulation avec la végétation potentielle est vérifiée par une analyse de

la structure thermodynamique de la partie inférieure de la troposphère, qui révèle une stabilité

verticale réduite dans cette couche de l'atmosphère.

L'étude présentée démontre que l'utilisation d'un modèle régional du climat permet une ana¬

lyse complète de l'impact de modifications à échelle continentale de la couverture végétale sur

les processus atmosphériques et le climat en été. Les anomalies à la surface de la terre sont

capables de se developer dans toute leur ampleur, tandis que les processus atmosphériques de

grande échelle évoluent de façon plus ou moins déterministe réglées par les conditions latérales

(en comparaison avec des expériences numériques globales). La sensibilité à la végétation
identifiée est robuste du fait qu'elle apparaît dans chaque année individuelle de l'ensemble et

induit un signal physiquement cohérent dans les cycles hydrologiques et énergétiques sur les

surfaces continentales européennes.
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L Introduction

The land surface represents an important boundary within the coupled system soil-atmosphere.

This interactive boundary affects the dynamics and thermodynamics of the atmosphere through
local exchange of heat, water and momentum. The energy and the water budgets at the land

surface are closely related through latent heat exchange associated with évapotranspiration

(evaporation and transpiration by vegetation) and precipitation. On the global scale, they

are ultimately driven by the sun's differential heating and the distribution of land and sea

on the earth, but évapotranspiration pathways are also controlled by surface properties and

soil moisture availability (Chahine 1992). Vegetation is a continuously changing component

of the earth's system, and represents a key quantity that determines both surface properties
and soil moisture availability. It evolves naturally, adapts to more or less abruptly changing
climatic conditions and may be drastically altered due to anthropogenic activity, on very

different temporal and spatial scales. External factors impact on vegetation distribution and

its physiological characteristics, but on the other hand vegetation may feedback on the climate

system, through exchanges of heat, water and momentum across the soil-atmosphere interface,

leading to complex land-atmosphere interactions. The study of the feedback mechanisms

of the coupled land-atmosphere system has become increasingly important in the last years

(Entekhabi 1995, Betts et al. 1996a), and their numerical parameterizations in atmospheric

models more and more sophisticated (Dickinson et al. 1986, Sellers et al. 1986), making use

of extensive, satellite-based data sets describing land surface parameters (Sellers et al. 1995,

Meeson et al. 1995). The understanding of land-atmosphere interactions is an important

aspect for the issues of climate change, atmospheric predictability and the natural variability

of the climate system, as outlined in the next sections.

The feedback mechanisms between the land and the atmosphere are particularly relevant

to climate change, since they may interact with anthropogenic changes. According to the

IPCC (1995), general circulation models predict a temperature increase of about 2°C of the

1990 global mean surface air temperature by the year 2100, and atmospheric concentrations

of greenhouse gases are believed to continue to rise. Both, temperature and C02 changes may

modify vegetation coverage and physiological characteristics of plants (see e.g. Sellers et al.

1996a, Betts et al. 1997 and Bounoua et al. 1999). On the other hand - besides influencing
the surface albedo and roughness length - vegetation impacts on the atmosphere through

transpiration and CO2 assimilation. It is largely responsible for the partitioning of surface

heat fluxes into latent and sensible contributions, and represents an important element in the

global CO2 cycle. These vegetation-related processes are likely to play a substantial role in

the atmospheric response to anthropogenic greenhouse gas forcings.
Soils represent important seasonal water reservoirs for the hydrological cycle. In midlat-

itudes they play a similar role to that of the oceans but, instead of storing heat, they store

precipitation in winter, which moistens then the atmosphere in summer via évapotranspiration

(Shukla and Mintz 1982). This process is heavily influenced by vegetation, which, through

deep reaching roots, increases the size of the water reservoir available to the atmosphere.
The associated seasonal storage of water in the soil introduces long-term memory effects with

time scales of several months (Entekhabi et al. 1992, Delworth and Manabe 1988, 1989, Milly
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2 1. INTRODUCTION

and Dunne 1994), which interact with the typical atmospheric time scales of a few days. A

realistic numerical simulation of the seasonal evolution of soil moisture, for which an accurate

description of the coupling between the land and the atmosphere is necessary (Beljaars et al.

1996), may increase the predictive component in climate simulations (Shukla 1993, Betts et

al. 1996a).
In addition to increasing the predictive components of seasonal climate simulations, the

study of land-atmosphere interactions may eventually lead to a better understanding of at¬

mospheric variability, as the complexity of the earth system is heavily affected by strongly

interacting processes on all scales (Viterbo 1996, Entekhabi 1995). Randall (1991) suggests
that "all the major events of short-term climate variability observed during the past 100 years

- a period for which reasonably reliable instrumental measurements of climate variables ex¬

ists - are due to the interactions among the atmosphere, ocean, biosphere and cryosphere

components of the climate system".
Due to the high complexity of the earth system, the understanding of past and the pre¬

diction of future climate changes represents a very challenging project. In the present work

the influence of vegetation cover on the atmosphere is assessed by means of seasonal climate

simulations for Europe. Surprisingly few studies have so far dealt with land-atmosphere inter¬

actions in midlatitudes and especially for Europe, whereas many studies have been conducted

for the tropical deforestation problem (see section 1.2). In fact, one of the largest anthro¬

pogenic changes to the planetary vegetation cover is that associated with the deforestation of

the Mediterranean region since the Roman Classical Period (between ca. 80 B.C. and A.D. 14).
According to Reale (1996) 8-10 thousand years ago humans started depleting natural resources

in the Mediterranean region for wood demands and agricultural practices. This process inten¬

sified after the first century A.D., and continued throughout the Middle Ages until present.
The vegetation of the Roman Classical Period may thus be regarded as the closest approxi¬
mation to what it could be "in present times if it had not been destroyed by human action"

(Reale 1996). Reale (1996) gives a detailed overview for the evidence of severe land depletion
in the Mediterranean region based on classical works of history and geography (e.g. De bello

gallico from Julius Caesar), but also on information derived by using modern palynological
(pollen-based) methods. Studies of soil-moisture feedbacks on climate also suggest that the

midlatitudes are - similar to the tropics - sensitive to land surface processes. Findell and Eltahir

(1997) found on the basis of observations of soil moisture and rainfall in Illinois significant
lagged correlations between both quantities, implying also in midlatitudes a coupling between

the land and the atmosphere. Month-long July simulations (Schär et al. 1999) also show

that European summertime precipitation substantially depends on soil moisture conditions es¬

pecially in the Mediterranean region. During summer this region is characterized by weak

synoptic-scale forcing and relatively strong convective activity, an environment that is favor¬

able for soil moisture, and accordingly vegetation cover anomalies, to significantly influence

the atmosphere. (Anomalies refer in this context to deviations from the climatological mean.)
Not only the vegetation, but also the climate of the Mediterranean region has experienced

large variations during the last 2000 years (Reale 1996). It is largely believed that during the

Roman Classical Period the Mediterranean region and especially northern Africa were moister

than today. The following facts support this statement:

a) Aqueducts, bridges and thermal baths were built during this time period in areas which

are nowadays deserts.

b) Historical studies confirm that Roman Africa was a rich, agriculturally productive area,
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the main source of grain for the Roman Empire.

c) During the last two millenia water-demanding types of vegetation (the presence of trees

has been identified with the aid of pollen analyses) were replaced by less demanding

types (steppe pollen).

d) Most of the events related to the decline of the Roman Empire are connected to occur¬

rences of droughts, and suggest a long and continuous drift towards drier conditions.

On the other hand, surface temperatures are believed to having changed only weakly (Reale
1996). A general warming trend started in the 5th century B.C. and ended in approximately
the 9th century A.D. The so-called Little Ice Age then lasted from 1550 until 1850, with the

greatest ice extent since the Ice Age. Temperatures are now (20th century) observed to be

again increasing (according to IPCC 1995). There are indications that some of these changes
were related to large-scale vegetation feedbacks over Africa and in particular the Sahel region

(Brovkin et al. 1998). It Is one aim of the present study to build a physical link between

changes in vegetation and the climatic conditions in the Mediterranean region.
The remaining of this chapter is organized in the following way: The physical processes

underlying the feedback mechanisms between the land and the atmosphere are discussed

in section 1.1: First the hydrological cycle and the surface energy budget are overviewed,
then the vertical structure of the atmosphere which is favorable for the occurrence of moist

convection, and the influence of soil moisture and vegetation on this structure (and accordingly
on moist convection) are discussed, and eventually some relevant biological aspects related

to transpiration by plants are given. In section 1.2 some important aspects of two modeling

techniques, the use of general circulation and limited area models, respectively, are investigated,
and in section 1.3 the aims and outlines to this study are given.

1.1 Related physical processes

Vegetation acts directly upon the climate at the land surface through exchange of momen¬

tum, heat and water vapor across the soil-atmosphere interface. These exchange processes

are related to feedback mechanisms with other processes in the atmosphere, and can directly
influence the water cycle and the surface energy budget, two intimately related components
of the climate system, which are of primary importance for the present study and summarized

in this section. Then some general aspects of the boundary layer structure and the vertical

stratification of the troposphere are overviewed, as they can significantly affect évapotranspi¬
ration, the vertical transport of water in the atmosphere, its condensation and precipitation.
The section is concluded with a discussion of two similar feedback loops, i.e. the influence of

soil moisture anomalies and of vegetation characteristics on atmospheric processes.

Water cycle

A simplified view of the water cycle, its different reservoirs and the associated annual exchange
rates of water is shown in Fig. 1.1 from Peixoto and Oort (1992). Total evaporation from

the ocean (361 x 1012 m3/year) js about 6 times larger than from the land surface (62 x

1012 m3/year). Precipitation over the ocean (324 x LO12 m'Yyear) is 3 times larger than over

the land surface (99 x 1012 m3/year). In other words, over the ocean evaporation is larger
than precipitation, and the opposite is true over land. Approximately 2/3 of precipitation that
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FlG. 1.1: The amounts of water in the atmosphere, the land and the ocean, and the

annually exchanged amounts between the various reservoirs through évapotranspiration
(E), precipitation (P) and runoff (R0) From Peixoto and Oort (1992). (In brackets are

the estimates from a different source for comparison )

falls on land areas is water that was also evaporated from land surfaces (Baumgartner and

Reichel 1975, Korzun 1978, and Houghton 1984). The other 1/3 must be transported by the

atmospheric circulation from sea to land Studies of the world water balance show for instance

that about 60% of the rainfall over Eurasia is re-evaporated and much of the continental

rainfall over the eastern and central United States is due to evaporation from the surface of

the continent (Mintz 1981). The implied large-scale advection of water vapor is associated

with latent energy transport, which is then released by condensation and in turn influences the

global-scale circulation.

The hydrological cycle is composed of an atmospheric and a terrestrial branch (encompass¬
ing both the soil and the ocean), which are linked through évapotranspiration and precipitation.
The atmospheric branch feeds the terrestrial branch and vice versa. The coupling processes are

complex, and interact nonlinearly and on different temporal and spatial scales. The balance

equation at the land surface is given by

and in the atmosphere by

ASM ^ P - ET - B

IN - OUT = P- ET + AW.

(1.1)

(1.2)

Fig. 1.2 shows a schematic representation of the fluxes in the above equations. ASM denotes

soil moisture change in the considered region during a specified time period, ET évapotran¬

spiration, P precipitation, /? surface and groundwater runoff, IN the advected atmospheric
inflow into a 3-dimensional box placed over the region of interest, OUT the advected at¬

mospheric outflow and ATI" the change in atmospheric water vapor within the box during
the same time period. ET, P, R, IX and OUT are accumulated fields over the specified
time period. Since ATT" can in general be neglected, regions of atmospheric water flux di¬

vergence and convergence are approximately balanced by precipitation and évapotranspiration

(p _ ET = IN — OUT), while over the land surface P — ET is mainly balanced by soil

moisture change and surface runoff (P - ET = ASM + P).
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FlG. 1.2: Atmospheric and terrestrial branch (over the land surface) of the water

cycle. ASM denotes soil moisture change, ET évapotranspiration, P precipitation, R

surface and groundwater runoff, IN the advected atmospheric inflow, OUT the advected

atmospheric outflow, and ATT the change in atmospheric water vapor.

A key quantity of this work is precipitation, which Is thoroughly discussed in Houze (1993).
Precipitation can either be of stratiform or convective nature or a mixture of both. Stratiform

precipitation is also referred to as grid-scale precipitation in a numerical model, and occurs

on large horizontal scales of ~100km especially during wintertime in the midlatitudes. It is

the result of forced lifting associated with orography or the development of cyclones and their

accompanying frontal structures, for instance in an environment characterized by relatively

large vertical stratification. In contrast, convective precipitation occurs on horizontal scales

of a few kilometers preferentially during midlatitude's summer. It is driven by the release of

latent heat in ascending air masses, in an environment which is characterized by an unstable

vertical profile. As its horizontal scale is smaller than the model's horizontal resolution, it

must be parameterized, and increases thereby the uncertainty of the modeled (summertime)
precipitation. Grid-scale precipitation on the other hand is rather well represented and thus

associated with a smaller (wintertime) precipitation bias.

Surface energy budget

The surface energy budget determines the amount of energy available to evaporate water, heat

the soil and melt snow and ice. It encompasses radiation fluxes (the net long- and short-wave

radiation) as well as turbulent energy fluxes due to convection of heat (sensible heat flux) and

moisture (latent heat flux) through fluid motion. It is closely related to the hydrological cycle
as évapotranspiration is a key component in both the water and the energy budget. A detailed

overview can be found in Peixoto and Oort (1992) and Hartmann (1994).
In determining the energy exchanges across the earth surface, the interface is assumed to

include the first few meters of soil and thus has some heat capacity. The balance equation for

this layer can then be written in the following form:

8 F
-— = R, + LE + SH + AFeo. (1.3)

Here the fluxes directed downwards are counted positive. The storage of heat into the soil layer
is equal to the net radiative Input (i?s) minus the heat lost from the surface by evaporation

(LE), sensible cooling (SH) and the horizontal flux out of the column of land-ocean below

the surface (AFeo). The evolution of the surface temperature is driven by the imbalance of

the terms on the right-hand side of 1.3. Note that LE = (-1) • P • ET with L the latent
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heat of vaporization and ET defined in Eq. 1.1 and 1.2. The total turbulent flux is given by
LE + SH. Table 1.1 gives typical values for the annual energy budget over Europe and the

Atlantic Ocean (from Hartmann 1994). Note the large land-sea differences especially when

looking at the Bowen ratio (SH/LE), associated with higher evaporation rates over the ocean.

Net radiation is also larger over the ocean primarily due to lower surface albedo (and partly
to differences in surface temperature and in water vapor concentration).

TABLE 1.1: Annual surface energy budget [W/m2] over Europe and the Atlantic Ocean.

Rs denotes net surface radiation, LE (SH) the latent (sensible) heat flux, AFC0 the

horizontal flux out of the column of land-ocean below the surface (from Hartmann 1994).

Area i?„ LE SH AF,0 Bowen ratio {SH/LE)
Europe
Atlantic Ocean

52 -32 -20 0 0 62

109 -95 -11 -3 0.11

The solar energy drives the whole system, and provides the available energy at the earth

surface. Net radiation at the land surface is the sum of net incoming and net outgoing short-

and long-wave radiation at the surface i?s = STT"4 — SW'1' F LW^ — LW\ where:

• The incoming solar radiation (»STI"-1-) is the sum of the direct and diffuse radiation and

is strongly affected by cloud albedo.

• The outgoing short-wave component (SIT^) is the reflected fraction of the incoming
short-wave component, S'TT/'t — a • SWK with a the land surface albedo. The surface

albedo can vary between a wide range of values. Regions covered with fresh and dry snow

reflect for instance ~80% of the incoming short-wave radiation, while the albedo of deep
water ranges between 5 and 20%. The land surface albedo depends upon vegetation,
with typical values ranging from 12% for coniferous forests, 17% for deciduous forests

or short green vegetation, 25% for dry vegetation and 30% for deserts (Hartmann 1994).

• The incoming long-wave radiation (LW^) is emitted by the atmosphere and depends
on the vertical temperature profile, on clouds and the distribution and concentration of

absorbers (greenhouse gases and aerosols).

• The outgoing part of the long-wave spectrum (PTT"") is given by e • a • Tç' with e the

emissivity of the surface, a the Stefan-Boltzmann constant and T, the temperature of

the surface.

Net radiation at the earth surface is thus given by

Ps = (1 -- a) • 5TT"1 - e a • T,1 +- LW*. (1.4)

The mechanism for balancing net radiation depends on the local surface conditions and the

timescale under consideration. Over land areas and when timescales exceed about one day,
storage is small (-§f) and horizontal transport (AFeo) negligible (see also Table 1.1). Net

radiation is thus partitioned between sensible and latent cooling depending on available soil

moisture, vegetation, the temperature and the humidity of the air. A measure for this par¬

titioning is given by the Bowen ratio, which is the ratio of the sensible to the latent heat

flux, BR = SH/LE (see also last column in Table 1.1). The turbulent fluxes of sensible
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and latent heat can be approximately described with the following bulk aerodynamic formulas

which assume that the sensible (latent) heat flux is proportional to the temperature (specific
humidity) difference between the surface and the air at some standard height (zr).

SH = Cp- p- CDU -Ur (Ta(~r) -T>) (1.5)

LE^L-p- CDE Ur (qa(zr) - qs), (1.6)

where p represents the density of air, cp the specific heat at constant pressure, L the latent

heat of vaporization, C'dh and Cbe the aerodynamic transfer coefficients for temperature

and humidity respectively, and Ur the mean wind speed at the standard height. Subscripts
a and s indicate values for the air at the reference level and at the surface, respectively.
The aerodynamic coefficients depend on the surface roughness, the bulk Richardson number,

and the reference height. For near neutral conditions and a wind speed at 10 m of 5 m/s,
Cdh — Cde — 4 x lO""^ (under ordinary circumstances both transfer coefficients are nearly
equal), sensible cooling amounts to ~26 W/m2 for each degree of temperature difference, and

latent cooling to 65 W/m2 for each g/kg specific humidity difference. In other words, the

same values for latent and sensible cooling are obtained for a 1°C temperature difference and

a 0.4 g/kg difference in specific humidity. The above values are, however, the results of bulk

formulas which neglect for instance that LE further depends on surface characteristics (like
e.g. soil moisture content and vegetation coverage), and they do not directly depend upon

the net radiation balance, as implied by the Penman (1948) approach which is used by the

numerical model of this study.

Boundary layer structure, vertical stratification and moist convection

The atmospheric boundary layer is the lowest part of the troposphere (typically the lowest

1000 m and up to 3-4 km in drier regions in summer). It is strongly influenced by processes at

the earth surface and responds quickly to changes in surface conditions. Turbulence is the main

vertical transport mechanism in the boundary layer. It allows for a rapid and efficient transfer

of mass, momentum and heat both upward and downward, and links the earth surface to the

free atmosphere. The lack of turbulence in the middle and upper troposphere increases the

response time to surface changes, unless (deep) convection associated with daytime surface

heating penetrates into this part of the atmosphere. The development of convective instability
is closely related to the build-up of the daytime boundary layer, which is characterized by
a strong diurnal cycle forced by daytime solar heating and surface sensible heat flux. Small

Bowen ratios associated with small sensible heat fluxes (relative to the latent flux) are linked

with shallow boundary layer heights. A detailed overview on boundary layer processes can be

found in Stull (1988).
An unstable vertical stratification is a necessary condition for summertime convection to

occur and may be described with the vertical gradient of equivalent potential temperature,

9e. The atmosphere is called potentially (or convectively) unstable (stable) if ~~f < 0 (> 0).
Equivalent potential temperature is defined as the temperature that would be obtained by a

moist air parcel if it was first raised moist adiabatically until all its water condensed out, and

then brought adiabatically back to a reference surface pressure. As stated in Emanuel (1994) an

upward decrease in 0e (^ < 0) does not necessarily imply conditional instability, but potential
instability, as 9e is not a state variable under unsaturated conditions. A potentially unstable

air mass may only start rising spontaneously if it is lifted by some external mechanism up to

the level where it becomes saturated. Under unstable conditions the potential for convective
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activity is increased with negative 9e gradient, but convection is not necessarily triggered. A

more detailed discussion is given in Emanuel (1994). High temperatures and high moisture

values imply high 9e values. The effect of an increase in surface moisture or in surface

temperature upon the potential for convective activity is discussed in Eltahir and Pal (1996)
by means of tephigrams. They show that hot and moist surface conditions are associated with

lower levels of free convection (LFC) in comparison to colder and drier conditions.

The equivalent potential temperature is related to boundary layer moist entropy through
the relationship s^ ~ cp\nôei„ where cp denotes specific heat at constant pressure, and 9ej,

boundary layer equivalent potential temperature. The boundary layer entropy can be increased

by turbulent surface fluxes of latent and sensible heat and mainly decreased by entrainment of

low-entropy air at the top of the boundary layer (see for instance Emanuel et al. 1994, Betts

et al. 1996a and Eltahir 1996). If low-level moist entropy is used as the single parameter for

assessing the potential for convective activity (Williams and Renno 1993), then high values

of this quantity are associated with increased convective instability. In this study besides

the vertical 0e profile, the increased boundary layer moist entropy due to increased turbulent

surface fluxes, as well as decreased values due to entrainment of low-entropy air at the top
of the boundary layer associated with its day-time build-up, are also used to determine the

potential for convective activity. Note that Eltahir (1998) (and for instance also Shukla 1993)
use moist static energy instead of moist entropy (see next section).

It is important to realize that the increase of the surface moist entropy (or 9e) in response

to surface heating depends only indirectly upon the Bowen ratio. In fact, when an amount of

energy is applied to a certain quantity of air, the increase in 9e is independent of the latent and

sensible contributions, and directly determined by the total heat flux. It is only the growth of

the boundary layer (and thus a change of volume in the affected quantity of air), which leads

to a Bowen ratio dependent increase in surface 9e (see next section).

Influence of soil moisture on moist convection

Some physical mechanisms associated with soil moisture anomalies and their influence upon

boundary layer structure and vertical stratification are investigated in this section. These pro¬

cesses will be shown (in chapter 5) to be comparable to the feedback loop relating vegetation
anomalies to boundary layer processes, as both soil moisture and vegetation act on the heat

and the water budget at the land surface in a similar way. Here a chain of physical processes

initiated by an initial soil moisture anomaly and ending with the onset of convection is reported
from Eltahir (1998). The effects of this anomaly on net surface radiation, the total heat flux

into the boundary layer, its depth and on the level of free convection are briefly investigated.
The reported mechanisms constitute a basis and a motivation for the subsequent analysis of

the experiments (section 5.3) in the present study.
The mechanisms are illustrated in Fig. 1.3 from Eltahir (1998), and are based on the ob¬

servation that the albedo and Bowen ratio of wet soils are smaller than for dry soils. Smaller

albedo leads to larger net short-wave radiation values at the surface. A smaller Bowen ratio

is associated with smaller surface temperatures and higher water vapor contents of the atmo¬

spheric boundary layer. Long-wave radiation loss is reduced due to decreased emissivity and

increased greenhouse effect, and net long-wave radiation at the surface is larger. In combina¬

tion this leads to higher net surface radiation values under wet soil conditions. Not taken into

account in this study is the effect of clouds, which cannot be described in such a simplified

way, but will be discussed in the analysis of the current set of experiments. Assuming long
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wet soil moisture conditions
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FlG. 1.3: Chain of processes relating soil moisture to subsequent rainfall, from Eltahir

(1998).

term equilibrium conditions, net surface radiation is approximately balanced by the total heat

flux (sensible and latent fluxes) into the boundary layer (see for instance Table 1.1). Higher
net radiation values associated with wet soils thus induce an increased total heat flux into the

boundary layer. The total energy in the atmospheric boundary layer can be described by moist

static energy, which increases with large total heat flux values and decreases with entrainment
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at the top of the layer (see also Emanuel et al. 1994, Betts et al. 1996a). This mechanism is

assumed to be valid for large spatial scales so that horizontal heat advection can be neglected.

In conclusion, wet soil conditions increase the total flux of heat into the boundary layer, which

enhance its moist static energy, and eventually increase the potential for convective activity.

Additionally, Schär et al. (1999) show that wet soils are associated with a smaller Bowen

ratio, due to smaller sensible heat fluxes into the boundary layer in comparison to the latent

flux, and accordingly with a smaller boundary layer depth. Note that a thinner boundary layer

enhances the above described mechanism of larger boundary layer moist static energy (or moist

entropy) values with wet soil conditions: Betts et al. (1996a) state that thinner boundary layers

are associated with smaller entrainment rates of low entropy air at their tops, and hence with

less decreasing moist entropy values during their daytime build-up. Hence, large moist static

energy values within shallow boundary layers are the resulting effect of wet soil conditions,

implying high boundary layer entropy densities, which are associated with increased convective

instability (as stated in the previous section). This effect is further supported by lower levels

of free convection (LFC) in the wet soil case, as also seen in the latter section, which increase

the probability of convection.
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Fig. 1.4: Temporal evolution of total soil moisture content [m] averaged over Spain
from the NCEP reanalysis data set for the average of the years 1987 until 1992.

The processes associated with changes in vegetation cover may be investigated in a similar way

to those induced by soil moisture anomalies, due to their similar influence on surface albedo

and the Bowen ratio. The albedo and the Bowen ratio of forests (or of wet soils) are smaller

than of areas covered by short grass (of dry soils). Accordingly, replacing grass-covered regions

by forests may increase net surface radiation and the total heat flux into the boundary layer,

reduce the boundary layer depth (as a consequence of the reduced Bowen ratio), and even¬

tually increase the potential for convective activity. It is however believed that the different

partitioning of the total heat flux into sensible and latent fluxes (associated with a smaller

Bowen ratio and a smaller boundary layer depth) more effectively influences the potential for

convective activity in the case of vegetation cover changes than for anomalous soil moisture

conditions (associated with floods or droughts for instance), as the amount of water available

for évapotranspiration is strongly influenced by the roots of plants (see next section). Addi¬

tionally, vegetated areas are generally larger than regions of bare soils (at least in midlatitudes)
and in these areas soils are much less exposed to the atmosphere. For these reasons - as long

as transpiration by plants is not limited by soil moisture availability - the effect of changes
in vegetation cover is thought to be able to influence the atmosphere to an even larger ex¬

tent than soil moisture anomalies. Land-atmosphere interactions in midlatitudes are however

especially important during summertime when the atmospheric conditions are characterized
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by weak synoptic-scale forcing and relatively strong convective activity. These conditions are

also associated with large amounts of large-scale moisture export (évapotranspiration is larger
than precipitation), and soils tend to dry out, as can be seen for instance in Fig. 1.4 for Spain
for the NCEP reanalysis data set. The domain-mean soil moisture loss from the beginning of

April until the end of August amounts to nearly 30 cm compared to a total initial amount of

55cm (beginning of April). In several locations in Spain, soil moisture content has dropped
by the end of August to values where transpiration is limited by water availability. Knowl¬

edge of the seasonal evolution of soil moisture, its summertime drying out due to evaporation
and transpiration by plants has thus great importance when studying vegetation-atmosphere
interactions in the mid-latitudes.

Biological aspects of transpiration

Over vegetated areas, most of the vertical water vapor flux through the soil-atmosphere inter¬

face is due to transpiration by plants. The size of the atmospheric water reservoir is largely
increased, due to the roots of plants: "Plants can draw water from this depth relatively quickly
and release it to the atmosphere by transpiration through leaves. Because roots of plants can

draw moisture from the soil more quickly than water is brought to the surface by non-biological

processes, vegetated surfaces normally release water more quickly to the atmosphere than does

bare soil with the same water content" (Hartmann 1994). Transpiration depends on the avail¬

able energy, on the soil moisture content and on the efficiency of the existing plant system to

extract water. It is inhibited when the soil moisture content is close to the wilting point and

largest over saturated soils.

In order to exemplify the complexity of plant transpiration, we discuss here one particular
aspect in some detail. Transpiration takes place through microscopic openings in the plants
leaves, which are called stomata, and minimize the water loss to the surrounding air, while

maximizing the diffusion of COo into the leaf to support photosynthesis. Their opening and

closing must be regulated carefully in order to optimize both C02 uptake as well as water loss.

In analogy to Ohm's law, the water vapor flux through the stomata is commonly approximated
by the ratio of a concentration gradient and a resistance:

E oc
. (1.7)

where e„ is the vapor pressure outside the leaf, eint the saturation vapor pressure at the

temperature of the leaf, and rs is stomatal resistance (Penman 1948). Stomatal resistance

depends on various simultaneously varying environmental factors such as variations in net

photosynthetic rate (and hence light intensity), temperature, soil moisture, atmospheric C02
concentrations, and changes in humidity and CO_> concentration at the leaf surface (Sellers
et al. 1996a). Due to this multiple dependency, stomatal resistance is a complex quantity to

parameterize in any atmospheric model. Note that in order to compute the water vapor flux

from the plant into the atmosphere not only the stomatal resistance must be known, but also

the resistance from the surface of the leaves into the canopy air, and from the canopy air into

the free atmosphere. For a more detailed description see for instance Sellers et al. (1996a)
and Denning (1993). Besides transpiration, a multitude of other processes takes place within

the plant canopy (see Fig. 1.5, taken from Dickinson 1984).
The complexity of transpiration parameterizations depends heavily upon the application

and model under consideration. Plot-scale models may have a very high complexity and take
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FlG. 1.5: The energy and water fluxes in the vegetation canopy, from Dickinson (1984).

into consideration a detailed representation of the available plant species and their physiolog¬
ical characteristics (see e.g. Menzel 1997). For the formulation of transpiration within most

atmospheric models, however, much simpler approaches are used. As in many other stud¬

ies, we have restricted geographical variations of the vegetation cover to the following three

parameters:

• The leaf area index describes the area of all leaves per unit ground surface, LAI =

\lc AL dz, where AL denotes the leaf area per unit area at height z, z0 the ground, and

zc the height of the canopy.

• The fractional vegetation coverage represents the fraction of the ground surface covered

by vegetation.

• Rooting depth represents (in this study) the depth above which 95% of all roots are

located.

A range of additional parameters (such as the stomatal resistance) is kept constant throughout
the domain. A more detailed discussion of the land surface scheme used in this study is given
in chapter 2.
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1.2 Review of related numerical modeling studies

In order to analyze the land surface processes in atmospheric models, different approaches
have been used. Experiments have been conducted with initial soil moisture anomalies or

changes in vegetation parameters, simulating for instance tropical deforestation, midlatitude

land use changes, or the effect of paleo-vegetation distributions. General circulation models

(GCMs) and increasingly limited area models (LAMs) are used to investigate the atmospheric
and climate response to the imposed global or regional changes of the surface parameters.

To adequately model the associated land-atmosphere interactions, these models are equipped
with detailed land surface parameterizations, and fed with extensive, usually satellite-based

data sets describing the land surface parameters.

Land surface parameterizations in numerical models have rapidly progressed in the last

years, starting from simple reflectors and emitters of solar radiation, replaced by bucket models

and eventually by detailed soil-vegetation-atmosphere-transfer-schemes (SVATs). A recent

review is given for instance in Desborough (1999). Pioneering work was done for example by
Manabe (1969) and Deardorff (1977, 1978). More recently, Dickinson et al. (1986), Sellers

et al. (1986), Noilhan and Planton (1989), and Avissar and Pielke (1989) developed and

improved land surface schemes currently used in GCMs and LAMs. Despite the sophistication
of these land surface schemes, disparity between the results from different models is still large,
and computed regional projections of anthropogenic climate change must be considered with

care. Pitman and Chiew (1996) compared various land surface models against each other

and Garratt (1993) gives a review of the sensitivity of climate simulations to land surface

treatments. These schemes reveal a strong sensitivity of the atmospheric response with respect

to the land surface and are, In combination with an atmospheric model, powerful tools to study

vegetation-atmosphere interactions on a comprehensive level. Both numerical methods, the

global and the regional approach, will be reviewed in the following sections.

Sensitivity studies in GCMs

Many global numerical studies have been conducted to study the effect of tropical deforesta¬

tion. Due to a Coriolis force which is smaller in the tropics than in midlatitudes, relatively
small changes in surface temperature in the tropics may induce convergence changes with

associated vertical motions, resulting eventually in the triggering or inhibition of convection

(see also Reale 1996). Additionally, the tropics are characterized by high convective activity,

allowing land surface changes to influence the middle and upper troposphere. Furthermore,

tropical forests are located under the ascending branches of the Walker and Hadley circula¬

tions, allowing land surface modifications to influence the large-scale circulation (see e.g Yeh

et al. 1984 or Zhang et al. 1996). In the following, some of the GCM studies of tropical

deforestation are briefly overviewed.

One of the pioneering studies related to land surface processes is that of Charney et al.

(1977), who conducted a GCM sensitivity experiment in which desertification was simulated

by increasing surface albedo in the Sahel, leading to decreased surface evaporation and re¬

duced precipitation amounts in the same area. Charney (1975) suggested that high albedo

values of deserts would lead to small net radiation values, associated with sinking motions in

order to maintain thermal equilibrium. Deserts would thus feedback upon themselves, per¬

petuating their arid conditions. In later studies, roughness length changes were also taken

into account, and tropical deforestation was then simulated by increased surface albedo and
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decreased roughness length. With the development of a new generation of GCMs and more

sophisticated land surface parameterization schemes, additional experiments were conducted,

in which several land surface parameters were changed simultaneously. Although most of the

studies find similar impacts on the direct exchanges between the land and the atmosphere,
the effect on precipitation is however model-dependent As summarized in Polcher (1995),
the studies of Lean and Warrilow (1989), Nobre et al. (1991), Lean and Rowntree (1993),
Henderson-Sellers et al. (1993), Polcher and Laval (1994b) find decreased rainfall amounts

after deforestation, Dickinson and Henderson-Sellers (1988) observe no clear effect on precip¬

itation, and Polcher and Laval (1994a) and Dirmeyer and Shukla (1994) find even increasing
values. An overview of some of the previously mentioned experiments, their driving GCMs and

their results is given in Pitman et al. (1993), an updated version of which can be found in Lean

and Rowntree (1997). Dickinson (1995) gives also a recent review of GCM simulations, almost

all of which found a significant reduction in precipitation and évapotranspiration (from -10 to

-30%) due to tropical deforestation. In most of the simulations the reduction in precipitation
was associated with a decreased moisture convergence (P — E).

GCMs are also used for investigating the effect of natural paleoclimatic vegetation changes.

Foley et al. (1994) and Bonan (1992) show for instance that expanding the Boreal forest

during the Holocene leads to a warming effect on the Northern Hemisphere. Crowley and

Baum (1997) evaluate the role of the very large vegetation changes in triggering the last

glacial maximum. Dutton and Barron (1997) suggest that vegetation-climate feedbacks were

an important component of the cooling during the late Cenozoic period.
Most of these GCM simulations have suggested a possible change in the global climate

as the result of tropical deforestation. Their spatial resolution is however very coarse, and

cannot appropriately resolve the localized forcings (associated with land surface characteris¬

tics, orography, coastlines, etc.) which strongly influence regional climate. To assess potential

impacts of more localized land surface modifications (compared to tropical deforestation ex¬

periments for instance), information on a scale in the order of ~50km or smaller is needed,

which corresponds to the grid spacing in regional models.

Regional modeling studies

Down-scaling of GCM sensitivity experiments can be done using either statistical methods,

which are based upon statistical relationships between the large-scale circulation and the local

weather elements, or with the so-called dynamical down-scaling approach, which consists of

nesting a LAM into a GCM sensitivity experiment. The approach in this study follows closely
the dynamical down-scaling method, but uses analysis fields as initial and lateral boundaries

(so-called perfect boundaries) instead of the results of a GCM sensitivity experiment. Land

surface changes are imposed directly within the regional model. This method allows to clearly

identify the effect of the regional forcing, and still to reduce the effects of the non-linearity
of the system, by using "true" initial and lateral fields. Warner et al. (1997) give a gen¬

eral overview of regional modeling and the associated limitations of this method (especially
those related to their lateral boundary conditions). In order to guarantee the aforementioned

advantages of the regional modeling method, it is important that

• the driving initial and lateral fields are realistic over the considered region and

• the size of the integration domain is carefully chosen.
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The domain size must be sufficiently small so that the synoptic circulation follows that of the

driving analysis fields, but also sufficiently large, in order for regional, smaller-scale features

to be able to develop. Jones et al. (1995) investigated various domain sizes over Europe and

determined an optimum size. He uses a domain of approximately 5000 x 5000 km2. This size

has for some time been used with the model under consideration (Ltithi et al. 1996) and is

also used in the current study.
One of the first studies with a regional climate model was conducted by Giorgi (1990).

This approach is now widely used to study various aspects of the regional climate, its variability

and change.

• Effects of greenhouse gas emissions and temperature changes are studied in Giorgi et

al. (1992), Rotach et al. (1997), Frei et al. (1998), Giorgi et al. (1998), for instance.

• Studies of floods and droughts or initial soil moisture anomalies can be found for instance

in Dirmeyer (1994), Giorgi et al. (1996), Paegle et al. (1996), Schär et al. (1999),
Seneviratne (1999), Bosilovich and Sun (1999).

• Vegetation changes are studied in Copeland et al. (1996) for the US, Pielke et al. (1999b)
for South Florida, Pielke et al. (1999a) for the US, Wang (1999) for China, see also next

section.

In the following section a summary is provided of results from studies of the third category for

the midlatitudes.

Studies on land-atmosphere interaction in midlatitudes

As stated above, very few studies are concerned with land-atmosphere interactions in mid-

latitudes, and especially over Europe. The following studies deal with vegetation changes in

midlatitudes:

a) Pielke et al. 1999b (LAM over the US),

b) Pielke et al. 1999a (LAM over the US),

c) Copeland et al. 1996 (LAM over the US),

d) Xue et al. 1996 (GCM focusing on the US), and

e) Reale 1996 (GCM focusing on Europe).

Other studies on land-atmosphere interactions in Europe focused on initial soil moisture per¬

turbations:

f) Schär et al. 1999 (LAM) and

g) Rowntree and Bolton 1983 (GCM).

Four of these studies (referenced in bold above) are relevant for the interpretation of the

present study, and are overviewed in Tables 1.2-1.5. Their experimental setups is described in

the following.
Pielke et al. 1999b (see Table 1.2) conduct simulations for July and August 1973 over

South Florida with a regional model. They alternatively use the 1900 (in the following referred

to as E00), 1973 (E73) and 1993 (E93) landscape and initialize soil moisture with a value
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at 40% of saturation at the surface, 60% at 0.5 m depth and 100% saturation in areas of

swamps or marsh. Extended woodland areas and surfaces covered by tall grass are mainly
occurring during the year 1900, while 1993 Is characterized by large agricultural patched areas

and remains of the tall grass covered surfaces They report drier and warmer surface conditions

in the simulation with the landscape of 1900

TABLE 1.2: Short overview of the results in Pielke et al. (1999b): regional simulations

over South Florida for July and August 1973, using the 1900 (E00), 1973 (E73) and

1993 (E93) landscape.

Earth surface Water cycle Energy cycle Circulation

2-months-time mean over LA 2~months accum over LA 2-months-time mean over LA

(Land Area) Precipitation Sensible heat flux

Maximum temperature 238 mm (E00) 76W/m2 (E00)
+0 4K (E73-E00) 216 mm (E73) 75 W m~ (E73)
+0 7K (E93-E00) 213 mm (E93) 81W/m2 (E93)

9% (E73-E00) Latent heat flux

-11% (E93-E00) 139 W'm2 (E00)
132 W m~ (E73)
123 W m2 (E93)

Copeland et al. (1996) conduct two regional simulations over the United States for July 1989.

The first integration uses current vegetation parameters (in the following referred to as CTRL)
and the second one their natural values (referred to as NAT), see Table 1.3. The CTRL run

gives wetter and warmer surface conditions than the NAT simulation. The induced changes
are however regionally very different as each region in their study is "unique in terms of its

landscape type and change". The western natural vegetation consists for instance of short

grass and its current state oftall cropland. On the other hand, the eastern vegetation changes
from forests in the natural state to cropland Note also that a single monthly integration
might be insufficient to capture the mean response, as a result of interannual variability.

Table 1.3: Short overview of the results in Copeland et al. (1996): regional simulations

over the United States for July 1989, using current vegetation parameters (CTRL) and

natural values (NAT).

Earth surface

Mean over July and EUS

(Eastern US)'
Temperature at 2 m,

296 4K (CTRL)
296 2K (NAT)
Mixing ratio at 2 m:

17 5 g/kg (CTRL)
17 3 g/kg (NAT)

Water cycle

Mean over July and EUS

Precipitation
1 65 mm d (CTRL)
1 53 mm,d (NAT)

Energy cycle

Mean over July and EUS

Increase of net radiation

2 W/m2 ~ 1% (CTRL-NAT)
Increase of sensible heat flux

5W rrr ~ 20% (CTRL-NAT)
Decrease of latent heat flux

-3 W/m2 - -2% (CTRL NAT)

Circulation

Mean over July and EUS

Wind speed at 2 m

1.6 m/s (CTRL)
1 3 m/s (NAT)

Reale 1996 (Table 1.4) conducts two ensembles of 4-months-long GCM experiments (June
until August). The first ensemble covers the years 1987, 1988, 1990, 1992 and 1993 of the

control run (CTRL), and the second the same years of the sensitivity experiments (ROM),
in which the vegetation from the Roman Classical Period is used around the Mediterranean,
and the modern vegetation in the rest of the world The vegetation changes mainly reflect

the anthropogenic deforestation around the Mediterranean Sea. In the sensitivity experiment
precipitation is significantly increased over the Sahel, the Sahara desert, the Nile Valley and the
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Atlas range. Over the Iberian peninsula, the signal is more variable but overall precipitation is

also enhanced (in July and August). Over Italy, Greece and western Turkey the change is much

weaker and of opposite sign. None of these land areas is however appropriately represented at

the employed GCM resolution.

TABLE 1.4: Short overview of the results in Reale (1996): global simulations for June

until August of the years 1987, 1988, 1990, 1992 and 1993 using current vegetation

parameters (CTRL) and the vegetation from the Roman Classical Period around the

Mediterranean Sea (ROM).

Earth surface Water cycle Energy cycle Circulation

Mean JAS ensemble averages Mean JAS ensemble averages Mean JAS ensemble domain Mean JAS ensemble averages

(order of magnitude): (order of magnitude): averages over Iberian penin¬ (order of magnitude):

Temperature: Evaporation: sula: Sea level pressure:

over parts of north Africa: over areas of Atlas range- Sensible heat flux: over parts of north Africa:

~1K (ROM-CTRL), ~+0.2 mm/d (ROM-CTRL), 30 W/m2 (CTRL) lmb (ROM-CTRL),
over parts of Europe: over parts of central Mediter¬ 28W/m2 (ROM) over Iberian peninsula;
~0.5K (ROM-CTRL). ranean. Latent heat flux: ~~0.5mb (ROM-CTRL),

~-0.2mm/d (ROM-CTRL). 111 W/m2 (CTRL) over parts of central Europe:

Precipitation 112 W/m2 (ROM) Omb (ROM-CTRL).
over areas of Atlas range Net short-wave radiation:

and parts of Iberian peninsula: 247 W/m2 (CTRL)
~+0.3mm/d (ROM-CTRL), 247W/m2 (ROM)
over areas of central Europe: Net long-wave radiation:

• 0.3mm/d (ROM-CTRL), 70W/m2 (CTRL)
P-E: 66W/m2 (ROM)
over areas of Atlas range:

~+0.1 mm/d (ROM-CTRL),
over areas of Iberian peninsula
~+0.2 mm/d (ROM-CTRL),
over most of central Mediter¬

ranean:

~-0.2mm/d (ROM-CTRL).

See also domain averages over

Iberian peninsula (month with

the strongest increase in pre¬

cipitation):
aug 87: 1.7 mm''d ~ 45%

(ROM-CTRL)
Jul 88: 1.2mm/d ~ 44%

(ROM-CTRL)
jun 90: 0.3 mm/d ~ 11%

(ROM-CTRL)
Jul 92: 1,5 mm/d ~ 50%

(ROM-CTRL)
aug 93: 1.1 mm/d ~ 39%

(ROM-CTRL)

Schär et al. 1999 (see Table 1.5) conduct month-long July simulations of the years 1990 and

1993 with a regional model covering Europe and part of the Atlantic. They compare three

simulations: the CTRL run, and a DRY (WET) experiment, initialized with half (twice) the

soil moisture content of the CTRL run. They find a significant positive feedback between soil

moisture and precipitation, especially in the Mediterranean region, and use the experiments to

analyze the underlying mechanisms.
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Table 1.5: Short overview of the results in Schar et al. (1999): regional simulations

over Europe for July 1990 and 1993, initializing the experiments with half (DRY) and

twice (WET) the soil moisture content of the control run (CTRL)

Earth surface

July mean over France at

Water cycle

July mean over F (1990)

Energy cycle Circulation

July mean over F at 12 UTC

12 UTC (1990) Evaporation (1990)
Temperature at 2 m 9mm/d (DRY) Bowen ratio

29 2°C (DRY) 67 mm/d (CTRL) -10 33 (DRY)
24 7°C (CTRL) 98 mm/d (WET) -0 64 (WET)
22 0°C (WET) Precipitation Sensible heat flux

9 mm/d (DRY) - 310W/m2 (DRY)
--160 W/m2 (WET)July mean over F at 12 UTC

(1990)
20 mm/d (CTRL)
33 mm/d (WET)

Monthly change (July)

Latent heat flux
Relative humidity at 1000 hPa

25% (DRY)
60 % (WET)

--30W/m2 (DRY)
^--250 W/m2 (WET)

over F (1990) Net surface radiation

Soil moisture loss -490W/m2 (DRY)
-Omm/d (DRY) ~-500W/m2 (WET)
-50 mm/d (CTRL) Net surf, short-wave radiation

-90 mm/d (WET) -630 W/m2 (DRY)
-580W/m2 (WET)
Net surf, long-wave radiation

~-140W/m2 (DRY)
--80 W/m2 (WET)

1.3 Aims and outline of this study

The understanding of the processes at the land surface is of importance for the issues of

climate change, atmospheric predictability and the natural variability of the climate system.

This study is motivated by the significant anthropogenic deforestation of the Mediterranean

region during the last 2000 years and aims at contributing to assess the effects and to improve
the physical understanding of European-scale climate-vegetation interactions. Several regional
studies (see section 1.2) deal with vegetation changes, but focus on the US. Reale (1996), on

the other hand, studies the effect of anthropogenic deforestation of the Mediterranean region,
but uses a GCM. Here a regional study is conducted over Europe, using a similar approach to

that in Schär et al. (1999), who showed that the LAM approach is able to detect the effects

of land surface anomalies. However, instead of imposing an initial soil moisture anomaly, the

vegetation parameters are modified in this study An ensemble of 6 seasonal simulations (each
from April 1st until August 31st) of the years 1987 until 1992 with the actual vegetation
distribution (CTRL) is compared against an ensemble of 6 sensitivity experiments with the

potential vegetation distribution (POT) The atmospheric variations over the years are large,
and the study of the mean of several years increases the statistical significance of the results

The regional climate model utilized has been derived from the "Europa-Modell" (EM)
of the German Weather Service (Lüthi et al. 1996). For both simulations, initial and lat¬

eral boundary conditions are provided by the European Center for Medium-Range Weather

Forecasts (ECMWF) reanalysis data (which will be described in section 2.2), so that both

ensembles are characterized by a similar synoptic-scale development but different conditions

at the land surface. The actual vegetation parameters are based on satellite measurements

(see chapter 3). The computed potential vegetation (chapter 3) is in equilibrium with the

actual climate and can be considered as an approximation to what it could be nowadays if

it had not been modified by human activities in the past. From the Roman Classical Period
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onwards, humans started intensely cutting down large parts of the Mediterranean forests for

wood demand and agricultural practices, severely depleting the natural resources of these re¬

gions as discussed at the beginning of this chapter. The potential vegetation calculated in this

way can however only approximately describe the past vegetation, as the large-scale circulation

certainly changed over the last 2000 years implying different climatic conditions (Brovkin et

al. 1998).
The results of the experiments are averaged over all 6 years and analyzed with special focus

on the water cycle and the surface energy budget, two intimately related components of the

climate system (see section 1.1). Evapotranspiration, which represents the link between both

cycles, is strongly controlled by vegetation. The focus is placed on the Mediterranean region,
where vegetation changes and the atmospheric sensitivity to the land surface are largest.
Domain averages are computed for Spain which is regarded as representative for the behavior

of the Mediterranean region. The effect of vegetation on precipitation is a central part of this

work and is studied in association with the planetary boundary layer structure, the vertical

atmospheric stratification, and the tendency for convective instability.
The work is organized in the following way: The model and the validation data sets are

presented in chapter 2. Chapter 3 describes the actual and potential vegetation parameters.

A brief validation of the control run follows in chapter 4 and the results of the experiments

are analyzed in chapter 5. Conclusions are given in chapter 6.



2. The climate model

This chapter describes some general characteristics of the limited area model used for the

regional climate simulations. It then explains the data sets for initialization and validation of

the simulations and concludes with an overview of the model's land surface scheme, which

plays a key role in the present study

2.1 The "Europa-Modell"

The numerical simulations are performed with the so-called "Europa-Modell" (EM), the oper¬

ational weather prediction model of the German Weather Service (DWD 1995) for the period
1991-1999. A slightly modified version was developed for use in climate integrations (Lüthi et

al. 1996). This meso-a-scale limited area model operates on a rotated latitude/longitude grid
with a horizontal resolution of 0 5^ (~56km) The rotated coordinates are chosen in such

a way, that the rotated equator runs through the center of the integration domain Hybrid
vertical coordinates are used, the surfaces of which follow the terrain near the ground, and

gradually switch to pressure levels with height 20 vertical levels are used in this study and

the integration domain encompasses Europe, the Mediterranean Sea and the North Atlantic

ocean. The domain is shown in Fig 2 1, together with the model's orography and the analysis
subdomains. Note that the Alpine ridge is very well represented, and reaches up to nearly

FlG. 2.1: Integration domain and model orography [m] for the current experiments
Indicated are also the analysis subdomams SPA (Spam), FRA (France), CZE (central
Europe), SWE (Sweden) and EU (the whole integration domain minus 8 relaxation

points on each side)

20
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2500 m. A rigid lid boundary condition is employed at the top of the model domain. The

model is based on the hydrostatic set of primitive equations, with the following prognostic
variables: surface pressure, horizontal wind components, total heat (enthalpy and latent heat

of condensation) and total water content (specific water vapor content and cloud water). Tem¬

perature, specific water vapor content and cloud water can then be determined diagnostically.
The parameterized physical processes include

• a land surface scheme comprising a soil model with two layers for the heat (surface
temperature) and three layers for the water budget (surface évapotranspiration) as in

Jacobsen and Heise (1982) and Dickinson (1984), respectively, as well as a vegetation
representation at the ground level, and a simple snow scheme,

• a vertical diffusion scheme of the turbulent fluxes (within the boundary layer) which is

based on a flux-gradient approach (Mellor and Yamada 1974, Level 2, where the vertical

exchange coefficients are based on a second-order closure with a diagnostic equation
for the turbulent kinetic energy) and is replaced by a bulk approach in the surface layer

(Louis et al. 1982).

• grid-scale cloud mlcrophysics of Kessler-type,

• a mass-flux scheme for moist convection (Tledtke 1989),

• a radiative transfer package (Ritter and Geleyn 1992), and

• a fourth-order horizontal diffusion scheme.

Previous month-long simulations (driven by analysis fields) have proved that the model can

closely reproduce the observed monthly mean dynamical and thermodynamical fields (Liithi
et al. 1996). The model was used in several studies as for instance in Frei et al. (1998)
and Fukutome et al. (1999), who showed that it realistically represents European fall and

Japanese winter climate, respectively. It is found that the model bias is substantially smaller

than the typical year-to-year variations. The representation of summertime precipitation is less

accurate, as it is mainly of convective nature and hence fully parameterized. Its complexity
is due to the interplay of a multitude of processes, ranging from cloud feedback mechanisms

to processes in the planetary boundary layer and at the land surface. Model biases of seven

different European limited area models, including the EM, with special focus on the defects of

their physical parameterizations in association with surface processes in summer, and radiation

in summer and winter, are discussed in Christensen et al. (1997). Note that the model was

also used for daily weather prediction at the German Weather Service from 1991 to 1999.

In distinction to this operational weather forecasting version, the implementation utilized

for the current study includes:

1. a land surface scheme with a more complex formulation of évapotranspiration based on

the approach used in the Biosphere Atmosphere Transfer Scheme (Dickinson 1984),

2. a satellite-derived vegetation data set, and a geographical rooting depth distribution

(dependent on the vegetation type),

3. a different vertical distribution of layers in the soil,

4. technical adjustments to enable extended integrations (e.g. filename conventions, etc.).
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The land surface scheme is described in section 2 3 and the methodology for deriving the

vegetation parameters in chapter 3

2.2 Data sets for initialization and validation

Except for soil moisture, the model is initialized with the European Center for Medium-Range
Weather Forecasts (ECMWF) reanalysis fields (Gibson et al 1997) interpolated onto the EM

model grid1 and is relaxed at its lateral boundaries (Davies 1976) with 6 h intervals to the

reanalysis fields ECMWF reanalyses provide a consistent data set using the assimilation

technique which was operational at ECMWF in 1993 and the Tl06/31-levels global spectral
model

Soil moisture is initialized with the National Center for Environmental Prediction (NCEP)
reanalysis data set (T62/28-level global spectral model Kalnay et al 1996) Soil moisture is

completely determined by the model (the soil scheme is based on Pan and Mahrt 1987) and

must thus be interpreted with caution Betts et al (1996b) compare the diurnal and seasonal

cycles of the surface energy budget and boundary layer of this data set with observational FIFE

(First ISLSCP (International Satellite Land Surface Climatology Project) Field Experiment)
data The surface fluxes (of upward latent and downward sensible heat flux) are generally too

large at night as the transfer coefficient are too large The soil moisture reservoir does not

recharge even after heavy rainfall which could be due to an unsufficient number of soil layers

(two within two meters of soil) to represent the intermediate timescale of a week

In this study, the simulated precipitation fields are validated against daily rain gauge totals

at ~1350 stations spread over the land areas of the integration domain with the exception of

its eastern part (missing data) The data is not corrected for wind wetting and evaporation
The procedure to analyze the observed data on the model domain is discussed in Luthi et al

(1996) In the following the analyzed precipitation data will be referred to as OBS

2.3 The land surface scheme

The land surface scheme of the EM computes surface temperature and surface évapotranspi¬

ration, which constitute lower boundary conditions for the atmospheric part Surface temper¬
ature is required for the computation of surface radiation and the sensible heat flux Surface

évapotranspiration determines the surface specific humidity and the latent heat flux Tem¬

perature is computed by solving the equation of heat conduction in an optimized two-layer
model (Jacobsen and Heise 1982) and the computation of the évapotranspiration rate is based

upon a simplified formulation according to Dickinson 1984 (modified version of the Biosphere
Atmosphere Transfer Scheme BATS) and vertical water movements in the soil are determined

from the Darcy equation

The land surface scheme needs thermal and hydraulic parameters (heat capacity and ther¬

mal conductivity hydraulic diffusivity and conductivity) as well as parameters describing soil

moisture storage capacity which depend on the soil type Nine soil types are distinguished as

interpolation of the initial fields differs for land and sea grid points Soil moisture and soil temperature are

not only derived from the NCEP (see later) and the ECMWF reanalysis fields respectively but also adjusted to

the different soil types and soil layer depths of the EM In contrast sea surface temperature is solely prescribed
by the reanalysis fields
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shown in Fig 2 2 Data source is the FAO (United Nations Food and Agriculture Organiza¬
tion) global soil map (DWD 1995) The parameters describing soil moisture storage capacity

Fig 2 2 Soil types as used m the Europa Modell Ice (1) rock (2), sand (3), sandy
loam (4), loam (5) loamy clay (6) clay (7) peat (8) and water (9)

are given in Table 2 1 and represent the volumetric soil moisture content [mH>0/msoil]
The air dryness point (ADP) and the pore volume (PV) are the minimum and maximum soil

moisture contents of a layer The permanent wilting point is the lowest soil moisture content

for plants to transpire and the field capacity limits the increase of a layers moisture content

due to capillary rise from the layer below (and thus also limits evaporation) Note that the

northern regions are rather characterized by sandy soils and central and southern Europe by
loamy soil types The maximum soil moisture content (PV) for sandy soils (36%) is smaller

than that of loamy soils (46%) and the permanent wilting point is also smaller for sandy
types (4%) compared to loamy types (11%) The maximum absolute soil moisture content in

the Mediterranean region is larger than in northern Europe and the total soil moisture amount

available for transpiration also (even though the permanent wilting point is reached sooner)
As this work concentrates on midlatitude summertime snow processes will not be discussed in

the following Note that as in most of the land surface parameterizations heat and moisture

rvBtr 2 1 Parameters [m/m] describing soil moisture storage capacities and properties
relating to evaporation and transpiration of the different soil types

Soil type ice

1

rock

2

sand

3

sandy loam

4

loam loamy clay
5

!
6

clay
7

peat

8

Air dryness pnt (ADP)
Pore volume (PV)
Perm wilting pnt (PWP)
Field capacity (FC)

0 012

0 364

0 042

0 196

0 030

0 445

0 100

0 260

0 035

0 455

0 110

0 340

0 060

0 475

0 185

0 370

0 065

0 507

0 257

0 463

0 098

0 863

0 265

0 763
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transports in the soil are decoupled. Therefore, the thermal and hydrological parts can be

described separately (see also Beroud 1999).

Thermal section

The following equations, which are discretized Fourier laws of diffusion, describe the heat fluxes

between the different soil layers using the layer mean temperature. The vertical discretization

employs 3 temperature variables (see Fig. 2.3) and their location below the surface changes
with time according to the extended force-restore method (Jacobsen and Heise 1982). All

fluxes directed downwards are counted positive.

(p-C)- Azs |t- (-'-0-^) - G - GM (2.1)

(P C) AzM • | (^-^) - G u
- Gu (2.2)

With:

Ts the surface soil temperature,

Tm the soil temperature at the interface between layer 1 and 2,

Tu the climatological lower boundary temperature,

p- C the volumetric soil heat capacity,

Azs (AzM) the (variable) thickness of soil layer 1 (2),
G the atmospheric forcing,

Gm the heat flux between layer 1 and 2, and

Gu the heat flux between layer 2 and the climatological soil layer.

Thermal conductivity and heat capacity are parameterized dependent on an average soil mois¬

ture value (DWD 1995). The variables are also shown in Fig. 2.3 b. The top boundary
condition, i.e. the atmospheric forcing G is given by the sum of the net surface radiation and

the sensible and latent heat fluxes at the surface. The bottom boundary condition is specified
as a heat reservoir of Infinite capacity, ~~

- 0. The fluxes Gm and Gu are given by the

extended force-restore method (Jacobsen and Heise 1982). The system is then solved in a

semi-implicit way for surface temperature. The following drawbacks of the extended force-

restore method can be identified (Beroud 1999). The soil discretization is limited to two layers,
and the temperature Ts- is completely decoupled from the vegetation, and reacts very quickly
to solar radiation.

Note that the 2 m temperature and dew point are not predictive model variables, but

determined from the values at the earth surface and in the lowest atmospheric level (~32 m
above ground) and transfer functions depending on the stability of the atmosphere, using the

theory of Monin-Obukhov (Louis et al. 1982).

Hydrological section

The forecast equations for the moisture content in the interception store («;,) and in the

3 active soil layers (u\, w-2 and ic^A are given in Eq. 2.3-2.5. The layer thicknesses are

Azi = 2 cm, Az2 = 8 cm and A^ = 190 cm. Note that the lowest layer (4th layer) is a

passive climatological layer. All fluxes which are directed downwards are counted positive.

pw-C-^- = P + r, PE ~~ Rt - INFIL (2.3)
at



2.3. THE LAND SURFACE SCHEME 25
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FlG. 2.3: Structure of the land surface scheme grid as used for the thermal (a) and hy¬

drological (b) processes. All fluxes directed downwards are counted positive Description
of the variables, see definitions for formulas 2.1, 2.2, 2 3, 2 4 and 2.5.

Pw Azx

Pw A; k '

where

Pw

r,

w,

wk(k = 1,3)
Azk (k - 1, 3)
P

PE

EV

TRk(k = L,3)

i?*(fc-1.3)
INFIL

FLk{k=-- 1,3)

du'i

dt~

- (1 - r/) • (£V -r TR1) - Ri + INFIL + FL2 (2.4)

-= (1 - rt) TRk - Rh -P FLk + {
- FLk, k = 2 and 3, (2 5)

the density of water,

the wet fraction of the grid element,

the moisture content of interception storage,

the volumetric soil moisture content of layer k [mHjO/msoil
the depth of layer k,

precipitation,

potential evaporation,

evaporation

transpiration by plants from layer A',

runoff from the interception store,

runoff from layer k,

infiltration, and

water exchange between the layers k - 1 and k.

The variables are also shown in Fig. 2.3 a and the related processes discussed in the following:
Evaporation of interception water, infiltration from the interception reservoir and of precip¬
itation, bare soil evaporation and transpiration by plants, percolation and capillary rise are

described. Surface and groundwater runoff are discussed in combination with these processes.

Interception water partly evaporates and (if Ts > 0°C) partly infiltrates together with
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precipitation water into the soil (see below). Evaporation from the interception reservoir

occurs at the potential rate, r7- • PE, which represents the amount of water evaporated per unit

area and unit time from an idealized extensive free water surface under existing atmospheric
conditions (Shuttleworth 1993).

PE = pa On Aq. (2.6)

where Aq denotes the specific humidity difference between the lowest model level air and the

saturation value at Ts and p, (surface pressure), On the heat transfer coefficient (which is

computed in the surface layer formulation of the model) times the horizontal wind speed at

the lowest model level, and p0 the surface air density2. (The wet fraction of the grid element

r? is computed from the water content of the interception store.)

Infiltration from the interception reservoir and of precipitation are parameterized accord¬

ing to (a) and (b), respectively:

a) w>^. êhli where w[ is the content of the reservoir reduced by PE, and r;ft = 1000 s denotes

the infiltration constant (which must be larger than twice the time step St — 300 s for

numerical stability of the algorithm).

b) (1 — a) -P, where a — Jl — -^— and w, mnr
Is the sum of the storage capacity of the

unvegetated surface iukmb * (J- — at) ar)d of the vegetated area uo^mb
'

c"/ LAI, with

LAI the leaf area index, aj the fractional vegetation coverage, and iukmb =- 0.5 mm

the storage capacity of one leaf area. Large LAI values imply large capacities, a close

to 1, and accordingly little infiltration. Eventually o is modified in such a way that the

interception content cannot decrease (while It is raining).

Finally the total infiltration rate is given by

TNFIL = mm(/AW ir', — + (1 - o) • P), (2.7)

with lNmox the maximum infiltration rate, depending on the soil moisture content of the

uppermost layer, vegetation coverage and some soil type dependent hydraulic parameters

(DWD 1995). If the sum of the infiltration of interception and of precipitation water is larger
than the maximum infiltration rate, then the difference contributes to surface runoff. If the

new content of the interception reservoir is larger than its maximum content, surface runoff

is further increased.

Evapotranspiration is computed according to a simplified formulation of the BATS version

(Dickinson 1984)3. First a description of the parameterization of evaporation then of tran¬

spiration in the EM land surface scheme is given. Evaporation is only computed over the

unvegetated and dry (1 — r,) part of the grid box. (Evaporation from the wet fraction corre¬

sponds to the evaporation from the interception store (see above) and evaporation from the

2l\lote that in order to be consistent with the évapotranspiration formulation (see below), potential evapo¬

ration should also be parameterized according to a Penman-Monteith combination formula. The use of Eq. 2 6

completely neglects the dependence on the surface energy balance, and only takes into account the capacity
of the air (saturation deficit of the atmosphere)

3The implementation of this formulation into the "Europa-Modell" is due to Dr Erdmann Heise (German
Weather Service)
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vegetated areas is represented by transpiration by plants, see below.) The evaporation rate

(EV) is equal to the minimum of potential evaporation (PE) and maximum soil moisture

flux through the surface that the soil can sustain (Fm)\

EY = mm(PE<Fm). (2 8)

By solving the diffusion equation for soil moisture by standard numerical procedures, Dickinson

(1984) developed an empirical parameterization of the diffusion rate:

Fm^CK-D.—^--, (2.9)
\/AznAzu

where

~ Mii±M2±t>i2.^ average soil moisture in the active soil layer divided by the pore volume (PVa EV 3

Aza the depth of the active layer, and

Aza the depth of the uppermost soil layer.

Ck denotes a constant value which depends on soil type, and D depends on both water content

and soil type.

If part of the grid box is covered with vegetation and the soil temperature above freezing,

transpiration is computed for the dry part (1 - r,) of the canopy according to a Penman-

Monteith combination formula (Dickinson 1984). With the assumption that heat and moisture

fluxes between the ground and the foliage vanish, implying zero temperature and moisture

differences, total transpiration equals:

Rs/L + paf^-BeAq
TR =

-JL„_JA\<\rLr_t_± (2.10)
1 _1_

( 1
- C l C F D

' V '

where

Rs net radiation at the surface.

L latent heat of vaporization,

pa density of air.

Be = Cp/L(dqsatdT)~ , equilibrium Bowen ratio using temperature values at 2 m, and

Aq saturation deficit of the air at 2 m (the difference between saturation specific humidity
and ambient specific humidity),

This formula is the sum of two terms which depend on the surface energy budget (ex Rs/L) and

the capacity of the air (oc Aq), respectively. The bulk transfer coefficients are parameterized

according to the following formulas.

• The transfer coefficient between the canopy and the free atmosphere (Ca) is proportional
to On, the transfer coefficient for heat times the wind speed at the lowest model level

(computed in the surface layer formulation of the model).

• The coefficient between the surface of the leaves and the canopy air equals Cp —

LAI -r/al, where rh[ rx. (Cm A'ab,)1 \ 0\[ the transfer coefficient for moisture (surface
layer formulation) times the wind speed at the lowest model level and Vo6s the wind

speed at 10m.
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The transfer coefficient across the leaves is equal to CV = r' O'f, and r' — —nf—, with

r, the stomatal resistance.
'S

A large stomatal resistance (r' --> 0) implies Ci •= 0, very large values of the denominator

in Eq. 2.10, and TR —> 0. On the other hand, a small stomatal resistance (r' —> 1) implies

cy — cp-, the denominator equals 1 + Be and TR amounts to some finite value. Furthermore,

TR = 0 for saturated conditions (Aq = 0), and /z 'J^C; (in the nominator of Eq. 2.10) is a

monotonie function of LAI, as CV = LAI rfa[.
The stomatal resistance is a function of radiation, soil moisture, temperature and specific

humidity, and is smallest (optimum transpiration conditions) when the F-functions take the

value 1 and largest when 0:

1\ — rmai ' V mm
~

rmai ){-'' ' ad L ^m
L
temp -f hum) K^-^^J

The following relations are used:

• Frad ^ max (o. min(l,PAR/PARcrit

• Fsm =- max(o. min (l. -^^gLT^

•
Ftemn

= max 0. min f
1.4 ^J^.(F24-JX

temp
-

i^-y.
mm

^-
*

(77;j=70"?"

* "hum — C

where PAR is the photosynthetically active radiation (0 4//m to 0.7/tm), and w represents
the average soil moisture in the rooting zone (u'i -RDi/RD + vjo RD2/RD + w:y RDJRD,
with RDk the rooting depth in the A'-th layer and RD the total rooting depth). PWP and

FC are given in Table 2.1 The constant values are set as follows:

rm,n - L00s/m,
rmax -- 4000 s/m,
PARc1lt = 100 W/m2,
Cfc = 0.75.

TLnd = 40°C and

T0 - 0°C.

If PAR > PARCII, or id > 0.75 • FC, then Fuul = Fsm - 1, and stomatal resistance is

smallest. Furthermore, if TV = T{) or 7\ - Tend then F,emp — 0, and for T5 = 20°C Ffemp — 1

(optimum conditions).
Transpiration is then multiplied with the total rooting depth and the minimum between

the latter and potential evaporation is taken. The computed (total) value is then partitioned
between the 3 layers according to the corresponding rooted fraction in each layer (total transpi¬
ration is multiplied by RDk/RD, k — 1.3) and made consistent with the maximum available

water content of the layer,

TRAM AX = maxfo. (ick - PWP) Azk p„ /26i), k =- 1, 3, (2.12)
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and 5t denotes the time step. Transpiration can thus only occur when soil moisture of the

considered layer is larger than PWP. The maximum (layer) value is further reduced by the

amount of moisture used for evaporation4.

Percolation and capillary rise (T\/ > 0°C) are computed according to Darcy's law:

FLk+i - Prv f Dw(vjnor) ^r-z ,

?'+J——-r
T
- A"I(.(wnor) ), k = 1, 3. (2.13)

V Q.o- (Azk + Azk+]) J

For the computation of Dw(w„or) resp. Kw(wtwr), the hydraulic diffusivity resp. the hydraulic

conductivity, a weighted average moisture content of layer k and layer k+1, normalized between

ADP and PV is used (see DWD (1995) for further details). The following conditions are

then applied:

• The flux FLi is equal to —INFIL.

• The flux from layer 1 into layer 2 must not exceed the (actual) infiltration rate.

• The downward flux out of each layer in one time step is limited to 10% of PV. (The
upward flux is limited by FC, see below.)

• The flux FL4 (climatological layer) is (in a first step) set to zero.

The moisture change due to percolation and capillary rise in layer k (k = 1,3) is thus given

by

AFLk = FLk.i-FLk, (2.14)

with respect to the above mentioned conditions. If it is positive (the flux would increase the

layer's moisture content) and if the moisture content of the layer would become higher than

FC, Rfc.k = fyz% AFI/, (k - 1.3) is added to the runoff of that layer and AFLk is

reduced by the corresponding amount. This new value is compared to PV and ADP, and

corrected in order that it lies in-between, by either increasing the runoff (Rpv,k, k = 1.3)
or artificially adding moisture from one layer below (this is the only time that moisture can

originate from the climatological layer, increasing the content of the third layer, but leaving
its own content unchanged). Surface runoff is then the sum of Rk, R{ = Rfc,v + Rpv.i ar>d

R2 = Rfr,2 + Rpv,2, and groundwater runoff the sum of RfCA and Rpv.s. The final soil moisture

budget can then be computed.

Surface temperature and surface évapotranspiration are now specified, and can be used to

compute surface radiation, surface specific humidity and the sensible and latent heat fluxes.

Note that to derive the turbulent fluxes at the earth surface, the transfer coefficients for

heat Ch and momentum Cm are needed. The method by Louis et al. (1982) relates these

coefficients to a function of the roughness of the underlying surface, the height of the Prandtl

layer (the lowest layer), and the thermodynamic stability (described by the bulk Richardson

number), times the transfer coefficients for neutral stability and the horizontal wind speed at

the lowest model level (DWD 1995).

4Evaporation empties the soil starting from the surface. That means, that if evaporation would for instance

need more water than the first layer's TRAmax, the moisture of the surface layer and part of the second

layer would first completely evaporate. No transpiration would occur from the surface layer, and transpiration
from the second layer would be limited by the maximum layer value minus the evaporation from the second

layer.



3. Vegetation data

In this chapter the actual and the potential vegetation data sets used in the control and

sensitivity experiment, respectively, are presented. The data sets for the actual vegetation
have been previously described in Heck et al. (1998). The parameters are the vegetation type,
the leaf area index LAI, the fractional vegetation coverage 07 and the rooting depth RD

(see section 1.1 for a definition of LAI and 07). LAI and Of are given with a monthly
resolution, whereas the vegetation type and RD are constant throughout the year. The actual

vegetation distribution has been derived from satellite data evaluated during the International

Land Surface Climatology Project (ISLSCP) and replaces the former data set of the German

Weather Service (DWD 1995). Potential vegetation is based upon the output of BIOME3, an

equilibrium terrestrial biosphere model (Haxeltine and Prentice 1996). Firstly the vegetation

type, the leaf area index and the fractional vegetation coverage are presented for the actual

and the potential vegetation, followed by a description of rooting depths in both distributions.

The section is concluded with a brief overview of albedo and roughness length.

3.1 Type, leaf area index and fractional coverage

The information concerning the ISLSCP data set originates from the documentation on CD-

ROM (see Sellers et al. 1995 and Meeson et al. 1995) and from Sellers et al. (1996b). To

identify vegetation types or to infer different properties of the vegetation, as the leaf area index,
the advanced very high resolution radiometer (AVHRR) data from meteorological satellites are

used. The photosynthetlc activity of plants is remotely detected, on the observation that

green leaves absorb more than 85% of the incoming solar radiation in the visible part of the

spectrum and less than 40% in the near-infrared (Fung 1997). Hence, the difference of the

reflectance in the near-infrared (NIR, 0.7-4 pm) and in the visible part of the spectrum (VIS,
0.4-0.7pm) is large for green vegetation, and small for bare soil. A commonly used vegetation
index to describe the photosynthetic activity of plants, which relates to the seasonal variation

of vegetation, is thus the normalized difference vegetation index (NIAN):

NDVI^âxv§ e-1'

The assumption that different vegetation types are associated with different phenological char¬

acteristics is used in determining the vegetation types from the NDVI (using monthly com¬

posites from 1987 averaged on a global Ie x 1° grid). Leaf area indices on the other hand are

determined from the global FPAR (fraction of photosynthetically active radiation absorbed by
the green portion of the vegetation canopy) data set (see CD-ROM), from the vegetation type
classification and a look-up table, which attributes a minimum and maximum leaf area index

to each vegetation type. The FPAR distribution is global (1° x L°) and ranges from January
1987 until December 1988. If FPAR — 0.95, then the maximum value for the leaf area index

for the particular type of vegetation is attributed, and if FEAR — O.OOi the minimum LAI is

taken. The values in-between are computed on the assumption that the relationship between

30
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FEAR and LAI is exponential for vegetation evenly distributed over a surface, and linear for

vegetation concentrated in clusters

Computation of parameters for the "Europa-Modell" based on the ISLSCP data

The simplified Dickinson-formulation (Dickinson 1984) of évapotranspiration, as currently

implemented in the "Europa-Modell", requires both the fractional vegetation coverage and

the leaf area index (see section 2.3). As the former field is not available from the ISLSCP

data set, it is derived according to the procedure described in the following. The ISLSCP

vegetation type is first resampled onto the "Europa-Modell" grid. The leaf area index and

the fractional vegetation coverage (also from the ISLSCP) are then interpolated onto the

grid, adjusted to the model's land/sea mask, and used to determine the fractional vegetation

coverage according to the following principles

1. Minimum and maximum seasonal values rrfjmn and ojmax of the fractional vegetation

coverage are given for each vegetation type in a look-up table (Dickinson et al. 1993).
As the vegetation classification in Dickinson et al. (1993) are different from the ISLSCP

classes, an additional attribution was made between both classes. The relationship and

the attribution are both given in Heck et al. (1998)

2. The seasonal variation of 07 is in a first step determined from that of the leaf area index

of the ISLSCP data set

°! = °f mm -t- (<7f,rna% " Vfmin) ' Y (3-2)
LAIjST sc'P

~~ LAIiSLSCFmm
/„ 0xand x _-

. (3.3)
J-'AliSLSLPmai ~ J ^"u EM SC P mm

3. It is then adjusted to the topographic height as in the former German Weather Service

data set (DWD 1995) and is multiplied by the factor:

exp(-l-l(T9-$s2) (3.4)
with <t>s = g z,, (3.5)

with zs, the elevation of the earth's surface. This factor equals 1/2 for zs ~ 2700 m.

This additional adjustment appears useful to correct for the unrealistically weak topo¬

graphic signature in the LAIj^hicp fields (see point 4).

4. Finally, LAIISlscp is divided by 07 to obtain a leaf area index related to the vegetated
fraction of the grid cell as required by the model's formulation.

In comparison to the former data set from the German Weather Service this new data set

appears to be of higher quality and removes some unrealistic features such as the stipulated
seasonal cycle (DWD 1995). Rösch (1999) also finds improvements in global simulations for 10

years when using ISLSCP derived leaf area index distributions, especially over western Europe
where the summer dryness is significantly reduced The data sets must still be regarded as

preliminary, as the spatial and temporal resolution of the satellite data, the time period of

data gathering, as well as the classification algorithms could be improved. A more detailed

discussion of this data set in comparison to the former one as well as an analysis of month-long
July integration with both data sets can be found in Heck et al (1998) In the rest of this
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thesis, the above described satellite derived data set is referred to as the actual vegetation. It

replaces completely the German Weather Service data set.

The actual vegetation type and the actual leaf area index are discussed together with their

potential values at the end of the next section. The derivation of rooting depth is discussed

in section 3.2, and albedo and roughness length are briefly overviewed in section 3.3

Table 3.1: Attribution of the potential vegetation types to the actual types (ISLSCP).
The potential types "tropical evergreen forest" (1), "tropical semi-deciduous forest" (2),
"tropical deciduous forest/woodland" (3), "temperate broadleaf evergreen forest" (4),
"deciduous taiga/montane forest" (11), "tropical grassland" (15) and "cushion forb

lichen moss tundra" (22) do not occur in the integration domain. As "tropical savanna"

(12) has no correspondent type in the actual vegetation, the types corresponding to

"temperate sclerophyll woodland" (13) were taken instead (which is the closest grid
point in the potential vegetation distribution) The actual types "broadleaf evergreen

forest" (1), "wooded grassland c4" (6,8) and "grassland c4" (7) do not occur within

the integration domain, and n"12 ("cultivation") has no corresponding potential type.

Vegetation type in BIOME3

temperate deciduous forest (5)

temperate conifer forest (6)
warm mixed forest (7)
cool mixed forest (8)

cold mixed forest (9)

evergreen taiga/montane forest (10)
tropical savanna (12)
temperate sclerophyll woodland (13)
temperate woodland (14)
temperate grassland (16)
desert, shrubland and steppe (17)
steppe tundra (18)
shrub tundra (19)
dwarf shrub tundra (20)
prostrate shrub tundra (21)
barren (23)
land ice (24)

Actual vegetation type

broadleaf deciduous forest and woodland (2) /
broadleaf deciduous forest, woodland and

mixed coniferous (3)
woodland and coniferous forest (4)
broadleaf deciduous forest and woodland (2)
broadleaf deciduous forest, woodland and

mixed coniferous (3) /
woodland and coniferous forest (4) /
high latitude deciduous forest and woodland (5)

broadleaf deciduous forest, woodland and

mixed coniferous (3) /
woodland and coniferous forest (4) /
high latitude deciduous forest and woodland (5)

woodland and coniferous forest (4)
c3 wooded grassland (14) / c3 grassland (15)
c3 wooded grassland (14) / c3 grassland (15)
c3 wooded grassland (14) / c3 grassland (15)
c3 wooded grassland (14) / c3 grassland (15)
shrubs and bare ground (9) / desert and bare ground (11)
tundra (10)
tundra (10)
tundra (10)
tundra (10)
shrubs and bare ground (9) / desert and bare ground (11)
ice (13)

Potential vegetation

Potential vegetation types are computed with BIOME3 (Haxeltine and Prentice 1996), which

uses soil texture and monthly climate (temperature, precipitation and sunshine duration) on

a 0.5° grid as input variables. Ecophysiological constraints determine which plant functional

types (PFT) may potentially occur. Competition between PFTs favors the type with the

highest optimal net primary production, with additional rules to simulate the dynamical equi-
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librium between natural disturbances and succession driven by light competition (Haxeltine
and Prentice 1996). The results of the BIOME3 computation were provided by Jed Kaplan
(Lund University).

Once the potential vegetation types (output of BIOME3) are mapped onto the "Europa-
Modell" grid, and adjusted to the model's land/sea mask, they are used to determine the

potential leaf area index as follows. For each grid point the potential vegetation type is

determined. Then the four closest points with the corresponding type are searched in the

actual vegetation map, and their leaf area index averaged and used as the potential value for

this grid point. To this end an attribution of BIOME3 vegetation types to the actual types is

used (see Table 3.1)1. The seasonal variation of the fractional vegetation coverage is derived

in complete analogy to the procedure used for the actual vegetation distribution (see Eq. 3.2).
Fig. 3.1 shows the actual and the potential vegetation types, which will be referred to as

CTRL and POT in the following, as they represent the vegetation used in the control and the

sensitivity experiment. In northern Europe both distributions are characterized by some forest-

Fig. 3.1: Actual (a) and potential (b) vegetation types. Note that the legend is different

in both distributions (see Table 3.1) and includes only the occurring types in the domain.

type vegetation. In central Europe the change is from forests (potential) to mainly grassland
areas (actual vegetation). The "temperate deciduous forests" (and the "evergreen taiga /
montane forests" in the Alps) in the potential vegetation are replaced by "cultivation", "c3

wooded grasslands" and "broadleaf deciduous forests, woodland and mixed coniferous" in the

actual vegetation2. The change in the Mediterranean regions is also considerable. "Temperate
conifer forests", "warm mixed forests" and "temperate sclerophyll woodlands" which are all

forest-type vegetation are replaced by "cultivation", "c3 wooded grassland" and "c3 grassland"
in the actual distribution. These changes can be interpreted as the anthropogenic deforestation

of parts of central Europe and of the Mediterranean region.

1When the attribution of the potential vegetation type to the actual one is not unique, the corresponding
type (when looking for the four closest grid points) is randomly chosen among the possible values.

2c3 and c4 describe different ways of photosynthesis.



34 3. VEGETATION DATA

In the following discussion, the leaf area index always refers to the entire grid box area

(not only to the vegetated part), and is equal to I 1/ 07 In northern Europe the actual leaf

area index (per grid box area, not shown) reaches values larger than 5m2/m2 in August, but

mostly oscillates around 4m2/m2 It is much smaller in the Mediterranean region, with very

dry climate conditions in August, and amounts to ^lm2/m2 The seasonal cycles averaged
over SPA and CZE are shown in Fig 3 2 for CTRL and POT A striking feature are the large

April August

Fig 3 2 (a) The seasonal cycle of the leaf area index per grid box area, LAI 07
K/m2] averaged over SPA (bold) and CZE (light) for CTRL (dashed) and POT (solid)
(b) Rooting depth [m] (no seasonal cycle) for CTRL

differences between the actual and the potential values especially in SPA during the period of

the simulations (April until August) These differences are a consequence of the deforestation

in the Mediterranean region as revealed by the different vegetation types ( temperate conifer

forest", "warm mixed forest and 'temperate sclerophyll woodland are replaced by "cultiva¬

tion", "c3 wooded grassland and "c3 grassland in the actual vegetation) Fig 3 3 (a) shows

the geographical distribution of the difference POT-CTRL of Z 1/ <jf m August The values

are in general larger in POT in the whole integration domain Spam, Greece and Turkey are

characterized by especially large differences between the potential and the actual distribution,
which amount up to 4m2/m2 and reflect again the deforestation of the Mediterranean region

Despite the uncertainties associated with the computational procedure and to the (not
fully objectively derived) attribution tables the data compare rather well with the vegetation
distribution in Reale (1996) (see chapter 1) Even though the resolution is quite different,
central and southern Europe are characterized in both studies by rather large cultivated areas

in the actual vegetation distribution with patches of broadleaf deciduous and mixed forests In

Reale (1996), in contrast to this study no grassland areas can be found in the Mediterranean

regions This could be due to the much lower resolution of the grid The comparison of the

potential vegetation distribution POT with the vegetation during the Roman Classical Period

(Reale 1996) also shows good agreement in central and southern Europe (deciduous trees)
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Vt»^ ï£P~>~

Fig 3 3 (a) I he difference POl -CTRL of the leaf area index per grid box area [m2/m ]

averaged over August The bold line represents 0 7m m in order to distinguish positive

from negative values (b) Rooting depth differences [m] for POT-CTRL (constant values

throughout the year) The bold line represents 0 14 m

Both evergreen and deciduous forests are present in the two data sets in Spain, although the

geographical locations are somewhat shifted Differences can be observed in Turkey where

the potential vegetation distribution of this study prescribes evergreen taiga or montane forest,

while shrubs are given m the vegetation in Reale (1996)

3.2 Rooting depth

The rooting depth parameter which is used in this study is based on a compilation of a

database of root studies by Jackson et al (1996) Root distribution for each vegetation type

is characterized by the equation

1 = 1 3
3d cm (3 6)

(see Gale and Grigal 1987) where i represents the cumulative root fraction from the soil

surface to depth d (cm) and ? a fitted coefficient depending on the considered vegetation

type For example a biome with ^ — 0 98 has 46% of its roots in the top 30 cm of soil and

a biome with ß - 0 92 has 92% of its roots in that layer
Each vegetation type is given a ? value (Jackson et al 1996) which is used to determine

a rooting depth on the assumption that rooting depth is equal to the depth in which 95% of

all roots are located

1 (RD) = 1- i

=^RD =
^l

RD en

0 95)

In J

0 95

cm

(3 7)

(3 8)

Note that this percentage was determined from some tuning experiments, comparing the
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observed precipitation values in southern Europe with simulations using different rooting depths
(not shown)

In most parts of northern Europe the rooting depths for the actual vegetation (CTRL)
amount to ~1 20m ( woodland and coniferous forest Fig 3 2) North of the Black Sea and

again in several spots in central Europe cultivation leads to 0 75m rooting depths In southern

Europe, and in some locations in France and Germany the types "c3 wooded grassland and

"c3 grassland" lead to the very shallow rooting depth of ~0 5m Note that rooting depths are

mostly smaller than 1 m, which is in accordance with the statement of Jackson et al (1996),
that "the majority of ecosystem root biomass resides in the upper 1m of soil"3

The differences in rooting depth (POT-CTRL) are shown in Fig 3 3b They are quali¬

tatively similar to the differences m the leaf area index Rooting depths are larger in POT

over the whole domain, while to the North of the Black Sea 'temperate grassland" (0 67 m

rooting depth) in the potential vegetation is replaced by cultivation (0 75 m) in the actual

distribution implying smaller values (see Fig 3 1) The mean values over EU are 0 84 m in

CTRL and 1 m in POT Over SPA values amount to 0 62 m in CTRL and to 0 97 m in POT

Root characteristics can however substantially vary for a single vegetation type, due to

physical properties or states of the soil (permafrost water-logging, mechanical resistance,

etc ) Furthermore, the correspondence between the actual and potential vegetation types
to the types used in Jackson et al (1996) is not unique and the above-described method

to derive rooting depths still need improvements The most commonly used technique to

determine root characteristics still consists of excavating soil and separating the roots This

makes it almost impossible to obtain high-quality data on the global (or even the regional)
scale Zeng et al (1998) tested the same method and found significant improvements in off¬

line simulations with the Biosphere Atmosphere Transfer Scheme (BATS) in the surface water

and energy budgets using Y = 99% compared to the standard BATS values The sensitivity
of summertime precipitation on rooting depth was also tested in the Europa-Modell" for July
simulations and found to be positively correlated (Seneviratne 1998) Doubling rooting depths
led to increased monthly accumulated precipitation amounts of 17% and 20% in southern

and south-western Europe, respectively

3.3 Albedo and roughness length

Land surface albedo is a function of the soil type, the first layer's soil moisture content and

the snow and vegetation coverage A soil type dependent basis albedo is corrected for the

upper layer soil moisture content (moist soil > smaller albedo), and used as the albedo of

the unvegetated and snow-free part of the grid element The final albedo is the sum of the

albedo for snow (70%) times the snow covered fraction of the grid element, the albedo for

vegetated surfaces (15%) times the vegetated (not snow covered) area and the soil moisture

corrected basis albedo over the unvegetated, snow-free surface of the grid element The

geographical distribution of albedo is shown at the end of August 1990 in the CTRL run in

3More shallowly rooted systems should however occur at high latitudes because of permafrost or water

logging This is not the case due to an erroneous attribution of the actual vegetation type woodland and

coniferous forest to the Jackson type temperate coniferous forest (1 23m rooting depth) instead of boreal

forest (0 51m rooting depth) As the present work focuses on the Mediterranean regions and as the influence

of rooting depth is almost negligible m northern Europe (as shown in previous simulations) this has not been

corrected
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Fig 3 4a Greenland is still snow-covered (albedo of 70%) The land surface albedo for the

Fig 3 4 Albedo [%] for the end of August 1990 in CTRL (a) and POT-CTRL (b)
The bold line in (b) represents +0 5% in order to distinguish positive from negative
values

rest of Europe varies between 15 % and 20% Values m Spain and Turkey are relatively large
(~21%) due to the summertime drying out of the soil The albedo of the sea amounts to 7 %

Differences between the potential vegetation albedo and the actual one are rather small

over the whole domain Largest changes (up to 3%) are found in Spam in the regions with

the largest vegetation coverage change (Fig 3 4 b) According to values in the literature

(Hartmann 1994), the albedo of coniferous forests (potential vegetation type in Spain) and

short green vegetation (actual type in Spam) would amount to 12 % and 17%), respectively In

our simulations potential values over this specific region in Spam amount to ~20% and actual

values to —23%», which could be still quite realistic, considering the fact that dry vegetation's
albedo amounts to ~25% (Hartmann 1994)

Note that in the model albedo is not dependent on vegetation type but on vegetation

coverage, and the difference between forests (potential vegetation type in Spain) and short

green vegetation (actual type in Spam) amounts to only 3% in the experiments, while values

in the literature indicate differences of approximately 5%

Roughness length is provided by the ECMWF reanalysis fields and kept constant during
all five months (identical in CTRL and POT) Its values range from 0 3m to 1 m over large
parts of Europe In some isolated land areas it vanishes It amounts to nearly 5mm the Alps
for instance Changes in vegetation coverage also affect the roughness length However, they
are here disregarded for simplicity Thus wind-induced changes in the potential vegetation

integrations can thus not be the result of differing roughness lengths



4. Validation of the control integration

First the 6-year-average geopotential and temperature fields at 500 hPa and 850 hPa, respec¬

tively are validated for July against the ECMWF reanalysis Then the 6-year-average precip¬

itation field is validated against an observational data set for May and August. Particular

consideration will be given to the subdomam SPA (see Fig 2 1) which plays a key role in the

subsequent analysis of the experiments (chapter 5) Eventually the temporal evolution of soil

moisture averaged over SPA is compared against the NCEP reanalyses for the 6-year-mean

and a particular dry and wet year, respectively For more detailed validation using almost the

same model the reader is referred to Luthi et al (1996), who validated individual July months

and assessed the model's ability to reproduce the 500 h Pa variability

Geopotential at 500 hPa

The 6-year-average geopotential at 500 hPa in July is shown for the CTRL run and the ECMWF

reanalysis in Fig. 4 1a The general pattern characterized by a North-South gradient is well

FlG. 4.1: Monthly mean geopotential at 500 h Pa [ci 50gpm] in (a) and temperature

at 850 hPa [c i 3 X] in (b) for July of the CTRL run (solid line) and ECMWF reanalysis
(dashed line). The average of all 6 years is plotted

reproduced by the simulation, and deviations amount to approximately lOhPa with maximum

values of nearly 30hPa (not shown) Geopotential height is too low in the CTRL run over

Scandinavia and slightly too high over the Mediterranean region, leading to an enhanced

38
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North-South gradient, and associated zonal (geostrophic) wind speed. The mid-tropospheric

troughs are too strong in summer in northern Europe, and too weak in southern Europe. This

July summertime dipole appears in nearly every single year, but is not characteristic for every

month. For instance, in April the bias (CTRL-ECMWF) is negative throughout the whole

domain, associated with too strong mid-tropospheric troughs (and only appears in 3 out of 6

years, see appendix A for the entire seasonal cycle of every single year and the 6-year average).

Temperature at 850 hPa

The validation of temperature at 850 hPa (6-year-mean) against the ECMWF reanalysis is

shown in Fig. 4.1b. The simulation reproduces well the general pattern of the temperature

field, and deviations amount to approximately 0.8°C. Temperatures in central and northern

Europe are mostly too low, while the reverse is true for large areas in the Mediterranean region.
This pattern is consistent with the enhanced mid-tropospheric wind speed (see the thermal

wind relationship) and Is relatively characteristic for summertime (it can be identified in 4 out

of 6 years). During springtime (April, see appendix A) the values are too low in CTRL over

the land masses of nearly the whole domain (again in 4 out of 6 years).

Precipitation

Precipitation is validated against a data set of daily rain gauge totals at most of the European

SYNOP stations, corresponding to ^1350 stations within the integration domain. The data

is not corrected for systematic biases of rain gauge measurements and the values are believed

to underestimate strong wind, wetting and evaporation (Lüthi et al. 1996). The procedure for

gridding the observed data on the model domain is discussed in Lüthi et al. (1996) and Frei

and Schär (1998). In the following the observed (and gridded) precipitation data set will be

referred to as OBS.

Fig. 4.2 represents the 6-year-averaged May and August accumulated precipitation for

CTRL and OBS. For both months, the model reproduces well the general pattern, and cap¬

tures the locations of maximum precipitation. In general, during all 5 months precipitation
is overestimated, especially in central and northern Europe, which are characterized by large
relative amounts of grid-scale precipitation (not shown). However in southern Europe in sum¬

mertime (July and August) precipitation (of which up to and beyond 90%) is of convective

nature) is underestimated, which could be due to limited soil moisture availability. For the May
simulation there is a drastic overestimation of the Alpine precipitation anomaly. Illustration of

the entire seasonal cycle of CTRL and OBS is given in appendix A.

As most of the subsequent analysis concentrates on the Mediterranean region, Fig. 4.3

depicts monthly accumulated precipitation values averaged over SPA for the 6-year-mean, and

for the years 1988 and 1991, the driest and the wettest of all 6 years in this subdomain,

respectively. Deviations of the 6-year-mean CTRL precipitation from the 6-year-mean OBS

values are not larger than ~5 mm/month and mostly much smaller. During April until June

the model bias of the individual years is much smaller than the interannual variations exhibited

by the 3 curves which are shown.

Analysis of precipitation time series (not shown) demonstrates that almost every single

precipitation event is captured with notable accuracy. Taking into account the fact that

precipitation derives from highly non-linear and sensitive processes, and strongly depends on

errors in physical parameterizations and lateral boundary conditions, the overall quality of the
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FlG 4 2 6-year-averaged monthly accumulated precipitation [mm/month] for May
CTRL (a), August CTRL (b) May OBS (c) and August OBS (d) The white areas

correspond to missing data values Note that the model suppresses precipitation within

the lateral boundary relaxation zone

precipitation results is very satisfactory

Soil moisture

Comparison of monthly soil moisture values averaged over SPA of CTRL against NCEP shows

that the differences between both data sets is much larger than the spread between dry and

wet years This is depicted in Fig 4 3b Comparison between the ECMWF and the NCEP

reanalyses however shows that the uncertainty between different soil moisture data sets is large
The simulated order of magnitude of the soil's summertime drying out in CTRL is in-between

both data sets It amounts to approximately 20 cm in CTRL 30 cm in NCEP and 10 cm in
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Fig. 4.3: Comparison of the precipitation and soil moisture values with observations

(OBS) and reanalyses (NCEP, ECMWF), respectively, shown for SPA (a) Monthly accu¬

mulated values of precipitation [mm/month] and (b) soil moisture [m] at the beginning
of the month are plotted Shown are the 6-year-mean (bold line) and an extremely dry
(1991) and wet (1988) year

ECMWF (reanalysis) The larger uncertainty concerning analyzed soil moisture represents a

serious problem for this kind of validation, and also implies some limitations to this study (see
section 5 6)

The conclusion of this analysis of the CTRL run and the observational data sets is twofold

Firstly, it demonstrates the general capability of the model of accurately simulating the main

features of summertime climate in Europe (e g the transition from relatively moist to very dry
conditions in the Mediterranean region in between June and July) Secondly, deviations are

relatively small and hence allow to use the model for performing sensitivity experiments



5. Sensitivity experiment

An ensemble of 6 seasonal simulations (each from April 1 to August 31) of the years 1987

until 1992 with the actual vegetation distribution (CTRL) is performed, and compared against
an ensemble of 6 sensitivity experiments with a potential vegetation distribution (POT). For

both experiments initial and lateral boundary conditions are provided by the European Center

for Medium-Range Weather Forecasts (ECMWF) reanalysis data (see chapter 2), so that both

ensembles are characterized by a similar synoptic-scale development but different conditions

at the land surface. The advantages of this approach are discussed in the introduction to

this thesis (chapter 1). The actual vegetation is based on satellite measurements and the

computed potential vegetation represents a vegetation which is in equilibrium with the actual

climate. It can be considered as an approximation to what it could be in present times if it had

not been modified by humans, who cleared large areas covered by forests in the Mediterranean

region for agricultural and wood resource purposes from the Roman Classical Period onwards

(Reale 1996).
The following chapter deals with ensemble averages over the years 1987 until 1992, except

where explicitly mentioned. Monthly means for May and August as well as domain averages

over the land points of SPA (and in some cases for comparison over SWE, see Fig. 2.1) are

considered. The subdomain SPA is regarded as representative for the behavior of the Mediter¬

ranean land areas, where the largest differences occur between the two sets of vegetation.
Section 5.1 gives a first overview of the vegetation-induced atmospheric changes at the

surface, as revealed by 2 m temperature and low-level humidity. Then follows a detailed analysis
of the physical processes involved in the hydrological cycle (section 5.2) and the surface energy

budget (section 5.3), Planetary boundary layer structure in association with vertical stability
is investigated in section 5.4 and changes in the atmospheric circulation are briefly discussed

in section 5.5. Section 5.6 summarizes the results.

5.1 Surface climate

We start by discussing the vegetation-induced changes on the evolution of the surface climate,
and focus on 2 m temperature and specific humidity at the lowest model level (~32 m above

the ground). In May vegetation-induced 2 m temperature changes POT-CTRL (Fig. 5.1a)
are mostly negative throughout the domain and restricted almost to land areas. They are

particularly large in the Mediterranean region, with maximum values of approximately -1.5 K,
for instance in Spain. In August (Fig. 5.1b) the temperature differences have changed sign
in the Mediterranean region and maximum values of ~1 K occur in Spain. This sign reversal

in the southern regions represents an important characteristic of our simulations, and will

be discussed in more detail in the subsequent sections. In central and northern Europe the

temperature difference remains negative throughout the 5 months of integration and is much

smaller. To the North of the Black Sea vegetation-induced temperature changes in POT-

CTRL are positive as in the Mediterranean region, but will not be considered any further.

The geographical patterns of the induced differences are very similar in both months and are

42
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Fig 5 1 Vegetation-induced changes (POT-CRTL) in 2 m temperature [°C] for May
(a) and August (b) The contour line represents +0 2 Cm order to distinguish positive
from negative values

consistent with the previously discussed sign and amplitude of the vegetation changes (see
Fig 3 3)

Specific humidity differences (Fig 5 2a) at the lowest model level in May are mostly
positive throughout the domain They are largest over the Mediterranean land areas, especially

Spam und Turkey, with differences of ~lg/kg and more, for instance in Spam Similar

to the vegetation-induced temperature signal which changes sign as discussed above, the

specific humidity difference reverses sign in August in the southern regions also The maximum

difference in Spam amounts to -0 5 g/kg In central and northern Europe the differences

remain positive and of smaller magnitude Again the vegetation-induced changes are mainly
restricted to the land areas

Relative humidity differences are shown in appendix B and a consequence of both tem¬

perature and specific humidity change Their geographical pattern at the lowest model level

is similar to that seen in specific humidity (Fig 5 2) and their amplitudes amount to ~20 %

for instance in Spain m May, and to -3% in August (The entire seasonal evolution of 2 m

temperature, low-level specific and relative humidity is illustrated in appendix B for CTRL and

POT-CTRL )
Overall the changes at the land surface as inferred from the simulations, are of substantial

magnitude and depend on the geographical location and the considered month The Mediter¬

ranean region follows a different regime than northern Europe The sensitivity of the low-level

temperature and humidity fields changes sign in the Mediterranean region in mid-July (see
also next section), in contrast to central and northern Europe, where the sign of the difference

remains identical during all 5 months In order to understand the mechanisms leading to these

changes, the hydrological cycle and the surface energy budget are investigated in the following
sections Both cycles are strongly interrelated, but will be treated separately
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Fig. 5.2: Vegetation-induced changes (POT-CRTL) m specific humidity [g/kg] at low¬

est model level for May (a) and August (b) The bold line represents +0 2 g/kg in order

to distinguish positive from negative values.

5.2 Hydrological cycle

In a climatological sense the Mediterranean region is characterized by increasing évapotran¬

spiration from April until May, due to increased solar radiation, and by decreasing values from

June to August, due to limited soil moisture availability This is shown for SPA in Fig. 5.3,

taking values from the CTRL run. Represented are also monthly accumulated precipitation (P)
and moisture convergence (P — ET), and monthly soil moisture loss (ASM). Precipitation
decreases from April until August in southern Europe and is very small in July and August. In

these regions (and in this season) precipitation is nearly entirely of convective nature Moisture

divergence (P — ET < 0) occurs during all 5 months in the Mediterranean region, due to

évapotranspiration rates which are between 2 and 4 times as large as precipitation. In contrast,

northern regions are characterized by a fundamentally different moisture regime. Precipitation
is mostly larger than (or equal to) évapotranspiration. These different conditions also appear

in the seasonal soil moisture evolution While at the beginning of April the soil is still nearly
saturated in the whole domain due to its wintertime replenishment, it drastically dries out

during summer in the Mediterranean regions, reaching its permanent wilting point (PWP)
in various locations In northern Europe however, the soil remains rather wet, especially in

coastal regions characterized by large precipitation rates For further illustration of the CTRL

run see appendix C

In the following it is investigated how changes in vegetation modify the moisture budget First

évapotranspiration (ET) and soil moisture loss (ASM) are considered, then the impact on

precipitation (P) is determined in association with changes in water flux convergence (P—ET)
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Fig. 5.3: The components of the hydrological cycle averaged over domain SPA in the

CTRL run. Shown are monthly accumulated precipitation P [mm/month], évapotran¬

spiration ET [mm/month], moisture convergence P — ET [mm/month] and monthly
soil moisture loss ASM [mm/month] (referred to as DSM in the legende of the figure).

Evapotranspiration and soil moisture loss

Monthly accumulated évapotranspiration differences (POT-CTRL) for May and August are

represented in Fig. 5 4. As expected, in May increased vegetation in POT leads to larger
évapotranspiration rates in almost the whole domain, and especially in the Mediterranean

region, accounting for instance over SPA for a difference POT-CTRL of ~25 mm/month
(i.e. 32% relative change). In August, the differences change sign in the Mediterranean region

(as seen in section 5.1) and the difference averaged over SPA amounts to ca. -9 mm/month
(or -25% relative change). In central and northern Europe the differences remain positive

during all 5 months and are much smaller The geographical patterns in both months reflect

again (as discussed in section 5.1) the vegetation changes (see Fig. 3.3) and appear to be a

direct consequence of the modified land surface conditions

In agreement with the above described differences in évapotranspiration, soil moisture loss

is larger in POT in May throughout the domain and particularly in the Mediterranean region

(19mm additional soil moisture loss in POT averaged over SPA, not shown). In August the

reverse is true for the southern regions (average difference over SPA of-8 mm), in contrast

to central and northern Europe, where soil moisture loss remains larger in POT. Overall, in

the Mediterranean region, the soil moisture changes due to vegetation changes correspond
to a considerable temporal shift of the seasonal cycle of soil moisture by nearly 2 months.

Surface and groundwater runoff differences are very small and amount to 3 6 mm/month and

-0.4 mm/month in SPA in May and in August, respectively. Further illustration is given in
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Fig 5 4 Difference POT-CTRL of accumulated évapotranspiration [mm/month] dur¬

ing May (a) and August (b) The bold line represents +10 mm/month in order to

distinguish positive from negative values

appendix C

The sign reversal of the sensitivity to vegetation changes of the analyzed variables (2 m

temperature and specific humidity in section 5 1 évapotranspiration in Fig 5 4 and soil mois¬

ture loss in appendix C) in the Mediterranean region between May and August is a very

characteristic behavior of our simulations and a striking feature in Fig 5 5 Represented

are the seasonal evolution of monthly accumulated relative differences (POT-CTRL)/CTRL
of évapotranspiration, soil moisture loss and precipitation (discussed in the next section) for

domain SPA Plotted are also the 6 individual years in order to illustrate the year-to-year vari¬

ations of the response The positive feedback between vegetation, évapotranspiration and soil

moisture loss during the first 3 months and its sign reversal in the middle of July is clearly
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FIG 5 5 Percentage difference (POT-CTRL)/CTRL of monthly accumulated évap¬

otranspiration (a) soil moisture loss (b) and precipitation (c) for domain SPA Plotted

are the individual years and the 6-year-average (bold line) for April until August
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depicted in the 6-year averages as well as in each of the individual years. Relative differences

in évapotranspiration and soil moisture loss in May amount to ~32 % and ~41%, respec¬

tively. In August the relative differences amount to -25%» for E and -30%» for ASM. The

larger évapotranspiration rates in POT during the first 3 months lead to a faster springtime
drying out of the soil than in the CTRL run. By the middle of July soil moisture has however

reached a critically low value in POT, and from this moment onwards évapotranspiration and

soil moisture loss are larger in the CTRL run, and the sensitivity of évapotranspiration and

soil moisture loss to vegetation changes sign This can also be seen in Fig. 5 6 (see also

Heck et al. 1999b), where the temporal evolution of the difference POT-CTRL of the total

soil moisture content averaged over SPA is represented. In the average of all 6 years, the

T 68 ""~> 08

August
~3bA3

FlG. 5.6: Temporal evolution of the difference POT-CTRL of total soil moisture content

[m] averaged over SPA. The atmospheric sensitivity reverses sign on July 22nd for the

average of all 6 years.

sensitivity to vegetation reverses sign on July 22nd and it can be shown that the seasonal

cycle of soil moisture is thereby shifted by nearly 2 months. (This value is extrapolated as

the simulations are only conducted until the end of August. For the year 1987 it can be

shown that the shift amounts to 54 days ) In southern locations, the permanent wilting point

(i.e. the critical soil moisture value below which transpiration by plants becomes impossible)
is reached considerably earlier in POT. For instance, half of the surface of SPA has reached

the permanent wilting point in the July mean in POT, and approximately 2/3 of the surface

in August, compared to only ~5%> of the area in the CTRL run for the same months. The

evolution of the top soil layer is however fundamentally different. Whenever the total soil

moisture amount (not shown) is smaller in POT than in CTRL (as for instance in May) due

to higher évapotranspiration rates, the first layer's moisture content is larger, due to increased

precipitation values (see below), which leads to larger infiltration. Infiltration is parameterized
proportional to P (see the description of the land surface scheme in section 2.3). Note that if

the first layer's moisture content is larger (in POT), the surface albedo is reduced accordingly

(as discussed at the end of chapter 3). The albedo of potential vegetation is thus not only
smaller due to a larger fractional vegetation coverage, but also due to enhanced soil moisture

contents in the uppermost layer (at least prior to mid-July) The soil moisture content of the

first layer for CTRL and POT-CTRL is shown in appendix C.

It has been shown that the simulated sign reversal of the atmospheric sensitivity to vege¬

tation is typical for the seasonal evolution of the entire Mediterranean region, and is a direct

consequence of the faster springtime drying out of the soil in POT due to additional vege¬

tation. In contrast to central and northern Europe, where the feedback between vegetation,
évapotranspiration and soil moisture loss remains positive during all 5 simulated months, the
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Mediterranean region is characterized by two phases. April until June are cooler and moister

than in the current climate, while July and August are warmer and drier.

Precipitation

To what extent do the above described changes in évapotranspiration (ET) impact on precip¬
itation (P)l The precipitation signal is more complex, as it derives from highly non-linear and

sensitive processes. We first investigate the differences in precipitation (convective and grid-
scale part) and then determine areas of moisture convergence and divergence using P — ET.

Fig. 5.7 shows the difference of the monthly accumulated precipitation field for May and Au¬

gust. In southern Europe the differences are much smaller than for évapotranspiration. In POT

Fig. 5.7: Accumulated precipitation POT-CTRL [mm/month] during May (a) and

August (b). The bold line represents +5 mm/month in order to distinguish positive
from negative values. Note that the contour interval is half of that in Fig. 5.4, and that

a weak spatial smoothing has been applied for display purposes.

precipitation is increased locally by approximately 20-30mm/month, with the largest spatially
coherent increase in the Mediterranean region during May, when évapotranspiration is largest,
and during June (see appendix C) for central and northern Europe (also simultaneously with

the maximum ET). July and August are very dry in southern Europe, and as a consequence

the absolute differences are very small (relative values will be discussed below). In central

and northern Europe differences are still positive during July and August, but with a reduced

spatial extent. The feedback between vegetation and precipitation in May and August in the

average of all 6 years is clearly positive in these plots (Fig. 5.7). Regions with precipitation dif¬

ferences in southern and central Europe are co-located fairly well with regions with differences

in évapotranspiration (see Fig. 5.4) and can thus be associated with the imposed changes in

surface conditions. In northern Europe évapotranspiration differences nearly vanish. Precip¬
itation differences are thus associated with stochastic changes of synoptic-scale disturbances

and possibly also with moisture advection from regions with increased évapotranspiration. The
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latter inference could be further investigated with the aid of Lagrangian trajectories to track

the additional évapotranspiration forward or the enhanced precipitation backwards Fig 5 5c

shows that over SPA the response of precipitation to vegetation changes is also characterized

by a sign reversal In contrast to the évapotranspiration and soil moisture differences (panel
a and b) the year to year variability is rather large in the precipitation change The sign of

the difference is however identical in almost all years and in the middle of July the sensitivity
of precipitation also reverses sign despite the very small absolute precipitation values during
this period Relative differences in P amount to 25 % in May and to -13 % in August (see the

bold line in Fig 5 5 c) In contrast as seen in Fig 5 7 the feedback between vegetation and

precipitation remains positive (but rather small) in central and northern Europe during all 5

months Note that in northern Europe the slightly increased precipitation is not in the first

place due to local changes in FT but rather to an increase in moisture advection as will be

shown in the analysis of P ET

The partitioning in convective and grid-scale precipitation (not shown) indicates that the

monthly accumulated differences are mostly due to changes in the convective part of precip¬

itation for the whole domain As discussed at the beginning of section 5 2, the convective

part of precipitation dominates in SPA and vegetation-induced absolute differences in convec¬

tive precipitation are almost one order of magnitude larger than the differences in grid scale

precipitation (for the entire period)

The above analysis showed that vegetation invokes substantial changes in the hydrological
cycle (especially in southern Europe) and that both évapotranspiration and precipitation are

increased in the simulation with the potential vegetation distribution (see Figs 5 4 and 5 7)
However the effect induced by the additional vegetation in POT is larger upon ET than

upon P (for instance over SPA the corresponding values in May are 25 mm/month and

10 mm/month) As a consequence parts of the additionally evapotranspired water over SPA

is transported to remote locations (see Eq 1 2 £ F P — OUT — IN) It can lead to

additional precipitation at remote locations within the model domain (the water flux conver¬

gence P — ET is for instance slightly increased by \ 3 mm/month in SWE), or it is advected

out of the model domain (the entire net flux divergence over the whole integration domain is

increased by approximately F2 mm/month over EU)
In the middle of July the sensitivity changes sign in the Mediterranean region and the water

flux divergence is then larger in the CTRL run

Table 5 1 Summary of the sign of the important vegetation induced changes m the

Mediterranean region for the 6 year-average (POT CTRL) The absolute and in some

cases the relative differences for SPA in May (August) are given in the 1st (2nd) column

in brackets Note that the values would be larger if the monthly average was taken only
at midday when évapotranspiration is largest

Mediterranean

April June

(SPA May) Mediterranean

July August

(SPA August)

ET + (+25mm/mth or -^-32%) - ( 9mm/mth or 26%)
P + (+10mm/mth or -J-25%) _ ( 2mm/mth or 13%)
ASM + (+19mm/mth or -r41%) ( 8mm/mth or 31%)
is - ( 09 C) + (+0 8 C)
RH + (+8% or +14%) _ ( 1 5% or 3%)
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In summary, the atmospheric sensitivity to vegetation changes in the Mediterranean region
is fundamentally different to that in central and northern Europe. It is characterized by two

phases (April until June, and July to August) with opposite responses to vegetation changes
in all examined variables (see Table 5.1). This sign reversal is a consequence of the faster

springtime drying out of the soil in the potential vegetation simulation. On the other hand,

the sensitivity in central and northern Europe remains identical during all 5 months, and is

of much smaller magnitude (due to smaller differences between the potential and the actual

vegetation distribution in these locations and to a smaller atmospheric sensitivity to the land

surface in these regions).

5.3 Surface energy budget

The surface energy budget can be approximately written in the following form, when consid¬

ering only land surfaces in contrast to oceans (compare with Eq. 1.3). Note that the fluxes

directed downwards are positive.

-'- =X?, + L/F + SH
dt

where

Ap4- the storage of heat in the soil,

Rs — SW + LW the net radiative input (sum of net short and net long-wave radiation

at the surface),
LE the latent heat flux, and

5.fiT the sensible heat flux.

First follows a brief summary of the components of the surface energy budget of the CTRL run

for a subdomain in southern (SPA) and northern Europe (SWE). Further illustration is given
in appendix D. Monthly averages over SPA and SWE are given in Table 5.2, and the temporal
evolution of the components of the surface energy budget is shown for SPA in Fig. 5.8.

• Net short-wave radiation substantially depends on cloud albedo, and its amplitude is

considerably different for southern and northern Europe, due to their distinct meteoro¬

logical characteristics. The atmospheric conditions in northern Europe are characterized

by intense synoptic activity along the storm track, associated with large values of cloud

coverage (and shielding of the incoming short-wave radiation), while the high rates of

shallow convection in the Mediterranean region induce a smaller coverage (and accord¬

ingly less SW shielding).

• Net radiation increases in the whole domain from April until June/July due to a larger
increase in net short-wave radiation in comparison to the increased long-wave radiation

emission (associated with increasing surface temperatures). This is even the case for

northern Europe despite large values of cloud albedo.

• Consistent with the évapotranspiration (as discussed in section 5.2), the latent cooling
in SPA first increases from April until June (due to increasing net radiation), before it

again decreases rapidly in August (due to summertime drying out of the soils). Over

(5.1)
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SWE the corresponding rates (June until August) are somewhat larger (due to larger

precipitation values than in SPA and thus larger soil moisture amounts).

• The sensible heat loss in SPA is slightly smaller than latent loss in April and slightly

larger in July, while in SWE it nearly vanishes during all 5 months. Accordingly the

Bowen ratio is close to 1 in SPA, while in northern Europe it is much smaller than 1.

• During most of the summer (May until July) the southern land masses are characterized

by nearly constant turbulent heat loss, and in the northern regions the total heat flux

mainly corresponds to the latent loss.

Table 5.2: Approximate monthly averaged values [W/m2] of CTRL of the components

of the surface energy budget (see Eq. 5.1) for SPA (see also Fig. 5.8) and SWE. First

value corresponds to April and second one to the extremum of all 5 months.

CTRL SPA SWE

SW 170 to 240 (July) 70 to 150 (June)
LW -70 to -100 (August) -40 (in all 5 months)
Rs 100 to 130 (July) 30 to 110 (June)
LE -60 to -70 (June) -20 to -90 (July)
SH -40 to -80 (August) 0 to -20 (June)
LE + SH -100 to -100 (July) -20 to -100 (July)
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Fig. 5.8: Monthly averaged values over SPA of CTRL of the components of the surface

energy budget [w/m-]. (a) Net radiation shown by the dashed line, net turbulent fluxes

by the dotted and the sum of net radiation and the net turbulent fluxes by the solid line,

(b) Net short-wave radiation represented by the light, solid line, net long-wave radiation

by the light, dashed one, the latent heat flux by the bold, solid line, and the sensible

heat flux by the bold, dashed one.
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In this section the vegetation-induced differences upon the surface energy budget are inves¬

tigated, focusing on SPA, and eventually briefly on SWE. As seen in the previous sections,

vegetation-induced differences are largest in the Mediterranean region which will be represented

by domain averaged values over SPA. The monthly-averaged components of the surface energy

budget over SPA are shown for POT-CTRL in Fig. 5.9. All variables are characterized by a

-3^-q —j Alfl 0 "-2ÎJr^c_J~2818C—^6C, _^: J -i~T4Jäü-J 2160 2800 360C

April May June July August April May June July August

Fig. 5.9: Monthly averaged values over SPA of the difference POT-CTRL of the com¬

ponents of the surface energy budget [w m-]. The legende is identical to that in Fig. 5.8.

sign reversal of their sensitivity to vegetation changes In the middle of July, as was also seen in

sections 5.1 and 5.2. Here the vegetation-induced changes of the first 3 months of integration
are discussed in more detail using mean values for June. As shown in Fig. 5.9, August is

characterized by the opposite sensitivity (of smaller amplitude) and is not considered further.

According to Eltahir (1998) wet soil moisture anomalies are associated with increased net

surface radiation due to a lower surface albedo (and accordingly enhanced net surface SW

radiation) and to a lower surface temperature (and reduced LW emission). As in the long
term mean net surface radiation balances the total heat flux into the boundary layer, wet soils

are associated with larger heat fluxes and accordingly larger values of boundary layer moist

entropy (see section 1.1). On the other hand, the partitioning of the total heat flux into

its sensible and latent parts determines the Bowen ratio, and thus the boundary layer depth
and volume (see section 1.1), which in combination with different amounts of boundary layer

entropy determine eventually the potential for convective activity (boundary layer entropy per

volume of boundary layer air). The following analysis follows the procedure outlined by Eltahir

(1998) and Schär et al. (1999).
As seen in section 5.2, évapotranspiration is enhanced in POT in the Mediterranean region

and surface temperature reduced (see section 5.1). Associated with these effects and shown

in Fig. 5.9 are larger rates of latent cooling (24 W/m2 in SPA in June) and smaller rates of

sensible cooling (16 W/m2 in SPA in June) in POT. The total heat flux into the boundary layer
is increased in POT by 7 W/m2 in SPA in June. In addition to a larger total heat flux, POT is
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characterized by a smaller Bowen ratio in the Mediterranean region, which is associated with

a smaller boundary layer depth. As a result, larger values of moist entropy (due to increased

total heat flux into the boundary layer) are distributed over a more shallow boundary layer

(i.e. the boundary layer moist entropy density is increased), resulting in increased potential for

convective activity. The additional energy is provided by net radiation (see below). Whether

this increased potential leads also to increased convection depends on the vertical stratification,

which must be in a state near to convective instability, so that it can be further destabilized.

This aspect will be investigated in more detail (including the analysis of the vertical profiles of

temperature, specific and relative humidity and equivalent potential temperature) in section

5.4.

The regions with increased total heat flux correspond approximately to the regions with

increased net radiation. (In the long term mean, net radiation must be balanced by the

turbulent heat fluxes.) In the Mediterranean region net radiation increases in POT (by 4 W/m2
in June in SPA) due to decreased long-wave emission: Net short-wave radiation at the surface

decreases (by 2 W/m2 in June in SPA) as a result of increased cloud cover (see appendix D),
the effect of which is however overpowered by the increase in net long-wave radiation (6 W/m2
in June in SPA) as a result of decreased temperature, increased cloud backscatter and water

vapor greenhouse effect. Note that net radiation increases by 4 W/m2 in SPA in June, and the

total heat flux into the boundary layer by a however larger value (7 W/m2). This additional

energy is provided by the surface and leads to lower temperatures (see Fig. 5.1).
The partitioning into sensible and latent heat flux, as well as into short- and long-wave

radiation are both very different for southern and northern Europe. On one hand, vegetation
differences are largest in the Mediterranean region and rather small in Scandinavia, and on

the other hand, net radiation (which strongly depends on cloud coverage, as seen in the

discussion of the CTRL run) is very different between both regions. Besides the sign reversal

of the atmospheric sensitivity to vegetation changes, which appears in the southern but not

in the northern parts of the domain, two different responses to vegetation changes distinguish
both regions. As seen for southern Europe, incoming short-wave radiation and outgoing long¬
wave emission are reduced in the northern parts of the domain, but the resulting value of

net radiation is reduced instead of enhanced (5 W/m2 in June in SWE, not shown). Due to

particularly large increases in cloud coverage in northern Europe (up to 20%» more clouds in

POT), the decrease in incoming short-wave radiation (12 W/m2 in June in SWE) dominates in

the response of net radiation (in comparison to the reduced long-wave emission due to smaller

surface temperature and increased cloud backscattering).
In contrast to the southern parts of the domain, the turbulent fluxes into the boundary

layer are smaller in POT in northern Europe. The reduction in sensible cooling (4 W/m2 in

SWE) dominates the response, even though the latent cooling is still enhanced (but by a very

small amount). Further illustration is given in appendix D.

5.4 Vertical stability and boundary layer structure

In this section the vertical extent of the atmospheric response to vegetation changes is inves¬

tigated through the analysis of vertical profiles of various thermodynamical quantities for the

Mediterranean region. The considered profiles are domain means over SPA. The concept of

convective instability, which was already mentioned in the context of boundary layer entropy

in section 5.3 is pursued further, on the basis of the vertical gradient of equivalent potential
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temperature 9e (see section 1.1). It will be shown that the change of its gradient due to differ¬

ent vegetation is the result of a vertical redistribution of temperature and humidity. Additional

vegetation induces decreased surface temperatures (increased low-level specific humidity val¬

ues) which leads to reduced (enhanced) 9e values (see also section 1.1). Therefore the vertical

profiles of temperature and humidity will first be discussed in isolation before looking at the

^-profiles. A similar redistribution of two quantities was already observed in section 5.3, where

the total heat flux was partitioned differently due to decreased sensible and increased latent

heat flux. The following analysis is conducted with particular focus on the planetary boundary

layer and the structure of the lower troposphere, as the vegetation-induced atmospheric impact
is largest within these layers, and the development of convective instability strongly related to

the daytime build-up of the boundary layer.

Vertical profile of temperature

The 2 m temperature distribution of POT-CTRL was discussed in section 5.1 and illustrated

in Fig. 5.1. Here the vertical profile of temperature averaged over SPA is shown in Figs. 5.10 a

(CTRL) and 5.10 b (POT-CTRL) for all 5 months. At the surface the vegetation-induced
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Fig. 5.10: Vertical profile of temperature PC] averaged over SPA of CTRL (a) and

POT-CTRL (b). The vertical scale is linear [hPa]. The solid line represents the mean

value during April, the long-dashed May, dashed June, dotted July, and light dotted

August. Note that the profiles of July and August are nearly identical in panel (a).

temperature differences amount to -0.9 °C in May and +0.2 °C in August, Note that values

would be larger if the monthly average was taken only at midday. (The corresponding CTRL
values of averaged surface temperature are equal to 15 °C and to 24 °C, respectively.) As also

seen in section 5.1, the atmospheric sensitivity to vegetation changes reverses sign in mid¬

summer in the Mediterranean region. The induced temperature anomaly is largest in May, has

maximum amplitude in the boundary layer (1000 hPa to ^940 hPa), and extends vertically up

to ~650 hPa. In August the layer with maximum amplitude is deeper (up to ^890 hPa) and the

entire vertical extension is similar to May (up to ~650 hPa). The temperature differences are
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consistent with changes in sensible heat flux as documented in section 5.3. The fundamentally

different profile in August in comparison to the other months is due to a deeper summertime

boundary layer characterized by a larger sensible heat flux and a larger Bowen ratio (not

shown). The temperature signal is thus spread over a larger volume of air, and its amplitude

somewhat reduced.

In SWE (not shown), the temperature difference at the surface is in general smaller than

in SPA. It increases from -0.1 "C (April) to -0.6 °C (June) and decreases again from July

until August but remains negative (-0.1 °C). The sign of the sensitivity thus remains identical

during all 5 months. Again, the maximum is located at the earth surface, but the vertical

profiles exhibit substantially more variations which could be due to more or less stochastic

changes in the evolution of synoptic systems associated with different air masses, but also

to very different synoptic-scale evolutions characterizing every single year (as can be seen in

the geopotential height for instance). Note that especially in May and June the vertically

decreasing cooling effect of vegetation leads to a stabilization of the atmosphere as expressed

by the vertical gradient of potential temperature (j: is increased).

Specific humidity

The specific humidity distribution POT-CTRL was discussed in section 5.1 and illustrated

in Fig. 5.2. Fig. 5,11 represents the vertical specific humidity profile of CTRL and POT-

CTRL averaged over SPA for all 5 months. Note that the evolution of the profile of specific
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FlG. 5.11: As Fig. 5.10 but for specific humidity [g/kg]. Note that the profiles of July
and August are nearly identical in panel (a).

humidity from April until August (Fig. 5.11a) parallels the evolution of the temperature profile

(Fig. 5.10 a): in SPA it increases from 6 g/kg (April) to 9 g/kg (August) and in SWE (not
shown) from 3 to 8g/kg during the same time period. The vertical decrease of specific

humidity is nearly exponential, and values are very small above 300 hPa.

At the surface, vegetation-induced differences amount to +0.6 g/kg in May in SPA, and to

-0.2 g/kg in August. The induced differences are largest in May and of substantial amplitude
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in the boundary layer (up to 900 hPa), the same layer with a constant temperature difference

(as seen in Fig. 5.10 b). Aloft the differences vanish rapidly due to the exponential decrease of

specific humidity with height (in contrast to the differences in temperature, which extend up to

650 hPa). In August the boundary layer depth is larger, and the differences in specific humidity

extend up to nearly 700 hPa. Not analyzed is the peculiar decrease in specific humidity in the

layer from 850 to 500 hPa in June.

In SWE the vegetation-induced differences in specific humidity are positive but very small

(-0.05 g/kg).

Vertical profile of relative humidity

The relative humidity distribution of POT-CTRL was briefly mentioned in section 5.1. As

discussed above, potential vegetation leads to decreased surface temperatures and increased

low-level specific humidity values, two processes that increase relative humidity. Fig. 5.12 shows

the vertical profile of CTRL and POT-CTRL averaged over SPA for all 5 months. A comparison

3 0 3 6 9

FlG. 5.12: As Fig. 5 10 but for relative humidity [%].

of the vertical profiles in the CTRL run of relative and specific humidities reveals quite different

characteristics: whilst specific humidity decreases rapidly with height, the relative humidity

profile shows more or less constant values of 40-60% in the free troposphere between —300

and 800 hPa, and slightly enhanced values below in the boundary layer. The tropopause is

visible near 220 hPa, where relative humidity decreases sharply to very low values. Also different

from the specific humidity profile is the seasonal evolution Through the entire troposphere the

relative humidity values are largest in April and decrease by some 15 % until July and August.
This indicates that the decrease of relative humidity due to the temperature increase from

April until July is not fully compensated by the simultaneous increase in specific humidity.
At the surface vegetation-induced differences of relative humidity amount to 8 % in May and

-1.5 %» in August. The relative humidity anomaly reaches from the surface to the layer between

800 hPa and 700 hPa, and smaller deviations persist up to 200 hPa. Within the boundary layer

(up to —900 hPa) the differences are determined by changes of both temperature and specific
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humidity, but at higher levels the temperature change is the main factor for influencing relative

humidity (recall that specific humidity differences are almost negligible above 900hPa) In

between 900 and 700 hPa the differences are still determined by the vegetation change and

above the small deviations are the result of somewhat different synoptic conditions associated

with air masses with slightly different temperatures The induced relative humidity differences

are largest in May in accordance with the maximum differences in temperature and specific
humidity (Figs 5 10 and 5 11) In August the decrease of relative humidity is noticeable over

a fairly deep layer, similarly to the temperature and specific humidity differences discussed

above

During all 5 months relative humidity differences averaged over SWE (not shown) are

positive, and extend through a much deeper layer (up to — 500 hPa) Differences at higher
levels (in SPA) or in northern Europe are probably less significant, as relative humidity strongly
depends on temperature, and in colder regions a small temperature change (which might itself

not be of major importance) leads to a large effect on relative humidity

Vertical profile of equivalent potential temperature

Finally, the vertical profile of equivalent potential temperature is discussed in order to quantify
the influence of vegetation on convective activity The atmosphere is said to be convectively

(potentially) unstable if 9e decreases with height Furthermore a positive (negative) vertical

gradient of the 9e difference (POT-CTRL) would be associated with a stabilizing (destabiliz¬
ing) effect of vegetation As discussed m section 11a negative vertical 9e gradient does not

necessarily imply the direct onset of convection but is rather associated with a higher proba¬
bility for it to occur If a vegetation-induced destabilization of 9e occurs upon a profile that is

already characterized by a negative gradient then a higher probability for convective activity
can be inferred It should also be noted that the values are 6-year averaged monthly means

over a subdomam in the order of 1000 x 1000 km2 Vertical destabilization is certainly more

pronounced in individual cases and the time and domain-mean values can only give general
information about higher or lower probabilities for the occurrence of convection

The vertical profile of equivalent potential temperature over SPA is shown in Fig 5 13 a

(CTRL) and b (POT-CTRL) for all 5 months For reasons of comparison the profiles of all

3 variables (scaled) are depicted in one plot (Fig 5 13), equivalent potential temperature

temperature and specific humidity for May and August respectively Note that in the CTRL

run the 6, profile is weakly unstable in the lowest troposphere during the entire time period
from April until August The depth of the unstable layer increases towards the end of summer

The 9e differences (POT-CTRL) reveal a quite complicated picture (Fig 5 13 b) In May at

the surface (and up to 900 hPa) they follow the humidity increase while aloft the 9e change is

determined by the temperature decrease (Fig 5 14 a) This further destabilizes the atmosphere
in the boundary layer up to 850 hPa Above that level the specific humidity differences are very

small and the temperature differences now determine 8e and stabilize the profile Changing
vegetation primarily leads to a vertical redistribution of slightly increased available energy
amounts (as discussed in section 5 3) resulting in temperature and humidity differences at

various heights and thus acts upon vertical stability The signal extends vertically up to

approximately 700 hPa as for temperature and specific humidity In addition to destabilizing
the boundary layer profile, increased relative humidity in POT also lowers the level of free

convection (LFC), increasing further the potential for convective activity The relationship
between surface specific humidity and the LFC is illustrated m a tephigram in Eltahir and Pal
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FIG. 5.13: As Fig. 5.10 but for equivalent potential temperature [K]. Note that the

profiles of July and August are nearly identical in panel (a).

August

Fig. 5.14: Vertical profile of the differences POT-CTRL of equivalent potential tem¬

perature [K] (solid line), temperature [3C] (dashed line) and specific humidity [1.5*g/kg]
(dotted line) averaged over SPA in May (a) and in August (b).

(1996) for instance.

In August the 0e profile follows the humidity difference up to —800hPa (Fig. 5.14 b).
Between 800 and 700 hPa the temperature increase leads to an additional stabilization, which

is topped by a weakly destabilized layer (700-600 hPa).
It has been shown that the responses of temperature and specific humidity to vegetation

changes both shape the modified 9e profile. Their effect is opposite, and the net result on

f?e height-dependent. Up to —850hPa (in SPA in May) the equivalent potential temperature
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profile is destabilized in POT by the increase in specific humidity, the temperature decrease

leads to an enhanced destabilization of the layer which is just below 850 hPa, and above

that level (and up to ^650 hPa) the profile follows the stabilizing temperature profile. The

vegetation-induced changes are mainly concentrated within the boundary layer and the lower

troposphere, and destabilize the vertical profile of equivalent potential temperature, which

is already in the CTRL run in a state of convective instability (characterized by a negative
vertical gradient of 9e). From April until July the probability for the occurrence of shallow

convection, which is typical for the Mediterranean region, is largely increased in POT, and can

be associated with the higher rates of convective precipitation observed in section 5.2. After

the sign reversal of the sensitivity to vegetation, the reverse applies and the probability for

convection is reduced.

The diurnal cycle

In the previous sections, monthly mean values were analyzed. Evapotranspiration is however

characterized by a strong diurnal cycle, and the feedback processes including convective insta¬

bility develop in response to the build-up of the daytime boundary layer. In order to explore the

diurnal cycle of the boundary layer the 6, 12 and 18 UTC profiles of potential and equivalent
potential temperature, and relative humidity are investigated for CTRL and POT for May 1990

(Fig. 5.15). Due to technical reasons the analysis was not possible for the 6-year average, and

the year 1990 is regarded as representative for the whole ensemble. It is conducted following
Schäret al. (1999).

After sunrise the earth surface is heated, the Bowen ratio increases and the boundary layer
develops. In May, this layer's depth is distinctively larger in CTRL (Ap zz 90hPa at 12 UTC)
than in POT (Ap cz 60hPa) due to a larger Bowen ratio, as can be seen in the potential

temperature and the relative humidity profiles (see also section 5.3). The boundary layer is

characterized by constant potential temperature (0) with height, and a maximum of relative

humidity at its topF In addition to lowering the boundary layer depth in May, vegetation
increases the moisture input into that layer, and a larger amount of moisture is distributed

over a more shallow and cooler boundary layer at midday. As a consequence, during the

afternoon the relative humidity values are much larger in POT than in CTRL (at 18 UTC

the respective values amount to 58 and 47%»). It should be noted that in contrast to Schär

et al. (1999) the relative humidity difference (seen before) is not primarily the result of a

different temperature profile but also due to significantly increased specific humidity in POT.

The specific humidity difference in their evaluation between a wet and a dry experiment (see
section 1.2) for a subdomain over France corresponds to a vertically integrated water content

difference of 2kg/m2 (which would be equivalent to a rainfall difference of 2 mm/month).
In the present study an average value of ~4 mm/month can be calculated for May in the

subdomain SPA2. This is an interesting difference between the two studies, especially when

considering that the imposed changes of the surface parameters in Schär et al. (1999) are

Xssuming that within the boundary layer specific humidity is more or less constant and temperature

decreasing with height, and that above that layer temperature and specific humidity both decrease with

height, then relative humidity should have a maximum on top of the boundary layer.
2The following assumptions are made in calculating this value: Average specific humidity differences POT-

CTRL in May amount to A q ~ 0.4 g/kg = 4-1CT4 kg/kg within a near-surface layer of Ap ~ 100 hPa = 10° Pa

(see Fig. 5.11). This corresponds to a difference in the vertical integrated water content of?aAq-p-Az =

i
• Aq Ap « 4kg/m2 (where we used the hydrostatic relationship p

—

—- |?), which is equivalent to a

mean rainfall difference of 4 mm/month.
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Fig. 5.15: Vertical profile averaged over SPA and May 1990 of potential temperature
6 and equivalent potential temperature 0e [K] for CTRL in (a) and POT in (b), and of

relative humidity RH [%} for CTRL in (c) and POT in (d). The solid line represents
the monthly mean value for May at 6 UTC, the long-dashed at 12 UTC and the dashed

at 18 UTC.

rather drastic compared to this study The reasons for the larger specific humidity differences

in the present simulations may be attributed to a longer residence time of the near-surface

air-parcels in Spain than in France (due to reduced synoptic-scale advection and reduced

precipitation) which implies the possibility for a more significant moisture accumulation, and

to higher temperatures in SPA allowing for larger humidity amounts

Furthermore, the 0e profiles in Fig. 5 15 show a steeper vertical gradient in POT than in

CTRL associated with increased destabilization.
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5.5 Induced atmospheric circulation

Vegetation-induced circulations at low-levels, as revealed by the horizontal wind and the geopo¬

tential height fields, are investigated in this section It should be emphasized that changes in

near-surface wind speed or direction are not due to changes in roughness length (which is kept

constant in the control and the sensitivity experiment, cf chapter 3) but are rather dynamically
induced. As previously seen in Fig 5 1, vegetation changes in POT induce a temperature de¬

crease (increase) at the earth surface in the Mediterranean region in May (August). Fig. 5.16

shows that the cold temperature anomaly in May is related to a cell of anticyclonic circulation

over SPA at 850 hPa with wind speed changes of ~0 4 m/s corresponding to a ~25%> relative

change. The values are even larger in June. In August the anomalous circulation is reversed

Fig. 5.16: Difference of horizontal wind vectors at 850 hPa for May and August (POT-
CTRL). Gray shading indicates the magnitude of the difference vectors [m/s].

(i.e. cyclonic), in harmony with the sign reversal of the other variables (seen in the previous

sections) with wind speed changes of ~0 3 m/s at 850 hPa corresponding to a ~15% relative

change. Similar circulations can also be observed over Greece. Note that the simultaneous

occurrence of cold (warm) surface temperatures and anticyclonic (cyclonic) low-level circu¬

lations in the difference fields POT-CTRL in southern Europe is in accord with results from

the inversion of isolated potential vorticity and surface potential temperature anomalies (see
e.g. Thorpe 1986) This already indicates that these low-level anticyclonic and cyclonic mo¬

tions in May and August, respectively, in the Mediterranean region are in geostrophic balance,

as confirmed by the differences between the two simulations in the 850 hPa geopotential field

(see the top panels of Fig 5 17) At 500 hPa the sign of the geopotential differences in south¬

ern Europe is opposite to the sign of the difference at 850 hPa This vertical dipole structure

implies a tendency for increased convergence (or decreased divergence) at higher levels, in¬

creased divergence below and associated subsidence However, at 500 hPa the pattern does

not seem to be closely related to the surface temperature anomalies (and vegetation changes),
as expected from the analysis of the vertical profiles in the previous section, where it was shown
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Fig 5 17 Difference of geopotential at 850 hPa [c i 0 5gpm] for May (a) and August

(b) and at 500hPa also for May (c) and August (d) Solid (dashed) contour lines

represent positive (negative) values

that the vertical extent of the vegetation-mduced changes is limited to the atmosphere below

-600 hPa

In central and northern Europe the summertime synoptic activity is more intense than in

the Mediterranean region and associated with generally larger low-level wind speed values In

these areas circulation differences are not directly linked to local changes in 2 m temperature

and reflect probable differences in the development of synoptic-scale systems between the two
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simulations. Further illustration is given in appendix E.

Finally, the differences in low-level potential vorticity PV between the simulations POT

and CTRL are briefly investigated for southern Europe. On the synoptic-scale PV can be

approximated with reasonable accuracy as

1 F)9
pr = --.(M-0-T-> (5.2)

p
' x

where / + Ç denotes absolute vorticity. For instance, in May over SPA the sign of the P\r

difference at low levels will be determined by the relative importance of the decrease in vorticity

(associated with the anticyclonic circulation anomaly) and the increase in vertical stability

(associated with the surface cooling due to additional évapotranspiration, cf. section 5.4).
When frictional terms can be neglected, the following equation holds for the material change
of PV due to diabatic heating or cooling 8 (Hoskins et al. 1985):
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On the 850 hPa level in May, PV values over SPA are slightly larger in POT than in CTRL

(see appendix E). This tendency for enhanced PY values in a shallow layer above the ground
in a region of additional evapotranspirative cooling (as observed in the POT experiment) is in

agreement with the theoretical expectation from Eq. 5 3, that PV values of air parcels residing

just above a region of maximum diabatic cooling are increasing (as the vorticity term / + ( is

generally positive). This evapotranspiration-induced (weak) increase of PV in a shallow region
in the POT experiment is comparable (but opposite) to the generation of shallow negative
PV anomalies, as observed in cases where cold air flows over warm ocean waters leading to

a strong heating of the atmosphere due to surface heat fluxes (see for instance Wernli and

Davies 1997).

5.6 Summary and discussion

In order to better understand the simulated vegetation-induced atmospheric processes in south¬

ern and northern Europe, the different meteorological regimes in the two regions are briefly
considered. In northern Europe, the atmospheric conditions in spring and summer are de¬

termined by the progression of translating and developing synoptic-scale disturbances, which

are advected into the model domain through its lateral boundaries. As a consequence, local

land surface anomalies are hardly able to develop, since vegetation-induced effects cannot ac¬

cumulate to a substantial amplitude. The vegetation-induced atmospheric modifications are

rapidly advected away (and possibly diffused) by the synoptic-scale systems. Furthermore, the

high (summer) precipitation rates in northern Europe lead to nearly saturated soil moisture

conditions in the upper layers. This implies a reduced sensitivity of the entire water cycle to

vegetation changes. On the other hand, southern European summer is characterized by the

frequent occurrence of high pressure situations associated with large-scale subsidence. Under

these large-scale meteorological conditions, and when sufficient soil moisture is available, the

large amounts of net radiation lead to strong évapotranspiration, and (shallow) convection

may be triggered in response to the daytime build-up of the boundary layer. Soil moisture

content and vegetation cover strongly affect these processes.
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These fundamentally different meteorological regimes are determinant in shaping the at¬

mospheric response of northern and southern Europe to vegetation changes. The vegetation-
induced signal in northern Europe is of small amplitude and little spatial coherency, while in

southern regions the simulated sensitivity is large and confined to the land areas. Vegetation
invokes substantial local (low-level) reactions which affect the regional climate and water cycle

(relative changes are typically of the order of 20%») In mid-summer the sensitivity reverses

sign, leading to two distinct phases in the simulations. From April until mid-July, the water

cycle is intensified in the whole integration domain when using potential vegetation parame¬

ters. In mid-July soil moisture reaches a critically low value in the Mediterranean regions (due
to higher accumulated évapotranspiration rates in the simulation with the potential vegetation

distribution). This inhibits further évapotranspiration and consequently the intensity of the

whole water cycle is reduced in the second phase of the simulations. This simulated temporal
evolution is characteristic for the Mediterranean region, where soil moisture availability is of

primary importance for the seasonal evolution of the atmospheric water cycle. On the other

hand, the sensitivity to vegetation changes remains identical in northern Europe from April un¬

til August, and is of much smaller amplitude (due to smaller differences between the potential
and the actual vegetation distribution and to a smaller intrinsic sensitivity of the atmosphere

to land surface processes).

Below follows an overview of the involved processes in the coupled vegetation-atmosphere sys¬

tem for the first phase of the simulations (April until mid-July) in the Mediterranean region.
Due to deeper roots and larger leaf areas, transpiration is substantially increased in the simu¬

lation with the potential vegetation parameters. The higher transpiration rates simultaneously
lead to increased surface specific humidity values and decreased surface temperatures, and

accordingly to a reduced depth of the boundary layer. On the other hand, reduced surface

temperatures, and increased water vapor greenhouse effect and cloud backscatter lead to in¬

creased net surface radiation, and accordingly to a larger total heat flux into the boundary

layer. This enhanced flux into a more shallow boundary layer increases boundary layer moist

entropy density. These mechanisms are also seen in Eltahir (1998) and Schär et al. (1999),
and result In larger amounts of moist entropy within a smaller volume of boundary layer air.

Using the relationship between low-level moist entropy and the potential for convective activity

(seen in section 1.1), it can be inferred that the probability for convection is increased in the

potential vegetation case.

Vegetation-induced effects were not only seen at the surface, but within the whole boundary

layer and lower troposphere. The change in the vertical 9( -gradient due to different vegetation
is primarily the result of a vertical redistribution of temperature and humidity. Additional veg¬

etation induces decreased surface temperatures (increased low-level specific humidity values)
which is associated with reduced (enhanced) 8r values. At the surface, the effect of specific

humidity dominates and 8e is increased, while it is reduced on top of the boundary layer, due

to smaller temperatures (specific humidity differences vanish at this height). The boundary

layer vertical 8e profile, which is already in the CTRL run in a state of convective instability is

further destabilized, through a vertical redistribution of slightly increased available energy.

The atmospheric response in the Mediterranean region to vegetation changes is primarily
driven by a different partitioning of the turbulent fluxes (and changed boundary layer depths),
and to a lesser extent by radiative feedbacks. This Is due on the one hand to relatively small

changes in albedo (see section 3.3) and on the other hand to the key role played by processes

related to soil moisture and vegetation because most of the incoming radiation is directed to
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increased évapotranspiration and convection.

In contrast to the vegetation-induced changes in évapotranspiration, surface temperature

and specific humidity, the geographical patterns of precipitation differ from vegetation changes.
The precipitation signal is complex and derives from highly non-linear and sensitive processes.

The variations of the precipitation response to vegetation changes in the simulations for the 6

individual years are thus locally relatively large in comparison to those in évapotranspiration and

soil moisture loss. Despite these somewhat larger year-to-year variations of the precipitation

signal between the two experiments, it is however remarkable that the sign of the difference

over regions like Spain is identical in nearly all months for every year, and that the sign
reversal of the sensitivity to vegetation is also evident in this field. As the amplitude of

the change in évapotranspiration is larger than in precipitation, the moisture flux out of the

Mediterranean region is increased. In summary, the simulations indicate that the deforestation

of the Mediterranean region - in the absence of other external factors - led to a drier and

warmer springtime climate followed by a moister and cooler summer in this region (see also

Heck et al. 1999a).

The strong summertime atmospheric sensitivity of the land surface to the representation of

vegetation for the mid-latitudes is in qualitative agreement with previous results of other

studies, despite different areas and vegetation distributions having been considered, and despite

using very different parameterization schemes. In the following, a comparison against three

studies with modified landscapes in midlatitudes is carried out:

1. Reale 1996 (referred to as Re96) used a general circulation model and analyzed the effect

on climate of the deforestation of the Mediterranean region (including Africa) since the

Classical Roman Period,

2. Pielke et al. 1999b (referred to as Pi99) conducted a regional simulation over southern

Florida with landscape parameters describing the years 1900 and 1993, and

3. Copeland et al. 1996 (Co96) simulated the atmospheric conditions over the United States

for a current and a natural vegetation distribution.

The vegetation changes in Re96 mainly reflect the anthropogenic deforestation around the

Mediterranean Sea. In Pi99, the overall vegetation change from 1900 to 1993 consists of a

transition of mainly woodlands (and areas covered by tall grasses) to agricultural areas. In

Co96, the vegetation changes from forests (natural state) to croplands, when focusing on the

eastern United States. A more detailed description of the various experimental setups, and

an overview of the main results can be found in chapter 1. A summary of the results of the

present study is given in Table 5.3.

Note first that none of the aforementioned studies observed a reversal of the atmospheric

sensitivity to vegetation in summer, which is a unique characteristic of our simulations. The

simulated vegetation-induced impact in the literature is compared here to that seen in the first

phase of our experiments.
Re96 observes the largest (and statistically the most significant) changes over northern

Africa. Differences over the Mediterranean region are also evident but the effect of vegetation
is more mitigated and the resolution of the model somewhat coarse for accurately representing
this region. Evaporation over the Mediterranean region is smaller in the simulation using the

vegetation of the Roman Classical Period (approximately -6 mm/month) and not consistent
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with our results. In northern Africa, the differences are however positive and compare better

with the situation during the first period of our integrations. The sign and the amplitude of the

precipitation difference (ROM-CTRL, see Table ??) over the Iberian peninsula are however in

agreement with the results of this study, as also in Pi99, where larger amounts of precipitation

are reported in the simulation with the landscape of 1900 (compared to that in 1993). The

results of Co96 show however the opposite effect with slightly reduced precipitation in the

eastern United States, when comparing the simulation with the natural against the actual

vegetation.

The vegetation-induced surface temperature change in this study compares qualitatively

very well to that seen in Pi99 and in Co96, albeit different geographical areas are considered.

In Re96, however, the sign of the difference is opposite and the magnitude much larger than

in our experiments.
The vegetation-induced processes associated with the surface energy budget are in com¬

plete analogy to those seen in Pi99 and Co96. (Note that Re96 does not consider the surface

energy budget.) In all 3 studies (Pi99, Co96 and in our study), the latent heat flux is increased

(by 16 W/m2, 3 W/m2 and 24 W/m2, respectively) in the simulation using denser vegetation

(E00, NAT and POT, respectively, see section 1.2), while the sensible flux is decreased (by
5 W/m2, 5 W/m2 and 16W/m2, respectively). The main difference between the 3 studies

relates to the sensitivity of net surface radiation. In Pi99 and in our study it increases with

increased vegetation, while in Co96 it approximately remains constant. Following the analysis
in section 5.3, a smaller boundary layer depth can be inferred for Pi99. The combination of

a larger (smaller) total heat flux within a smaller (larger) volume of boundary layer air leads

to enhanced (reduced) potential for convective activity in all 3 studies. This mechanism is

not only of fundamental significance for soil moisture-rainfall feedbacks (see Eltahir 1998 and

Schär et al. 1999) but also for vegetation-atmosphere interactions.

Due to different parameterizations and data sets, various models show different responses to

imposed changes at the land surface (Pitman 1993). The method used in this study shows

the following limitations.

• Soil type parameters are kept identical in both experiments, even though erosion Is an

important process associated with vegetation changes. For instance, the dominant soil

types in southern and northern Europe (loam and sand, respectively) have permanent

wilting points which differ significantly from one another (see section 2.3). If the loamy
soils in the potential vegetation simulation in southern Europe were replaced for in¬

stance by more sandy soils, additional amounts of water could evaporate. It remains an

open question how much additional soil moisture would be needed to lead to persistent
moister and cooler conditions during the entire summer without sign reversal in the

Mediterranean region.

• The used soil parameterization implies that groundwater is not available for transpira¬
tion, which in reality can however be the case in certain regions (Nino Kuhn, Swiss

Federal Institute for Forest, Snow and Landscape Research, personal communication),
and possibly would shift or even remove the sign reversal of the sensitivity in the exper¬

iments.

• Large uncertainties concern initial soil moisture contents, which is an extremely hetero¬

geneous field and accordingly difficult to determine.
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TABLE 5.3: Summary of the main results of this study. Domain averages of POT-CTRL

over SPA during May and August, respectively, for the average of the years 1987 until

1992.

May August

Surface climate

Surface temperature ~0.9°C +0.8°C

Surf, relative humidity X8% -1.5%

Surf, specific humidity +0.6 g/kg -0.2 g/kg

Water cycle

Evapotranspiration X25mm/mth (+32%) -9 mm/mth (-26%)
Precipitation +10 mm/mth (+25%) -2 mm/mth (-13%)
P-E -15 mm/mth +8 mm/mth
Soil moisture loss +19mm/mth (+41%) -8 mm/mth (-31%)

• Roughness lengths are kept constant in both simulations (see section 3.3), suppressing

frictionally induced changes in momentum and wind field convergence, which would

affect evaporation rates and could possibly impact on precipitation.

• In the model, albedo is not dependent on the vegetation type (but on vegetation cov¬

erage), and the difference between forests (potential vegetation type in Spain) and

short green vegetation (actual type in Spain) amounts to only 3%> in the experiments,

while values in the literature indicate differences of approximately 5% (see section 3.3).
Smaller albedo values over the Mediterranean forests in the simulation with potential

vegetation would lead to higher net surface radiation, thus further increasing bound¬

ary layer moist entropy and enhancing the potential for convective activity (subject to

changes in cloud cover).

• As mentioned in sections 3.1 and 3.2, there are several inaccuracies in the vegetation

parameters, especially in association with the attribution tables of different vegetation

types in different data sets.

• Further limitations relate to the radiation and convection parameterization schemes.

Many radiation schemes overestimate the short-wave radiation component, which is

however compensated in the global mean by a positive bias in long-wave emission (Wild
et al. 1998). This effect is associated with a too rapid summertime drying out of the soil

(Wild et al. 1996). As our model is able to realistically reproduce the spring to summer

transition in both precipitation and temperature, it is assumed that this short-wave

overestimation should not be too important.
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• Convection may be parameterized using various methods (see Emanuel 1994). It is a

central issue for the cloud/radiation feedback and still associated with large uncertainties.

Despite these limitations, the regional climate modeling approach allows a comprehensive study
of the impact of continental-scale vegetation changes on atmospheric processes and climate.

This study showed that, within the LAM approach, land surface anomalies can fully develop,
while the effects of the non-linearity of the system is kept under control by conducting the

large-scale evolution along the analysis fields. Furthermore, the statistical significance of the

results was assured by conducting experiments for 6 different years. The sensitivities are robust

in the sense that in every single year, vegetation induces a similar and physically meaningful
signal upon the water and energy cycles. A striking feature of the experiments, the sign
reversal of the sensitivity of the hydrological cycle to vegetation changes In the Mediterranean

region in July, shows up in each of the individual years. For instance, the change of sign of the

évapotranspiration differences in the individual years, takes place within a period of 4 days for

the years 1989 until 1992 (July 19th ±2 days), with the exception of the year 1987 (1988),
which is a year with rather dry (wet) soils and where the reversal takes place on July 5th

(August 1st).

The presented sensitivity experiments showed that vegetation substantially impacts on climate,

especially within the atmospheric boundary layer and the lower troposphere of the Mediter¬

ranean region. Actual and potential vegetation strongly differ in this area which is characterized

by large-scale anthropogenic deforestation. According to Reale (1996), there is a clear indica¬

tion that massive wood demand and agricultural practices led to a severe vegetation depletion
in the Mediterranean region, starting some 2000 years ago. It is however not clear whether the

potential (mainly forest-type) vegetation - which has been determined (using BIOME3) under

the assumption that it is in equilibrium with current climatic conditions - would still be capable
of surviving under the simulated climatic conditions in the potential vegetation experiment.
The investigation of these biological aspects is beyond the scope of this study. It is however

important to note that the sustainability of a certain vegetation type is a complex subject,
and depends not only on mean rainfall and temperature, but much more on the occurrence

of extreme events, as well as on a multitude of other factors. These aspects could be further

investigated by means of dynamical vegetation models, for example. A static and dynamic
approach on the level of individual plant species on the local to regional scale (1-1000 km) is,
for instance, given in Cebon et al. (1998).
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In this thesis, aspects of land-atmosphere interactions have been investigated by means of

regional climate simulations for the mid-latitudes. To this end, an ensemble of 6 seasonal

simulations for the years 1987-1992 with the actual vegetation parameters (control ensemble)
was compared with an ensemble of 6 sensitivity experiments for the same years with a potential

vegetation distribution. The most substantial differences between both sets of vegetation

parameters occur in the Mediterranean region - where forests in the potential distribution

were replaced by grasslands - as associated with the large-scale anthropogenic deforestation

during the last 2000 years. Both ensembles of experiments are characterized by identical initial

and lateral boundary conditions taken from the ECMWF reanalysis data set. The numerical

simulations were carried out with the regional climate model of the German Weather Service

covering Europe and encompassing the summertime period from April 1st until August 31st.

Here, the main findings of the experiments are summarized and some suggestions for possible
future working directions are provided.

1. The results of the sensitivity experiments suggest that the potential vegetation pa¬

rameters lead to significant changes in the simulation of summertime climate in the

Mediterranean region, with a moister and cooler springtime climate (+25% additional

precipitation and -0.9°C lower surface temperatures in May over Spain) followed by a

drier and warmer summer (-13%) less precipitation and -p0.2°C higher surface temper¬

ature in August over Spain) .

2. The Mediterranean region is characterized by two phases with contrasting sensitivity
to vegetation changes. During the first phase (April until June) the atmospheric wa¬

ter cycle is intensified in the potential vegetation simulation. Evapotranspiration is

increased (+32%o), the earth surface cooled, boundary layer height reduced, and ver¬

tical stability decreased, resulting in enhanced probability for convective activity and

eventually increased precipitation. The second phase starts in mid-July after soil mois¬

ture reaches critically low values in the Mediterranean region due to higher accumulated

évapotranspiration rates in the simulation with the potential vegetation parameters, and

is characterized by a reversal of the atmospheric sensitivity to vegetation changes. In

particular, the intensity of the atmospheric water cycle is reduced in July and August
and the seasonal cycle of soil moisture is shifted by nearly 2 months in the experiment
with potential vegetation.

3. There is a large sensitivity of climate to the amount of soil moisture in the Mediterranean

region, since the surface energy balance is strongly controlled by the soil water content.

This contrasts to northern Europe where the translating and developing synoptic-scale
disturbances suppress significantly the land surface forcing, and vegetation changes are

hardly able to influence the atmosphere. The simulated vegetation-induced signal in

northern Europe is of small amplitude and little spatial coherency, but of constant sign

throughout the entire summer.

69
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4. The vegetation-induced physical processes were seen to be simultaneously related to the

water and the energy cycle (linked through évapotranspiration). The combination of

increased low-level specific humidity (+0.6 g/kg in May over Spain) and reduced surface

temperatures, in conjunction with decreased boundary layer depths, leads to a destabi¬

lization of the lower troposphere (by nearly 1°C in May over Spain), and thereby increases

the potential for convective activity. The simulations suggest that the vegetation-induced
effect on the atmosphere is mainly related to changed évapotranspiration rates and to

a lesser degree to differences in the radiation budget related to the albedo effect.

5. Vegetation-induced changes are predominantly local and almost confined to the land ar¬

eas and especially areas with large vegetation changes, such as the Mediterranean region.
Based upon the performed analyses there is little evidence for significant remote effects.

However, in the Mediterranean region the amplitude of the change in évapotranspiration
is significantly larger than in precipitation (AFT ^ AP), thus the moisture export out

of this area is increased (15 mm/month additional water flux divergence in May out of

Spain).

6. Vegetation-induced differences mainly affect the boundary layer, and are strongest at

the earth surface. Due to convection and induced circulation changes, differences may

however influence higher levels of the troposphere up to ^-500 hPa. Depending on the

vegetation cover, heat-low circulations over Spain for instance may be strengthened or

weakened, but there is no evidence that this feature notably impacts the hydrological
cycle.

As discussed in section 5.6, the limitations of the method are related to characteristics of

the model's parameterizations, a certain degree of arbitrariness when specifying the vegeta¬
tion parameters, and the possibility that the determined potential vegetation would not be

in equilibrium with the climate 2000 years ago. Despite these limitations, the setup of the

experiments and the regional climate modeling approach showed to be a well-suited tool for

studying land-atmosphere interactions on a regional scale, on a comprehensive and physical
level. The results demonstrate that the simulated land surface anomalies can fully develop
during mid-latitudes' summer, especially in the Mediterranean region, while global-scale feed¬

backs of the system are kept under control by conducting the large-scale evolution along the

analysis fields.

The summary of the limitations to this study may also serve to indicate possible directions for

future research.

• In order to study vegetation-induced far-field effects (for instance in cloud coverage

distribution over Great Britain) a Lagrangian trajectory analysis could be rewarding.
Such an approach would allow to determine the destination of exported moisture, and

the origin of cloud liquid water in regions with increased cloud coverage.

• It could be interesting to conduct simulations for several entire years, especially when

investigating soil moisture dynamics. Open questions in this context are for instance

whether soil moisture would recover after a dry summer in the Mediterranean region,
how a preceding year acts on the following one, and whether roots equilibrate with soil

moisture after a certain time period.
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• Not analyzed in particular detail was the increase in convection, which could be asso¬

ciated with an increased frequency of convective activity or an overall increase in the

intensity of these systems.

• Furthermore, in order to isolate the radiative feedback, rainy days could be separated
from fair weather conditions, and the same analysis of the energy balance (as in this

work) conducted separately for both groups.

• Attractive research questions in the area of soil/cloud/radiation feedbacks could also be

tackled with idealized numerical experiments using various parameterization schemes.

In this spirit the present study represents an attempt to contribute to a better understanding of

land-atmosphere interactions on a seasonal, diurnal, local and regional scale. The associated

important and open issues of climate variability, seasonal predictability and climate change in

mid-latitudes still merit considerable further attention.
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80 Â. VALIDATION

Fig A L Monthly mean

geopotential at 500 hPa

[gpm] of the CTRL run

(solid line) and the ECMWF

reanalysis (dashed line) for

April (A) until August (A),
average of all 6 years

F(, V 2 Monthly mean

temperature at 350 hPa [°C]
of the CTRL run (solid line)
and the ECMWF reanalysis

(dashed line) for April (A) un¬

til August (A) average of all

6 years
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Fig A 3 Monthly mean

geopotential at 500 hPa

[gpm] of the CTRL run

(solid line) and the ECMWF

reanalysis (dashed line) for

April (A) until August (A)
1987

Tig V 4 Monthly mean

geopotential at 500 hPa

[gpm] of the CTRL run

(solid line) and the ECMWF

reanalysis (dashed line) for

April (A) until August (A)
1988
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Fig A 5 Monthly mean

geopotential at 500 hPa

[gpm] of the CTRL run

(solid line) and the ECMWF

reanalysis (dashed line) for

April (A) until August (A)
1989

Fig A 6 Monthly mean

geopotential at 500 hPa

[gpm] of the CTRL run

(solid line) and the ECMWF

reanalysis (dashed line) for

April (A) until August (A)
1990
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Fig A 7 Monthly mean

geopotential at 500 hPa

[gpm] of the CTRL run

(solid line) and the ECMWF

reanalysis (dashed line) for

April (A) until August (A)
1991

Fig A b Monthly mean

geopotential at 500 h Pa

[gpm] of the CTRL run

(solid line) and the ECMWF

reanalysis (dashed line) for

April (A) until August (A)
1992
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A. VALIDATION

FlG A 9 Monthly accumu-

ated precipitation [mm/month]
of the CTRL run for April (A)

6o

until August (A), average of all 6

years Note that the model sup-

« presses precipitation within the

ateral boundary relaxation zone

00
Fig A 10 Observed monthly
accumulated precipitation

[mm/month] for April (A) until

60
August (A), average of all 6

years Note that the white areas

m correspond to missing data

values
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86 B. SURFACE CLIMATE

FlG B 1- Monthly average

of 2 m temperature [°C] of the

CTRL run for April (A) until Au¬

gust (A), average of all 6 years

Fig B 2 Monthly average

of 2 m temperature difference

(POT-CTRL) [°C] for April (A)
until August (A), average of all

6 years The bold line represents

+0 2°C in order to distinguish

positive from negative values
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Fig B 3 Monthly average of

specific humidity [g/kg] at low¬

est model level of the CTRL run

for April (A) until August (A),

average of all 6 years

Fig B 4- Monthly average

of specific humidity difference

(POT-CTRL) [g/kg] at lowest

model level for April (A) un¬

til August (A), average of all 6

years The bold line represents

+0 2 g/kg in order to distinguish

positive from negative values
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90 C. HYDROLOGICAL CYCLE

FlG C 1 Monthly accu-

80 mulated évapotranspiration

[mm/month] of the CTRL run

for April (A) until August (A)

average of all 6 years

I

0

0

- 20

30

40

bO

Fig C 2 Monthly accumu¬

lated évapotranspiration differ¬

ence (POT-CTRL) [mm/month]
for April (A) until August (A),

average of all 6 years The bold

line represents +10 mm/month
-J o in order to distinguish positive

0 from negative values A weak
0

spatial smoothing has been ap¬

plied for display purposes
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Fig C 3 Monthly accumu¬

lated precipitation [mm/month]
of the CTRL run for April (A)
until August (A), average of all

40 6 years.

I

Fig C 4 Monthly accu¬

mulated precipitation difference

(POT-CTRL) [mm/month] for

April (A) until August (A), av¬

erage of all 6 years The bold

>; line represents +5 mm/month in

if order to distinguish positive from

negative values A weak spatial

smoothing has been applied for

display purposes



U Ù C. HYDROLOGICAL CYCLE

FlG. C.5: Total soil moisture

content [m] of the CTRL run for

April 1st (A), May 1st (M), June

1st (J), July 1st (J) and August
1st (A), average of all 6 years.

Total soil depth amounts to 2 m.

FIG. C.6: Differences (POT-
CTRL) in monthly (total) soil

moisture change [m/month] be¬

tween the beginning and the end

of April (A), May (M), June (J),
July (J) and August (A), aver¬

age of al 6 years. The bold line

represents 4-0.01 m/month in or¬

der to distinguish positive from

negative values. A weak spatial

smoothing has been applied for

display purposes.
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FlG C 7 Soil moisture con¬

tent [mm] of the first soil layer

(2 cm) of the CTRL run at April
30th (A), May 31st (M) June

30th (J), July 31st (J) and Au¬

gust 31st (A), average of all 6

years

<

I

I

Fig C 8 Soil moisture differ¬

ence (POT-CTRL) [mm] of the

first soil layer (2 cm) for April
30th (A) May 31st (M) June

30th (J) July 31st (J) and Au¬

gust 31st (A), average of all 6

years The bold line represents

4-0 2 mm/month in order to dis¬

tinguish positive from negative

values A weak spatial smooth¬

ing has been applied for display

purposes
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Fig C 9 Surface and ground¬
water runoff [mm/month] of the

4b CTRL run for April (A) until Au¬

gust (A), average of all 6 years

Fig C 10 Monthly difference

(POT CTRL) in surface and

groundwater runoff [mm/month]
for April (A) until August (A),

average of all 6 years The bold

ne represents +6 mm/month in

order to distinguish positive from

negative values A weak spatial

smoothing has been applied for

display purposes
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-^-SURFACEJNERGYBUDGET

, ,,-"( 2( FV

m 2Rj
^:fe #1" Fl?- D:1: M°nthly average of

k4 JU. i^f: AFI J* surface short-wave radiation

[W/ml of the CTRL run for

April (A) until August (A) av¬

erage of all 6 years.

fl,5 tie. D.2: Monthly average of

F 12
net surface short-wave radiation

AT \ Fi6
dlfference (pOT-CTRL) [W/m21

S^V-F,AlH°
f°r Apnl (A) untii August (A)

t S^rC^li"6 r^6
°f a" 6^ The bold

4^^^|- ^ presents +6 W/m2 in or_
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6 t0 disting^h positive from

I /""H »fU
'
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negative values.
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Fig. D.3: Monthly average of

net surface long-wave radiation

[W/m2] of the CTRL run for

April (A) until August (A), av¬

erage of all 6 years.

Fig. D.4: Monthly average of

net surface long-wave radiation

difference (POT-CTRL) [W/m2]
for April (A) until August (A),

average of all 6 years. The bold

line represents +6 W/m2 in or¬

der to distinguish positive from

negative values.
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120 FlG D 5 Monthly average of

net surface iadiation [W/m2] of

the CTRL run for April (A) un¬

til August (A), average of all 6

years

^&—- "*3
"""

YziY aR^-^ fjT^ c«

FlG D 6 Monthly average of

net surface radiation difference

(POT-CTRL) [W/m2] for April

(A) until August (A), average of

all 6 years The bold line repre¬

sents +4W/m2 in order to dis-

1

tinguish positive from negative

values
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Fig. D.7: Monthly average of

total heat flux [W/m2] of the

CTRL run at the earth surface

for April (A) until August (A),

average of all 6 years.

I

-12

-16

-20

Fig. D.8: Monthly average

of total heat flux difference

(POT-CTRL) at the earth sur¬

face [W/m2] for April (A) un¬

til August (A), average of all 6

years. The bold line represents

4-4W/m2 in order to distinguish

positive from negative values.
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FlG D 9 Monthly average of

total cloud coverage [%] of the

45 CTRL run for April (A) until Au

gust (A), average of all 6 years

10

8

^4 6

Fig D 10 Monthly average of

total cloud coverage difference

(POT-CTRL) [%] for April (A)
until August (A), average of all

6 years The bold line represents

+2 % in order to distinguish pos¬

itive from negative values
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102 E. INDUCED ATMOSPHERIC CIRCULATION

Fig. E 1: Monthly average of

4 horizontal wind at 850 hPa [m/s]
of the CTRL run for April (A)
until August (A), average of all

? 6 years

Fig. E.2: Monthly average of

horizontal wind difference (POT-

„ CTRL) at 850 hPa [m/s] for April

(A) until August (A), average of

'5 all 6 years The bold line repre-

3 sents 3 0 15 m/s in order to dis-

,J

tinguish positive from negative

values
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Fig. E.3: Monthly average

of potential vorticity at 850 hPa

PVU] of the CTRL run for April

(A) until August (A), average of

all 6 years.

Fig. E.4: Monthly average

of potential vorticity difference

(POT-CTRL) at 850 hPa [PVU]
for April (A) until August (A),

average of all 6 years. The bold

line represents +0.015 PVU in

order to distinguish positive from

negative values.
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Fig. E.5: Monthly average

of 850 hPa geopotential [m]
difference (POT-CTRL) for

April (A) until August (A),

average of all 6 years. The

solid (dashed) contour line

represents positive (negative)
values.

Fig. E.6: Monthly average

of 500 hPa geopotential [m]
difference (POT-CTRL) for

April (A) until August (A),

average of all 6 years. The

solid (dashed) contour line

represents positive (negative)
values.
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