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Summary

Jurg Stephan Fussier, 1998 On the Inteiaction between Atmosphete and Vegetation undei

Incieasinq Radiatne Foicinq A Model Analysts PhD thesis No 12802, Swiss Federal

Institute of Technology Zurich (ETHZ), 161 pp

Atmosphet e-^ eqetatwn inteiaction Terrestrial vegetation exerts a significant influence on the

atmosphere For instance, it determines by its reflectivity (albedo) the input in shortwave

energy from the sun, it controls the fluxes of water vapour and of carbon dioxide, and influ¬

ences by its surface roughness the flow in the planetary boundary layer In contrast, the struc¬

ture and functionality of the terrestrial vegetation are shaped to a large degree by the

prevailing climatic conditions Terrestrial vegetation must therefore be seen as an integral and

dynamic component of the climate system, which is linked to the atmosphere in a two-way

interaction

However, in current global climate models that are used to project the evolution of the glo¬
bal climate under an increasing greenhouse gas induced radiative forcing, the structure of ter

restnal vegetation, which determines the properties and the functionality of the land's surface

with respect to the atmosphere, is assumed to remain constant and not responsive to the

changing climatic conditions First attempts to implement dynamic representations of vegeta

Hon structure in global climate models are only recently being made The main problems that

oppose a dynamic two-way modelling of the atmosphere-vegetation system include the limi¬

tations in available data in process knowledge (e q allocation, community effects, scaling

up), in computing power, and in its complex properties as a dynamic system
The aim of this study is to investigate the potential role of feedbacks in the atmosphere-

vegetation system in the framework of a computationally very efficient conceptual model

The conceptual nature of the model allows in the sense of a preliminary study, to circumvent

some of the problems which are posed in the two-way coupling of detailed atmospheric glo¬
bal circulation models (GCMs) with dynamic models of vegetation

The cone eptual model The conceptual model is based on strongly simplified but largely real¬

istic representation of the atmosphere and the terrestrial vegetation on a regional level It

includes essentials of water related two-way feedbacks, such as the influence of vegetation on

evapotranspiration and therefore on the surface energy balance, and the impact of tempera

ture and drought on biomass growth and mortality In constructing the model, the zero-

dimensionahty and the annual timestep of the conceptual model prevented in many cases the

adoption of existing parametenzations of the processes in the atmosphere-vegetation system

Instead, parametenzations were modified or new parametenzations had to be developed in

order to find an adequate representation of these processes on a conceptual level

The choice of the model level does not aim at a detailed, quantitative description of the

systems of atmosphere and vegetation However, both systems are simulated in their mutual

dynamic interaction, exploring the role of different processes and feedbacks under climate

change on a conceptual level

Response to incieasim; ladiatne foicinq In the simulation experiments the atmosphere-veg
etation system of a mid-latitude region is subject to an increasing external radiative forcing
The response of the conceptual model with constant vegetation to this increasing forcing lies

well within the range of global results from GCMsas discussed in the IPCC leports and in

comparison even tends to underestimate it
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The analogous simulations with the dynamic biomass scheme indicate at first a transient

growth of biomass related to the temperature increase up to a critical threshold in radiative

forcing Beyond that threshold, the drought stress begins to dominate the response and the

biomass decreases This qualitative response pattern is in line with several model studies

Also, this trend has already been observed in comprehensive tree ring observations in higher
northern latitudes

The increase in biomass leads to a slight mitigation, respectively its decrease to a slight
reinforcement of the temperature increase, because of the change in evapotranspiration

Model extended by dynamic loots, cloud feedback and adaptation This picture changes if

one takes into consideration an additional feedback loop This feedback is based on the

hypothesis that drought stress implies not only a reduction in above ground biomass, but also

a reduction in rooting systems and therefore a reduction of the amount of water accessible to

the plants for transpiration In the simulations, the implementation of dynamic scheme for

below ground biomass promotes not only the biomass-evapotranspiration-temperature feed¬

back mentioned in the previous section, but induces qualitatively a new property the occur¬

rence of a second stable state in the atmosphere-vegetation system (bistability) This second

state appears in a certain range of the external forcing and is characterized by high tempera¬
ture, drought, a strongly reduced above and below ground biomass, and lower evapotranspira¬
tion In the bistable regime, moderate perturbations can trigger the atmosphere-vegetation
system to undergo an abrupt change to the other state

The investigations with a scheme that couples cloudiness to regional evapotranspiration
indicate that cloud feedback tends to stabilize both states

It lies beyond the scope of the conceptual model to quantify the conditions which lead to

bistability in the atmosphere-vegetation system at mid-latitudes However, our investigations
show that within a consistent, realistic parameterization, the interaction between vegetation
structure (inci roots), evapotranspiration and atmosphere may lead to bistability The consid¬

eration of the dynamic nature of (above and below ground) vegetation structure in simulation

studies of future climate development might lead to projections of more abrupt changes in

climate conditions than predicted by present models

In order to investigate the role of the adaptability of terrestrial ecosystems to changing cli¬

matic conditions, a simple scheme of adaptation has been implemented into the conceptual
model The simulations indicate that the rate and the extent of the adaptation are crucial fac¬

tors in the assessment of possible future changes mthe climate-vegetation system They point
to the possible existence of critical thresholds m the rate of adaptation In general, a high

adaptability of terrestrial ecosystems promotes the maintenance of an abundant vegetation
cover during increasing radiative forcing, and enables the regeneration of the atmosphere-
vegetation system after perturbations

The conceptual nature of the model presented in this work restricts its applicability to the

qualitative investigation of feedbacks in the atmosphere-vegetation system The results iden¬

tify several processes and feedbacks, such as the dynamics of above ground vegetation struc¬

ture, the dynamics of rooting systems, and the processes of adaptation, which, if coupled in a

two-way mode in models of climate projections, might modify the resulting trajectories con¬

siderably, in particular on a regional scale As a next step in model hierarchy, the results from

the conceptual model have to be reproduced in a more detailed 2-D or 3-D climate model

coupled with a dynamic vegetation model
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Kurzfassung

Jurg Stephan Fussier, 1998 Ubei die Wechselnukuni; \on Atmosphaie und Vegetation untei

ememzunehmenden Stiahlunqsfoninq Erne Modeltanalyse Diss ETH Nr 12802, Eidge-
nossische Technische Hochschule Zurich (ETHZ), 161 pp

Wethselmikuni> znisthen Atmosphaie und Vegetation Eineiseits ubt die terrestrische Vege¬
tation emen betrachthchen Einfluss auf das atmosphansche Geschehen aus So bestimmt die

Vegetation uber lhre Reflektivitat (Albedo) den Input an kurzwelliger Strahlung von der

Sonne, steuert sie den Austausch von Wasserdampf und Kohlendioxid mit der Atmosphare
und verandert durch lhre Oberflachenrauheit die Stromungsdynamik in der planetaren Grenz-

schicht Umgekehrt wird die Vegetation in Struktui und Funktion mhohem Masse durch die

herrschenden klimatischen Verhaltnisse bestimmt Die terrestrische Vegetation muss deshalb

als integrale und dynamise he Komponente des Khmasystems verstanden werden, welche mit

der Atmosphare in qeqenseitiyei Wechselwirkung steht ("zwei-Weg' Kopplung)
In heutigen globalen Khmamodellen, wie sie zur Abschatzung einer Khmaanderung in

Folge des zunehmenden Treibhauseffekts verwendet werden wird die Vegetation jedoch in

lhrer Struktur als konstant angenommen Erst seit jungster Zeit weiden Versuche unternom-

men, Submodelle einer dynamischen Vegetationsstruktui in globale Klimamodelle zu lirrple-
mentieren Die Hauptprobleme, welche die dynamische zwei-Weg Modelherung erschweren,

hegen vor allem in der Beschranktheit dei verfugbaren Daten, der Kenntmsse der involvierten

Prozesse (z B Allokation, Community-Effekte, Upscalmg) und der Computerleistung, sowie

in den komplexen Eigenschaften des dynamischen Systems Atmosphare-Vegetation
Ziel dieser Studie ist die Untersuchung der moghchen Rolle von veischiedenen Feedbacks

lm System Atmosphare Vegetation bei einer Khmaanderung lm Rahmen eines numensch

ausserst effizienten konzeptionellen Modelles Der konzeptionelle Ansatz erlaubt es, lm

Sinne einer Vorstudie einige der Probleme, welche sich bei der zwei-Weg Kopplung von

detaillierten atmosphanschen globalen Zirkulationsmodellen mit dynamischen Modellen der

globalen Vegetation ergeben, zu umgehen

Das konzeptionelle Model! Das konzeptionelle Modell basiert auf einer staik vereinfachten,

aber lm grossen und ganzen reahstischen Reprasentation der Atmosphare und der terrestn-

schen Vegetation auf einer regionalen Ebene Es enthalt die wesenthchsten Elemente der

Ruckkopplung zwischen der Atmosphare und der Vegetation bezughch des Wasserhaushaltes,

wie den Einfluss der Vegetation auf die Evapotranspiration und damit auf die Oberflachenen

ergiebilanz, so wie auch die Auswirkung von Temperatur und Trockenheit auf den Zuwachs

oder das Absterben der Biomasse Fur die Konstruktion des Modelles mussten wegen der

Nulldimensionahtat des konzeptionellen Modelles und des Zeitschnttes von einem Jahr

bestehende Parametensierungen der Prozesse modifiziert oder gar neue Parametensierungen
entwickelt werden

Das Ziel eines Modelles solch konzeptionellen Zuschnitts kann es nicht sein, eine detail-

herte und quantitative Beschreibung der Systeme Atmosphare und Vegetation zu liefern

Stattdessen erlaubt das Modell die Simulation der beiden Systeme in lhrer gegenseitigen

dynamischen Wechselwirkung

Reaktwn auf em zunehmendes Stiahhmqsfoitinq In den Simulationsexpenmenten wird das

System Atmosphare-Vegetation einer Region der mittleren Breiten einem zunehmendem

Strahlungsforcmg, einem ansteigendem Treibhauseffekt entsprechend, ausgesetzt Mit kon-
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stant gehaltener Vegetation hegt der resultierende Temperaturanstieg (Klimasensitivitat) lm

Rahmen von globalen Resultaten von atmosphanschen Zirkulationsmodellen und fallt lm

Vergleich sogar eher genng aus

In den analogen Simulationslaufen, welche mit dynamischer Vegetation durchgefuhrt wur-

den, fordert die ansteigende Temperatur ein vorubergehendes Wachstum der Biomasse Uber-

steigt das Forcing emen Schwellwert, wird der Trockenstress dominant und die Biomasse

wird wiederum reduziert Dieses qualitative Verhalten der Vegetation lm konzeptionellen
Modell steht in Ubereinstimmung mit mehreren Modellstudien Dieser Trend zeigt sich auch

schon in umfangreichen Jahrnngmessungen in hoheren nordlichen Breiten

Der Anstieg an Biomasse fuhrt uber die Evapotranspiration zu einer leichten Abschwa-

chung, respektive lhr Ruckgang zu einer leichten Verstarkung des Temperaturanstiegs

Erweiteiung des Modelles dutch dynamische Wwzeln Wolkenfeedback und Adaptation Die¬

ses Bild andert sich, wenn nun erne zusatzhches Ruckkoppelungsschleife in Betracht gezo-

gen wird Dieses Feedback basiert auf der Hypothese, dass der Trockenstress nicht bloss zu

einer Reduktion der Biomasse uber dem Boden fuhrt, sondern auch die Wurzelsysteme beein-

trachtigt und damit das der Pflanze fur die Transpiration verfugbare Wasser vermindert Die¬

ser Mechamsmus verstarkt in den Simulationen nicht nur das Biomassen-

Evapotranspirations-Temperatur-Feedback des vorhengen Abschnittes, sondern induziert

auch eine quahtativ neue Eigenschaft Die Existenz eines zweiten stabilen Zustandes tm

System Atmosphare-Vegetation (Bistabihtat) Dieser zweite Zustand tntt in einem gewissen

Bereich des externen Forcings auf Er zeichnet sich durch eine hohe Temperatur, Trockenheit,

eine stark reduzierte Biomasse sowohl uber als auch unter dem Boden, und durch genngere

Evapotranspiration aus Befindet sich das System in diesem bistabilen Bereich, genugt eine

Storung, um einen abrupten Ubergang des Systems in den andern Zustand auszulosen

Eine weitere Erweitemng des Modelles, bei welcher die Bewolkung von der regionalen
Evapotranspiration abhangt, deutet darauf hm, dass ein solches Wolkenfeedback zur Stabili-

sierung der beiden Zustande des Systems beitragen konnte

Es hegt ausserhalb des Rahmens des konzeptionellen Modelles, die Bedingungen zu quan-

tifizieren, unter welchen lm System Atmosphare-Vegetation der mittleren Breiten Bistabihtat

auftreten kann Unsere Untersuchungen zeigen jedoch, dass innerhalb einer konsistenten und

reahsischen Parametensierung die Feedbacks zwischen Vegetationsstruktur (inki Wurzeln),

Evapotranspiration und der Atmosphare zu Bistabihtat fuhren konnten Die Berucksichtigung
der Dynamik der Vegetationsstruktur (uber und unter dem Boden) in Simulationsstudien der

zukunftigen Khmaentwicklung konnte zu Projektionen von viel abrupterem Charakter fuh¬

ren

Umdie Rolle der Adaptation terrestnscher Okosysteme an sich verandernde khmatische

Bedingungen zu untersuchen, wurde in ememweiteren Schntt ein einfaches Adaptationsmo-
dell ins konzeptionelle Modell eingebaut Die Simulationsresultate zeigen, dass die Tiefe und

Geschwmdigkeit der Adaptation kntische Faktoren smd fur die zukunftige Entwicklung des

Systems Atmosphare-Vegetation Sie verweisen auf die moghche Existenz von Schwellwer-

ten in der Adaptationsrate lm allgemeinen erlaubt eine hohe Adaptationsfahigkeit terrestn¬

scher Okosysteme die Aufrechterhaltung einer reichen Vegetationsbedeckung unter

zunehmendem Strahlungsforcing und ermoglicht die Regeneration des Systems Atmosphare-
Vegetation nach einer Storung

Der konzeptionelle Charakter des in dieser Arbeit vorgestellten Modelles beschrankt dessen

Anwendbarkeit auf die qualitative Untersuchung von Feedbacks lm System Atmosphare-

Vegetation Die Modellresultate lassen mehrere Prozesse und Feedbacks erkennen, wie die
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Dynamik von Biomasse, Wurzelsystemen und Adaptationsprozesse, welche, in Klimamo-

delle mtegriert, die resultierenden Klimaprojektionen betrachtlich modifizieren konnten,

besonders auf regionaler Ebene In ememnachsten Schritt in einer Hierarchie der Modelle

sollten die Resultate des konzeptionellen Modelles in einem detaillierteren zwei- oder dreidi-

mensionalen Klimamodell, gekoppelt mit einem dynamischen Vegetationsmodell reprodu-
ziert werden konnen
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Chapter 1 Introduction

Large-scale experiments in science are rare, since they are very expensive. The

"Large Electron Positron Collider (LEP)", a particle accelerator at CERN, is the

worlds biggest scientific instrument, with its circumference of 27 km. At

present, however, an "experiment" which is several orders of magnitude larger
than this is underway: the global anthropogenic emission of greenhouse gases

into the atmosphere and its impact on the radiation balance of the planet. Or, as

Revelle and Suess noted in 1956: "[HJuman beings are now carrying out a large
scale geophysical experiment of a kind that could not have happened in the past

nor be reproduced in the future." In contrast to the experiments at the LEP, this

experiment is not reproducible (at least on the time scale of human beings) and

because of its global range, its outcome will affect man immediately.
Just like a particle beam in the accelerator, the global climate also constitutes

a highly complex system. It is made up of a large number of components and

actors that interact with each other, comprising not just the atmosphere but also

the oceans, the cryosphere, the land surface with its plant cover and, not least,

people themselves. An understanding of the climate system calls for detailed

knowledge of the individual components as well as of their mutual influence

and interaction.One climate component that gained increasing attention in the

more recent evolution of climate research is the terrestrial vegetation. There is

an increasing awareness that terrestrial vegetation represents one of the key
components in the understanding of climate and in the projection of its evolu¬

tion. However, in climate modelling, very simple schemes such as the picture of

'swamps' covering the Earth's land were prevailing for a long time. Beginning
representations of biospheric processes in climate models were in general static

and less elaborated in comparison to the model parts representing the atmos¬

pheric processes.

Fortunately, the willingness of several pioneers to cross the borders between

the disciplines of atmospheric sciences and biology led to an impressive
improvement of the vegetation schemes in models of climate. The schemes used

in global climate models simulate the influence of terrestrial ecosystems on

fluxes of energy, mass and momentum at the planetary surface and therefore
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determine the lower boundary conditions of the atmosphere. However, the vege¬

tation structure which determines the properties and the functionality of the land

surface is assumed to remain constant during the simulations.

This assumption may not hold for many parts of the world, as is indicated by
records of the dynamics of vegetation structure during earlier climate variations

and by model projections of vegetation structures under a changed climate. The

atmospheric dynamics is influenced by the vegetation cover, which in reverse is

shaped by the atmospheric conditions (Figure 1.1).
To simulate the atmosphere-vegetation system in a truly dynamic two-way

interaction and to extend global climate models with dynamic global vegetation
models (DGVMs) is one of the important goals of current climate research.

However, first DGVMsare only gradually entering the operational stage, and

manifold problems remain.

The central questions which this thesis aims to investigate are: what new

properties of the atmosphere-vegetation system might emerge by the inclusion

of a dynamic representation of vegetation structure in climate models? What

role might the feedbacks between the atmosphere and the vegetation play in a

transient change in radiative forcing? What consequences might the inclusion of

two-way feedbacks imply for the uncertainty of climate projections?
This work is meant to identify gaps in the understanding of the dynamic

nature of atmosphere-vegetation interaction. It can be regarded as preliminary
work which might help to formulate questions and to generate hints for the

direction of future research in fully coupled dynamic models of atmosphere-

vegetation interaction.

The level in model hierarchy chosen for this work is that of a conceptual
model for regional atmosphere-vegetation interaction. It is based on simplified
but largely realistic representations of atmosphere and terrestrial vegetation.
The aim is not the quantitative and detailed treatment of processes and interac¬

tions in the atmosphere-vegetation system (which is left to future coupled
GCM-DGVMs), but the qualitative investigation of the role of feedbacks

between the two components.

Although, in principle, the conceptual modelling framework could be used to

simulate atmosphere-vegetation interactions in various regions, the scope of the

investigations presented in this work is restricted to the modelling of a region in

northern mid-latitudes. In addition, it focuses on geobiophysical feedbacks

related to water fluxes, leaving aside feedbacks related to surface albedo

changes or to the carbon cycle.
This thesis can be divided into three parts. Part I (Chapter 2) gives an over¬

view over the climate system, with the focus on the interaction between the

atmosphere and the terrestrial vegetation. It briefly discusses different
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Figure 1.1 Atmosphere-vegetation interaction The Earth's vegetation cover influences the lower

boundary conditions of the atmosphere by processes such as the exchange of water vapour, carbon

dioxide and other gases, and by its physical properties like the reflectivity for incoming solar radiation or

by the resistance it exerts on boundary layer winds Conversely, the structure of vegetation, which to a

large extent determines its physical properties, is shaped by the climatic conditions On a shorter time

scale, the plant responds on a physiological level to climatic conditions, as e # by the opening of

stomata This two-way interaction between atmosphere and vegetation might shape the trajectory of

future climate change significantly
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approaches that have been taken for the modelling of the atmospheric and the

biosphenc systems and of their interaction in view of the conceptual model pre¬

sented in this thesis The aim of Part I is not to give an exhaustive review of cur¬

rent atmosphere and vegetation modelling, but to provide a frame in which the

conceptual model can be located

Part II introduces the conceptual model framework Chapter 3 describes the

structure and the basic characteristics of the model In Chapter 4, the atmosphe¬
ric part of the model is formulated and its parametenzation is given, whereas

Chapter 5 provides the description and the parameter estimation for the part of

the model representing the vegetation dynamics In Chapter 6, results from the

basic model are presented and discussed, in particular the transient response of

the atmosphere-vegetation system with dynamic (above ground) vegetation to

an increasing (greenhouse gas induced) radiative forcing In addition, the sensi¬

tivity of the conceptual model to the input parameters and in some aspects of the

model structure is assessed

In Part III, the model described in Part II serves as a basic framework and is

extended by three additional processes In Chapter 7, a scheme is introduced

which relates not only the dynamics of above ground biomass, but also the

dynamics of roots and therefore of water availability to climatic conditions The

resulting feedback leads to the occurrence of a second stable state in the atmos¬

phere-vegetation system The potential role of another feedback which links the

amount of cloudiness to surface evapotranspiration is investigated in Chapter 8

In Chapter 9, the impact of the adaptation of terrestrial ecosystems on the dyna¬
mics of a climate change is explored

Finally, Chapter 10 closes the thesis with some concluding remaiks

Appendix A lists the model parameters and the acronyms and abbreviations,

and provides the source code of the model
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Chapter 2 Models of Climate and

Terrestrial Vegetation

2.1 The Climate System

2.1.1 Components and Interactions

A single satisfactory definition of climate is probably unobtainable because the

climate system encompasses so many variables and so many time- and space-

scales, or on another level so many ways of perception. A geologist, a meteorol¬

ogist or a farmer have different views on climate. One possible definition might
be 'all of the statistics of a climatic state determined over an agreed time inter¬

val (seasons, decades or longer), computed for the globe or possibly for a

selected region' (McGuffie and Henderson-Sellers, 1997). Originally, climate

was considered, as a static, invariant phenomenon (apart from variations on

shorter time-scales). During the last decades however, this notion shifted gradu¬

ally to a more dynamic view. Climate changed repeatedly over time (e.g., ice

ages), and is supposed to change in the near future. The dynamic character

underlines the importance of the choice of the time intervals for the statistics.

Therefore the WMOhas standardized so called climatic normals (CLINO, at

last 1961-1990, before 1931-1960, etc.).

The climate system can be regarded as a set of interacting subsystems. The

internal components include the atmosphere, the oceans, sea ice, the land and its

features including the vegetation, albedo, biomass, and ecosystems, as well as

snow cover, land ice and hydrosphere (including rivers, lakes and surface and

subsurface water). They cover a wide range of spacial- and time-scales

(Figure 2.1). The climate, as it is observed, is the complex outcome of the

mutual interplay of its components. The tightness of the coupling varies

between different processes and for different latitudes.

The climate system is driven to a large extent by external components. They
include the Sun and its outputs, the Earth's rotation, Sun-Earth geometry and

the slowly changing orbit.



22 Models of Climate and Terrestrial Vegetation

ATMOSPHERE

Stratosphere 1 - 3yr
Troposphere 5 - lOd

Boundary layer h - d

OCEAN

Mixed layer ld-lm

Sea ice lOd - lkyr

LAND

Biosphere Is-lkyr
Snow, ice Id-lOkyr

Deep ocean 1 UUyr-lkyr River,

Man

Lakes ld-lm

Id-lOOyr

Figure 2.1 Time-scales in the climate system (from seconds (s), days (d), months (m), to years (yr) and

millemums (kyr)) Adapted from Schonwiese (1994, p 57) and Saltzman (1983)

An important component are the oceans, which cover 70% of the Earth's sur¬

face. Through their fluid motions, their high heat capacity and their ecosystems

they play a central role in shaping the Earth's climate and its variability. An

example is the El Nino-Southern Oscillation (ENSO) Phenomenon, which is

based on the coupling between an oceanic element and an atmospheric element.

The oceanic element consists of the dramatic warming of the normally cold

waters over the entire eastern equatorial Pacific Ocean of several °C, known as

El Nino. This is associated with large east-west shifts of mass in the tropical
atmosphere between the Indian and West Pacific Oceans and the East Pacific

Ocean (Southern Oscillation), the atmospheric element. The atmosphere-ocean
system oscillates with a period of 3 to 7 years. The oscillation does not result

from external forcings, but arises from internal interactions with many positive
and negative feedbacks (Peixoto and Oort, 1992, p. 415ff.). ENSOis associated

with very large anomalies in the oceanic and atmospheric circulations and may

therefore influence the weather on remote parts of the globe by teleconnections.

Another important component of the climate system are Ice-shields. They
control the amount of solar radiation absorbed by the Earth through their high
albedo. Another important component is the terrestrial vegetation. It will be the

subject of the following section.
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Man and his agricultural and industrial activities have to be regarded as a

component of the climate system. His impact on the whole climate system is

increasing at an accelerating pace. The atmospheric concentrations of green¬

house gases such as carbon dioxide, methane, and nitrous oxide have grown sig¬

nificantly since pre-industrial times: by about 30%, 145%, and 15%

respectively. These trends have been attributed largely to human activities,

mostly fossil fuel use, land-use change and agriculture (Houghton et ah, 1996).

They represent a substantial interference in the global radiation balance. The

response of climate system will be shaped by the nature of the interactions

between its components.

2.1.2 Atmosphere-Vegetation Interactions

A. The terrestrial Vegetation as a Boundary Condition of the Atmosphere

Compared to the ocean, the land's relatively low heat capacity and limited

capacity for water storage lead to strong diurnal and seasonal variations in sur¬

face conditions and direct local responses to atmospheric inputs such as radia¬

tion and precipitation. Most of the Earth's land surface is covered by some form

of vegetation. Terrestrial vegetation actively controls fluxes of energy, mass and

momentum between the land surface and the atmosphere and therefore plays an

important role in the climate system. The processes that determine the interac¬

tion of the vegetation with climate cover a wide range of time scales (Table 2.1).

Table 2.1 Hierarchy of time scales of biologic processes (for acronyms see Appendix A.3)

Time scale plant soil

Hours GPP, autotrophic respiration, heterotrophic respiration,

transpiration, interception evaporation, moisture

Days to weeks phenology, carbon allocation, IPAR, LAI

Months to years LAI, carbon - pools, nitrogen - pools carbon - pools, nitrogen - pools

Years to decades fast adaptation

Decades to migration, slower adaptation
centuries

The impact of the terrestrial vegetation on the atmosphere may be summa¬

rized as follows (for references see, e.g., Sellers et al., 1986; Dickinson et ai,

1996;Schimele?a/., 1996):

(i) Absorption of solar radiation. More than 70% of the energy input of the

climate system is absorbed by the surface of the Earth. The observation of
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the albedo by satellites and direct measurements shows high contrasts of

the Earths surface. Covering 7/10 of the earths surface, the oceans have

very low albedos and are therefore responsible for most of the heat

absorbed by the planet. Within terrestrial surfaces, albedo depends on

vegetation cover. The spectral properties of leaves and multiple reflec¬

tions between them make vegetation canopies highly absorbent in the vis¬

ible interval of 0.4-0.72 |^m (photosynthetic active radiation, PAR) and

moderately reflective in the near-infrared region (0.72-4.0 (im). In con¬

trast, bare ground generally exhibits a gradual increase in reflectivity with

wavelength over the interval of 0.4-4.0 |o.m. Forests have the lowest

albedos of all. They absorb more short-wave radiation than any other ter¬

restrial surface like grasslands and deserts (Korner, 1989). In addition to

the spatial variability, surface albedo varies also largely in time. In partic¬
ular terrestrial albedo shows seasonality and dependence on the position
of the sun. At high latitudes, the type of vegetation cover leads to an addi¬

tional modification of surface reflectance, because in boreal forests, the

relatively tall and dark canopies mask the underlying (highly reflective)

snow cover which leads to a much lower albedo, whereas over the shorter

tundra vegetation the high snow albedo reflects a much higher fraction of

incident solar radiation (Bonan et al, 1992; 1995). Thus vegetation con¬

trols the input of solar radiation to the surface energy balance, whereas the

vegetation albedo depends on vegetation type, height and density.

(ii) Biophysical control of evapotranspiration. Plant metabolism is based on

the photosynthetic reaction whereby shortwave radiative energy is used to

combine water and atmospheric carbon dioxide into sugars, starch, cellu¬

lose, and other organic compounds. To do this, plants must allow for the

transfer of CO2from the atmosphere to the cellular sites of photosynthesis
located inside the leaves. The interface between the ambient atmosphere
and the intracellular spaces are the stomata, pore-like valves, through
which the plant can actively control the water and C02 gas exchange.
Behind the stomata, the intracellular spaces are water vapour saturated,

hence water is transferred along the same pathway as C02, but in the

inverse direction, from the substomatal cavities to the ambient air. There¬

fore the plant loses water via the stomata. In addition, the water cycle is

an essential transport system of the plant for the displacement of nutri¬

ents, assimilates etc.. In higher plants the stomata are influenced by

parameters such as leaf water potential, PARflux density, C02 concentra¬

tion, air humidity, and temperature so as to maximise the ratio of C02
influx to water vapour efflux or to conserve moisture in times of water
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stress.

The importance of the role of vegetation cover is underlined by the fact

that, globally, more than half of the water lost to the atmosphere from the

soil flows through plants, rather than simply from the soil (McGuffie and

Henderson-Sellers, 1996). For Germany, plant transpiration is estimated

to contribute 70%to overall evapotranspiration. In closed forests this frac¬

tion increases up to 90% or more (Korner, 1989).

Vegetation canopies also intercept precipitation and can store the equiva¬
lent of several millimetres of water on the leaf surfaces. The intercepted
water reduces the precipitation input into the soil and enhances surface

evaporation after precipitation events.

With the control of evapotranspiration, vegetation dominates the partition¬

ing of net radiation between latent and sensible heat. These fluxes deter¬

mine the overlying distributions of atmospheric temperature, water

vapour, precipitation, and cloud properties.
Besides the environmental conditions mentioned above, plant evapotran¬

spiration depends on structural factors such as vegetation type, density
and height, leaf area index (LAI), physiological factors, plant vigour, and

roots.

(iii) Soil moisture availability. The depth and density of the vegetation root

systems determines the amount of moisture stored in the soil that is avail¬

able to the plant during drought periods. Therefore, vegetation with deep
roots can maintain much higher evaporation rates during drought than

shallower rooting vegetation. E.g., removal of deep rooting vegetation
often results in significant increases of runoff (Kozlowski et al., 1991,

p. 289).

(iv) Momentum transfer. Vegetation canopies usually present a relatively

rough, porous surface to the planetary boundary layer airflow. The result¬

ant turbulence enhances the transport of sensible and latent heat away

from the surface while exerting a drag force which may be significantly

larger than that produced by bare ground.

(v) Fluxes of C02, methane, etc. Living and dead biomass (2190 GtC;

Schimel et al., 1996) represents an important carbon pool compared to the

atmosphere (750 GtC; ibid). It is determined by the balance of carbon

assimilation, and carbon release by plant respiration and the decomposi¬
tion of organic matter.

Other mass fluxes which are important to atmosphere include methane,

nitrous oxide and aerosol particles. Vegetation increase or dieback,

changes in decomposition rates and changes in land-use affect the concen-
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trations of these atmospheric components which influence the global radi¬

ation balance

Surface fluxes of energy, momentumand mass are influenced by the structure of

vegetation cover These structural properties are not static Similar to climate,

global vegetation must be regarded as a dynamic subsystem, evolving in

response to meteorological, geological and anthropogenic influences

B Climate Shapes the Teirestrial Vegetation

Solar radiation, temperature, precipitation, air humidity, and atmospheric CO2
are some of the most important climatic forces that drive ecosystems processes

(I) Solai radiation Photosynthetic active radiation (PAR) is the energy

source that drives the photosynthetic processes Given the linear depend¬
ence of leaf photosynthesis on incident light, at low light levels, any

change in total solar radiation (e g ,
because of possible changes in cloud

cover) will be of significance In a climate charactenzed by high levels of

cloudiness, low light availability may become the main limiting factor

(e g , Ellenberg et al, 1979) This applies mparticular to closed canopies

where light in the understory will be limiting to photosynthesis in a high

portion of leaves in the crown (e g , Long and Hutchin, 1991) Limited

assimilation affects net primary production directly

(II) An temperature Most metabolic reactions are strongly influenced by

temperature {eg, Jones, 1983, Long and Hutchin, 1991) Temperature

responses to photosynthesis are typically parabolic, although there may be

an initial linear phase, and the peak is usually skewed towards higher tem¬

peratures (Pisek et al, 1969, Larcher, 1994, Plochl and Cramer, 199^)
The response is characterized by low and high temperature thresholds and

the temperature optimum for net photosynthesis These characteristics

depend on vegetation type and may be modified with temperature history

by acclimatisation Respiration increases with temperature This in turn

reduces net primary production (NPP) Balancing photosynthesis and

plant respiration, NPP is generally assumed to be enhanced by modest

increases in temperature, especially in temperate and boreal regions (e g ,

Kauppi and Posch, 1985, Beuker, 1994) However, potential growth

responses to warming is often constrained by other factors, such as

drought effects occunng along with increasing temperature

Phenologically, increasing temperatures lead to longer vegetation seasons,

enhancing annual growth Chilling and frost, as well as very high temper

atures may lead to the damage of cell tissue Sensitivities vary greatly
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with vegetation types and with different degrees of acclimatisation (e.g.,
winter hardiness). Resulting damages depend on the magnitude, duration,

date and frequency of extreme temperatures. Long lasting severe stress

causes irreversible decrease in productivity (Larcher, 1994). The damages

may be promoted by other stress factors like drought or pathogens.

(iii) Precipitation, air humidity and water availability. Reduced precipitation,

high evaporative demand because of low air humidity, and low soil water

availability all contribute to drought stress. Drought stress affects growth
and productivity of plants (Hsiao, 1973; Bengtson, 1980; Jones, 1983,

p.212ff; Teskey and Hinckley, 1986; Kozlowski et al. 1991; Runion et ah,

1994). It can decrease growth directly through its effect on turgor pressure

(and therefore on cell expansion), or indirectly by limiting photosynthesis
and carbon gain and modify respiration and plant metabolism processes.

The plants protect themselves from desiccation by stomatal closure. This

has the cost of a significant reduction in photosynthesis and in net primary

productivity (NPP). Another effect of water stress is to cause premature

senescence and shedding of leaves. Leaf shedding of water-stressed plants

usually is regarded as a beneficial adaptation that reduces water loss and

prolongs survival. In turn, early leaf shedding shortens the growth season

and reduces annual NPR

In addition, the germination of seeds and the establishment of seedlings is

highly dependent on the water availability and temperature conditions

during that phase. Different vegetation types vary considerably in their

vulnerability to climatic stress in this initial phase, which affects the

dynamics of forest composition significantly.
Other impacts of water deficits include modifications of the root to shoot

ratio, based on the differential sensitivity of roots and shoots (with root

growth being less sensitive to water deficits).

Finally, water stress enhances the vulnerability of vegetation to damages

by fire, pests and pathogens. E.g., in central european forests, dry and

warm weather conditions can lead to the epidemic growth of aphid popu¬

lations, which may cause significant destruction of leaf area (Klotzli, pers.

comm.). An other example are Douglas fir and white fir (Abies concolor),

where drought makes the foliage more palatable to spruce budworm and

tussock moth larvae and therefore susceptible to defoliation (Waring and

Schlesinger, 1985, p.224).

(iv) Nutrients. The supply of nutrients, especially of nitrogen and phosphorus,
is another possible factor limiting plant growth. Similar to water stress,

limited nutrient availability may lead to an increased investment of net
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production in roots relative of shoots (e.g., Keyes and Grier, 1981).

Enhanced decomposition of soil organic matter as a result of increasing

temperatures and soil moisture mostly has the effect of mineralizing nutri¬

ents that are held in soil organic matter and making them available for

plant growth (Watson et al., 1996). Besides temperature and moisture

controlled litter decomposition, direct anthropogenic emission of nitrogen
and other nutrients is gaining an increasing impact on ecosystems nutrient

balance.

(v) Atmospheric C02- Concentrations of atmospheric C02 have a direct

effect on photosynthesis and plant growth (Watson et al., 1996). For

instance, photosynthetic rates in C3 plants have been found to increase

with higher C02 concentrations. (C3 plants make up the majority of spe¬

cies globally; they include all imprtant tree and most crop species.) This

effect appears especially under horticultural or agro-industrial conditions,

or on the leaf level on short time-scales. However, on longer time-scales,

under competitive conditions, and under more realistic levels of nutrient

supply, only a small or no C02-induced growth stimulation has been

found (Hattenschwiler and Korner, 1996; Korner, 1996). Photosynthesis
in C4 plants (e.g. maize, sugarcane, very few woody plants) is character¬

ized by a different pathway of carbon fixation. Their C02-concentrating
mechanism makes them not responsive to increases in atmospheric C02
concentration. There is preliminary evidence that the total water con¬

sumption per unit land area is slightly reduced with twice current C02,
causing water use efficiency of biomass production to increase, reducing
somewhat the vulnerability of ecosystems to drought stress.

Individual organisms compete with each other for essential resources and space.

Different species respond differently to the above mentioned factors related to

climate and C02. Therefore, climate change may alter the competitive balance

between species at a site by differently affecting their effectiveness in the cap¬

ture of resources or their efficiency in using them. Climate change may also

result in the addition or loss of species from the site, thus changing the outcome

of future competitive interactions. (A reduction in biodiversity may decrease the

ability of an ecosystem to adapt to a changing environment.) The replacement

by species which have a competitive advantage under altered climatic condi¬

tions leads to the adaptation of the community. However, species migration
rates are generally very low. The speed and magnitude of climate change are

likely to cause temporarily lower biomass.
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Individual plants may to some extent acclimate or adapt to new climatic con¬

ditions, as evidenced by the ability of some species to thrive outside their natu¬

ral ranges. In general, this form of adaptation is faster than biome changes, but

of lesser depth. This form could play an important role under the expected rate

of climate change.
However, one has to keep in mind that climate is only one of several factors

influencing vegetation composition and function. Klotzli (1995) concludes from

several long term observations of different permanent plots that the develope-
ment and the fluctuations of species can not only be assigned to the water and

nutrient regime, and to weather conditions, but have to be attributed to a large
extend to factors emerging from the intrinsic interaction of different compo¬

nents of the ecosystem (and which remain largely unknown).

Another important factor is man. Arable land covers about 11% the Earth's

terrestrial surface. In addition, an indeterminate fraction is covered by pasture.

Overall, agricultural land is assumed to occupy almost one fifth of land's sur¬

face. Even most 'unperturbed' terrestrial ecosystems have been altered in some

way by human activities such as logging, nitrogen fertilization, the modification

of water tables, or by the dispersal of invasive species by the increasing global
currents of transportation and trade. In some regions, the direct impact of land

use changes and other human activities on global vegetation structure may be

comparable to or may even be bigger than the impact of a changing climate.

Therefore, both processes must be an integral component of future investiga¬
tions of the climate system.

2.2 Models of Climate

2.2.1 WhyModelling Climate?

Many factors have promoted the development of climate models over the last

four decades. Derived from models of weather prediction, global models of cli¬

mate have served as a tool to improve the understanding of present and past cli¬

mate regimes (e.g. ice ages). This was primarily of scientific interest. The

exponential rise of available computer power since World War II was a central

factor in the evolution of climate models. The observations at Mauna Loa,

Hawaii, started in 1958, documented a steady annual rise in the atmospheric
concentration of C02. This has been attributed largely to the use of fossil fuels

and changing land use practices. The first assessments of the impact of changing

atmospheric concentrations of greenhouse gases on the global climate lead to

public concern about possible climate changes and interferences with the envi-
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ronment of human beings in general The UNFramework Convention on Cli¬

mate Change (FCCC) in 1990 claims the stabilisation of greenhouse gases at

some level This level is denned as one that will "prevent dangerous anthropo¬

genic interference with the climate system" For the climate research commu¬

nity this is an assignment to quantify the relation between anthropogenic

greenhouse gas emissions and resulting climatic changes
The need of policy makers for scientific advice in the greenhouse gas issue

promoted climate research (also in terms of financial support) But there has

always been a certain gap between the public need for quantified detailed pre¬

dictions of climate change, and the scientific community Climate research

could improve the knowledge on the functioning of climate system considera¬

bly However, science could only deliver 'projections' of future climate regimes,

flawed by considerable uncertainties, not 'predictions'
Models are by definition simplifying representations of the real world Cli¬

mate models provide a framework which allows to test different hypotheses on

climate processes Its internal consistency and the comparison between model

output and observational data or results generated by other climate models pro¬

vide an evaluation of the model (not its verification, see Oreskes et al, 1994)

Climate models integrate a large set of observational data on a wide range of

physical, chemical and biological properties of the climate system, derived from

different sources and of varying quality The putting into relation of the different

observations and the attempt to make a synthesis of the data in a consistent

model system allows the localisation of inconsistent, erroneous or missing data

sets

An important feature of climate models is their use in sensitivity analysis By

varying certain input parameters one can assess the sensitivity of the model out¬

put to uncertainties in the input This allows to illuminating which aspects of the

system are most in need of further study, and where more empirical data are

most needed In addition, one can explore "what if questions They allow an

assessment of the effect of possible future modifications in parameters of cli¬

mate, based on the current knowledge of the climate system "What if the tropi¬

cal forests of Amazonia were replaced by steppe7" "What if atmospheric C02
concentrations reach the double of their pre-mdustnal value7" Such "numerical

experiments" constitute an important tool in current climate research

In general, climate models can not provide detailed quantitative predictions
of climatic change However, they are useful for the synthesis of the existing

data and process knowledge in a consistent frame Climate models may guide
further research as they create new questnons and new ideas Finally, they allow

the projection of future changes in climate based on current knowledge
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2.2.2 A Hierarchy of Climate Models

Any climate model is an attempt to simulate the many processes that produce
climate. The climate system is described in terms of basic physical, chemical

and biological laws and principles, and empirical relations which form a set of

model equations. Solving these equations is usually a slow and costly process,

even on the fastest computers, and the results can only be approximations. Cli¬

mate models can be divided in different model classes, which are characterized

by different levels of comprehensiveness, complexity and computational effi¬

ciency. According to McGuffie and Henderson-Sellers (1997), most climate

models may be subsumed in one of the following categories:

A. Energy Balance Models

In the history of climate modelling, the energy balance model (EBM) has been

very important for developing new methods and parameterizations. Compared
to most other model types, EBMsare simple. This allows their implementation
on smaller computers or the integration over longer periods. They can serve as

an ideal tool for the preliminary investigation of new model processes and their

basic behaviour, before these processes are implemented in more complex and

realistic (but costly) models.

In a simple EBMthe incoming and outgoing energy for the globe are bal¬

anced and a single climatic variable, the surface temperature T, is calculated.

The rate of change of T with time, is determined by the difference between the

planetary net incoming and net outgoing radiative fluxes, and by the heat capac¬

ity. Most EBMsare zero- or one-dimensional. In the latter case, the energy bal¬

ance is allowed to vary from latitude to latitude. In the simple 'diffusion'

approximation the energy flow is directly related to the latitudinal temperature

gradient.
In a one-dimensional EBMthe albedo of the earth can for instance be modi¬

fied to account for the effects of ice and snow, that alter the albedo significantly.
Ice and snow are assumed to form wherever the temperature drops below a crit¬

ical temperature. This latitudinal variation of albedo is implemented in the set of

equations that describes the energy balance for each of the zones. They are

numerically solved and the effect of external and internal forcing can be investi¬

gated. Early EBMswhere found to be stable only for small perturbations away

from present day conditions. For instance, they predicted the existence of an ice

covered Earth for only slight reductions in the present solar constant.

Budyko (1969) and Sellers (1969) where the first to publish EBMs. Other

examples of studies of ice shield dynamics are given by Lin and North (1990)
and Abe-Ouchi (1993). Examples for the investigation of vegetation-albedo
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feedbacks in EBMs are given by the work on the hypothetical Daisyworld of

Watson and Lovelock (1983) and by the 'mini model' of Svirezhev and von

Bloh (1996).

B. One-dimensional Radiative-convective Climate Models

One-dimensional radiative-convective climate models (RC) represent an alter¬

native approach to relatively simple modelling of the climate (e.g. Ramanathan

and Coakley, 1978; Wang and Stone, 1980; MacKay and Khalil, 1991). The

modelled dimension is not latitude but altitude. RCmodels are based on the glo¬
bal average surface temperature and resolve many layers in the atmosphere.
They seek to compute the temperatures of the atmosphere and of the planetary
surface. The models therefore calculate the fluxes of solar and terrestrial radia¬

tion through the layers explicitly. These models have been the starting point for

the incorporation of reaction chemistry in global models. They allowed the

assessment of the senstitivity of the climate system to modifications in the com¬

position the atmosphere.

C. Two-dimensional Climate Models

Two-dimensional climate models can represent either two horizontal dimen¬

sions, or one vertical and one horizontal dimension. The latter is more common,

combining the latitudinal dimension of the energy balance models with the ver¬

tical one of the radiative-convective models. These models also include a more

realistic parameterization of the latitudinal energy transports. In such models

the general circulation is assumed to be composed mainly of a cellular flow

between latitudes which is characterized using a combination of empirical and

theoretical formulations. A set of statistics summarizes the wind speeds and

directions while an eddy diffusion coefficient of the type used in the EBMsgov¬

erns energy transport. As a consequence of this approach, these models are

called 'statistical dynamical' (SD) models.

These models are much more complicated than the merely vertically or latitu-

dinally resolved one-dimensional models. Their use has provided valuable

insight into the operation of the present climate system but they are still rather

limited. They are insensitive to changes within a latitude band and effects which

might emerge from the difference of surface properties of land and ocean.

Recent developments of '2.5-dimensional' statistical-dynamical atmosphere
models which have many features inherent to more sophisticated (global circu¬

lation) models could be described as models of intermediate complexity placed
between SD models and general circulation models (GCMs). They are compu¬

tationally much more efficient than GCMsand might provide a basis for the
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future investigation of climate system, including dynamic representations of

atmosphere, ocean, sea ice, and terrestrial vegetation (e.g. GISS 2-D (Sokolov

and Stone, 1995) or CLIMBER-2 (Ganopolski et al., 1998)).

D. General Circulation Models

Although general circulation models (GCMs) represent the peak in complexity
of current climate modelling, they have been developed already in the early
1960s concurrently with the first RCmodels. They were derived directly from

numerical models of the atmosphere designed for short-term weather forecast¬

ing. On the other hand, the much simpler energy balance models and two-

dimensional SDmodels were not described in the literature until 1969/70.

The aim of GCMsis the calculation of the full three-dimensional character of

the climate (for references see e.g. Gates et a/., 1996; Kattenbergef al, 1996).

For that purpose the Earths surface is divided in a regular grid of a horizontal

resolution of typically 3° to 5° (about 300 to 500 km at the equator) and about

ten or more layers in the vertical dimension, the resolution depending on the

specific aim of the modelling and available computational power. The fluxes

between these grid cells are governed by the following series of equations, that

describe the movement of energy and momentum and the conservation of mass

and water vapour:

• The first law of thermodynamics: Input energy = increase in internal

energy plus work done

• Newton's second law of motion: Force = mass * acceleration

• The continuity equation: The sum of the gradients of the product of air

density and windspeed in the three orthogonal directions is zero

• Ideal gas law: Pressure * volume = number of moles *
gas constant * abso¬

lute temperature

Generally the equations are solved to give the wind field (i.e. mass movement)

at the next time step. But models must also include processes such as cloud for¬

mation and heat and moisture transport. To solve the equations, various numeri¬

cal techniques are available, but all use a time step (typically 30 min) approach
and an interpolation scheme between grid points.

Many processes that are important for the formation of climate, as for exam¬

ple the formation of thunderclouds, cannot be resolved on the scale of the model

grid. The sub-gridscale processes have to be parameterized, i.e. they are incor¬

porated in the GCMby representation as a simplified function of some other

fully resolved variables without explicitly considering the details of the process.
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This is particularly the case for the interaction of the surface (land and ocean)
and the near-surface layer of the atmosphere, where the complex transfer proc¬

esses, governing the surface fluxes of momentum, sensible heat and moisture,

are described by few parameters for the whole grid cell (see Section 2.3.1).

Many components of GCMsare static: typically, sea surface temperatures or

land surface properties are prescribed rather than influenced by the dynamics of

other parameters.

GCMsrequire almost infinite computer power. They drive even the largest
and fastest computers available to the limits of their performance. As computer
resources are limited, an increase in the simulation period, grid resolution or

other details in one component of the model must always be compensated by
reduced definition of the other components. Therefore GCMsare often run to

simulate a particular season or month rather than a complete annual cycle. But

even under the hypothetical assumption of infinite computational power many

problems with GCMswould persist for the following reasons:

Many processes that are central to the modelling such as cloud-radiation

interactions, cloud formation, surface fluxes and the roles of ocean and cryo-

sphere are far from being understood. Data-sets of the parameters of GCMs

(e.g. temperatures, precipitation, cloud cover, surface characteristics, etc.) are

sparsely available, of bad spatial or temporal size and resolution, unreliable or

nonexistent.

Climate could be an "almost intransitive system" (Lorenz, 1975; McGuffie

and Henderson-Sellers, 1997). In a transitive system, two different initial states

evolve to a single resultant state as time passes. An intransitive system has at

least two equally acceptable solution states. (In nonlinear dynamics this is

called "multistability".) An almost intransitive system exhibits behaviour which

mimics transitivity for some time, then flips to an alternative state for another

(variable) length of time and then flips back again to the initial state and so on.

This would make successful climate modelling in general extremely difficult.

There are indications, that the climate system indeed might act as an almost

intransitive system under certain conditions. E.g., climate 'mode switches' have

been identified in the late glacial period. In addition, isotope and chemical anal¬

ysis of the GRIP ice core from central Greenland show evidence for a series of

shifts during the last interglacial period (Eem) from levels typical of warm inter-

glacial conditions to levels more typical of mid-glacial period. These abrupt
changes in Eemappear to be transient and last only a few decades to centuries

(GRIP Members, 1993).
Nevertheless current GCMsare able to simulate today's climate fairly well.

With respect to the incompleteness and imperfection of available observations

of global climate that must serve as a reference for model validation, GCMsare



2 2 Models of Climate 35

able to simulate the mamcharacteristics of global climate like gross tempera¬

ture, pressure and precipitation distributions, basic circulation patterns and

intraseasonal variabilities considerably well

2.2.3 Simple versus Complex Models

The climate system can be represented by models of varying complexity, ; e
,

for any one component of the climate system a hierarchy of models can be iden¬

tified An important aspect defining the complexity of a model is the number of

spatial dimensions in the model In contrast to a complex three-dimensional

GCM, a simpler model typically represents physical quantities such as tempera¬

ture as averages over one or more spatial dimensions

Another aspect is the extent to which physical processes are explicitly repre¬

sented This aspect is coupled to the spatial and temporal resolution of the

model The finite resolution of climate models, as well as the lack of detailed

knowledge on certain processes, leads to the use of empirical or semi-empirical
relations to approximate net (or averaged) effects at the resolution scale of the

model This is called 'parameterization' It is important to stress that all climate

system models contain empirical parametenzations and that no model denves

its results entirely from first principles The main conceptual difference between

simple and complex models is the hierarchical level at which the empiricism

enters (Harvey et al, 1997)

Climate models may also vary in their comprehensiveness ; e
,

in the number

of climate components that are represented, or in the geographic extent of the

system simulated (global or local models)

Both simple and complex models have important but different roles to play in

projecting future climatic change due to human activities (Table 2 2) On the

one hand, simple models cannot simulate the climate system in detail On the

other hand, they do not require extensive sets of data on atmosphere and oceans,

ice, vegetation cover, and other climate components which are considered In

addition, they are computationally very effective and therefore allow sensitivity

analysis both in model parameters and in model structure Their restnction to a

few key processes makes the behaviour and functioning of simple models much

more transpaient Their results are generally more compact and may therefore

be easier to interpret

Simple energy balance models have served as an important complementary
tool for the investigation of nonlinear feedbacks in the climate system, because

their computational efficiency allows the integration of components which have

to be neglected or kept static in complex models Examples of studies with sim¬

ple models for ice shield dynamics are given by the pioneenng works of Bud-
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Table 2.2 Comparison of simple and complex models with reference to the different uses to which

they can be put (Adapted from Harvey et al, 1997)

Simple Models Complex Models

Generally produce zonally- or globally-averaged
or local results, and only for temperature and tem¬

perature changes, not for other variables such as

rainfall

Require spatially and temporally averaged data on

the climate components under consideration

The effects of physical processes are approximated
based on regional, as well as on globally- or

zonally-averaged computations with low temporal
resolution

Climate sensitivity and other subsystem properties
must be specified based on the results of complex
models or observations These properties can be

readily altered for purposes of sensitivity testing

Sufficiently fast that multiple scenarios can be sim¬

ulated, and that runs with a wide lange of parame¬

ter values and model parametenzations can be

executed

Useful for sensitivity studies involving the interac¬

tion of different climate system components {e e
,

oceans, ice, biosphere)

Analysis is easy because simple models include

relatively few processes and are therefore moie

transparent Interpretation of simple model results

may give insights into the behaviour of more com¬

plex models

Simulate the past and present geographical varia¬

tion of temperature, as well as other variables of

climatic interest such as rainfall, evaporation, soil

moisture, cloudiness, and winds, and provide cred

lble continental scale changes of at least some of

these variables

Require extensive data sets of high spatial and tem¬

poral resolution on atmosphere, oceans, ice, vege¬

tation cover and other climate components These

data sets are often not available in the required res¬

olution, of low quality or incomplete

Many physical piocesses are directly simulated,

necessitating the use of a short time-step but allow¬

ing resolution of the diurnal cycle

Climate sensitivity and other subsystem pioperties

are computed based on a combination of physical
laws and sub grid scale model parametenzations

Computational cost strongly limits the number of

cases that can be investigated and the ability to mi

tialize in a steady state

Useful tor studying those fundamental processes

which can be resolved by the model

Model behaviour is the result of many interacting

processes Studies with complex models indicate

what processes need to be included in simple mod

els and, in some cases, how they can be parametei-

lzed

yko (1969) and Sellers (1969), or Lin and North (1990) and Abe-Ouchi (1993),

or for vegetation-albedo feedbacks by the work on the hypothetical Daisyworld
of Watson and Lovelock (1983) and by the 'mini model' of Svirezhev and von

Bloh (1996). Simple models have shown to be valuable tools to investigate

multistability, abrupt change and climatic surprises in general.
The notion of a hierarchy of models that cover different levels of complexity

is an important concept in climate system modelling. Each level may be opti¬
mumfor answering different questions. The intercomparison between results

from models of different complexity levels can provide valuable insights in the
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functioning of models of both levels as well as of climate system. Therefore, it

is not the solely use of simple models nor the solely use of complex models, but

the parallel modelling of climate system on different levels of complexity that

will further our understanding.

2.3 Models of Terrestrial Vegetation

There exists a variety of different models of vegetation that treat different

aspects of vegetation. For instance, plant processes and parameterizations con¬

sidered in a model that is used to generate the lower boundary conditions in a

GCMdiffer greatly from vegetation models built with the intention to model

global equilibrium distributions of vegetation types for a given global climate.

In the following, I will briefly sketch some aspects of different types of vegeta¬

tion models which can later be contrasted to the parameterizations used in the

conceptual model.

2.3.1 Soil-Vegetation-Atmosphere Transfer Schemes

All climate models need a description of their lower boundary conditions. The

interaction between the climate and the earths surface can be described by the

exchange of energy, mass and momentum. Mintz (1984) reviews the sensitivity
of several GCMsto changes in these fluxes. The experiments show the high sen¬

sitivity of the models: e.g., changes in soil moisture availability or surface

albedo resulted in significant changes in the precipitation, the temperature and

the motion field of the atmosphere. Shukla and Mintz (1982), Rind (1982), and

Franchito and Rao (1992) and others have shown the large impact of surface

wetness on regional temperatures, low-level moisture, and precipitation.
Because the earths land surface is to a large extent covered by vegetation, the

successful implementation of land processes leads to the coupling of models

describing climate and vegetation systems. Their combination is not straightfor¬

ward, because both systems operate generally on different time and space scales

and because historically, climate and vegetation models were independently

developed. Therefore the models differ in characteristics like time steps, grid

increments, spatial domains of application, and typical simulation horizons

(Martin, 1993). In the process of the coupling of the models, vegetation models

were adapted (simplified) to fit into climate models rather than the other way

round. The climate models generally used are very complex GCMs, whereas the

vegetation models are highly parameterized schemes of gross fluxes. Basic sur-
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face processes (Section 2 1 2 A) which set the boundary conditions in current

GCMsand are implemented as soil-vegetation-atmosphere transfer schemes

(SVATs), include hydrology, albedo and surface roughness

A Hydrology

In most SVATS, water conservation is imposed by transferring the water applied
to the surface either into storage by soil reservoirs or into loss by evapotranspi¬

ration or runoff The total radiation absorbed by the surface is balanced by emis¬

sion of thermal infrared radiation, by the latent heat loss associated with the

evapotranspiration, or by fluxes of sensible heat, and by diffusion of thermal

energy into the soil Evapotranspiration couples these principles of water and

energy conservation It dominates the partitioning of net radiation between

latent and sensible heat

In the simple bucket model (e g Manabe, 1969), the soil is supposed to be a

bucket filled with water which evaporates at the same rate as a wet surface The

bucket has some maximum depth ("field capacity") and fills when precipitation
exceeds evaporation When it is full, excess water runs off When it is emply,

evaporation stops However, because the bucket model does not include the

process of diffusion of water in soils or canopy resistance, its evaporation rates

are unrealistic both for bare soil and for vegetated areas Nevertheless they are

still used in GCMsfor studies of climate change
However, several more realistic models of biosphere-atmosphere interactions

were developed for application m GCMs, such as the 'biosphere-atmosphere
transfer scheme' BATS Dickinson et al (1993), the 'simple biosphere model'

SiB of Sellers et al (1986, Xue et al, 1991), the model under development at

the Goddard Institute for Space Studies GISS (Abramopoulos et al, 1988,

Rosenzweig and Abramopoulos, 1997), the Canadian Land Surface Scheme

CLASS (Verseghy et al, 1993), and the "Schematisation des Echanges

Hydnques a lTnterface entre la Biosphere et l'Atmosphere", SECHIBA

(Ducoudre et al, 1993) (for further references on SVATs see Dickinson et al

(1991) and Qu etal (1996))
In these models, vegetation acts as a completely wet surface only during and

immediately following precipitation, when the foliage is wet (interception)
Otherwise, it has two important controls First, it retards the rate of evapotran¬

spiration from the potential rate through stomatal resistance, and second, it can

extract soil water from greater depth than would evaporation from bare ground

(roots)

Evapotranspiration from dry vegetated areas, Edry [kg m-s '], is typically

parameterized in a form similar to the following aerodynamic expression (Dick

mson et al, 1991)
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£dry =

P(gc-g.)
(J)

'a + 'c

It is proportional to the difference between the specific humidity in the internal

leaf tissues (i e saturated conditions), qc, and the specific humidity in the over¬

lying air, qa [kg H20 per kg air] p [kg/m ] is the air density, and ra [s/m] the

vanable surface resistance, which depends on the magnitude of wind, u [m/s],
and a transfer coefficient, CD[-], through ra = (CD u)

l
The integrated effect of

the resistances rs [s/m] of individual leaves is the canopy resistance, rc [s/m]
The leaves are assumed to contnbute in parallel so conductances l/rs are aver¬

aged, / e

where the angular brackets denote an inverse average over the range of the can¬

opy leaf area index (the area of foliage per unit area of ground), L [m2/m2]

(( )) = tt-^— (3)

\LAL/( )

The dependence of rs on model variables and for different ecosystems is repre¬

sented by a minimum value rsmin and a product of limiting factors,; e

's = ^mmfx(J)f2{D)f^PAR) (4)

where each of the / values has a minimum value of one The dependence on

temperature, T, on vapour pressure deficit D = (qc- qctx)ps 10 622, where qca is

the specific humidity in the air outside the leaves and ps the surface pressure,

and on photosynthetically active radiation flux density (PAR) are not well

known In BATS, for instance, the stomatal conductance as a function of tem¬

perature (fi(T))
l

is represented by a parabola with maximum value 1 at 25°C

(optimum conditions) and 0 at 0°C and 50°C where stomata cease functioning
Plants close their stomata with increasing vapour deficit D Based on observa-
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tions, a linear dependence of (/2(D)) on D is assumed with stomatal closure at

40 hPa. One has to keep in mind that these parameterizations are preliminary
and generally lack a systematic basis.

Water stress influences stomatal resistance too. The models differ in their

treatment of the effect of water stress, in part because of the lack of reliable

quantitative information on the subject. Detailed models assume that this contri¬

bution to rs depends on leaf water potential, with the leaf water potential being
related to soil water potential through the effect of soil and root diffusion resist¬

ance to the water movement (see e.g. Sellers et ai, 1986). These processes have

been represented through mechanistic models, root length and resistance being
prescribed for vegetation types. Although some observational information for

the parameterizations is available for individual sites, there is little or no basis

for specifying the necessary parameters over large areas. However, in parallel
with the development of SVATS, efforts where made to assemble global, spa¬

tially varying data of land surface properties from ecological and geographical

surveys.

SVATs operate on a time-step of typically 1/2 h. Almost all formulations are

of a 'big leaf, that is, of GCMcell size. The critical assumption of this

approach is that of spatial uniformity of surface cover over a model cell. On spa¬

tial scales of up to tens of kilometres, advective effects tend to average out

atmospheric differences. However, on all scales down to plant level, the many

different soil and vegetated surfaces, with different characteristics (vegetation

type, density, etc.), are exposed to differing patterns of radiation and precipita¬
tion. The consequence is not only a mosaic of surface temperatures and local

evapotranspiration, but also a system that is not described very well by mean

properties, because of the intrinsic non-linearities of the energy exchange prop¬

erties .In addition to SVATs of the above mentioned type which are used in

GCMs, there exist other models on different levels and scales, which simulate

e.g. the evapotranspiration and the soil water balance for a given soil/vegetation

type in more detail, but with a more limited geographical applicability (e.g.
SOWASmodel in REKLIP, Disse, 1995).

B. Albedo

In spite of the heterogeneity of land surface albedo, most current GCMspre¬

scribe for every land grid point fixed albedos of vegetation and bare soil. The

values are interpolated from global datasets on surface albedo and vegetation
cover types, which were derived from direct and satellite observations. Some

distinguish between visible and near-infrared albedo. In snow covered areas the

surface albedo may depend on the fractional forest area over land, representing
snow masking by forest canopies.
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C Surface Roughness

In the atmosphenc boundary layer, surface faction has a large effect on the air

flow The surface stress is dependent on orography and the structure of vegeta¬

tion and is characterized by the roughness parameter z0 [m] Roughness is low

for the quiet sea and relatively smooth surfaces such as grassland and crops,

whereas the higher and less flexible trees show higher values In BATS, for

instance, values of zq range from 0 02 mfor short grass to 1 mfor evergreen

needleleaf trees, reaching 2 mfor evergreen broadleaf trees (Dickinson er al,

1993) Higher surface roughness can enhance turbulent fluxes of sensible heat

and moisture

Vegetation structure, land cover types and their fractional cover are assigned
to every GCMgnd cell according to vegetation maps, satellite data or biome

models These properties are usually fixed and remain unchanged over the

model integration There are exceptions BATS, for instance, changes fractional

vegetation cover and LAI between some type specific minimum and maximum

values as a function of ground temperature in order to model seasonal variabil¬

ity Fractional cover has direct impacts on surface fluxes, whereas LAI influ¬

ences interception as well as overall stomatal transpiration Another example is

version 3 of ECHAM,a model based on the bucket formulation which includes

only one vegetation type Here, the fractional vegetation cover is reduced under

dry conditions (wilting), when soil moisture drops below some particular level

(Deutsches Khmarechenzentrum, 1993, p 45-47) In both examples the influ¬

ence of climate on vegetation is 'instantaneous' after drought, as soil moisture

level nses again, the wilted vegetation recovers immediately in full size and

transpires as if no drought had happened Such parametenzation appears to be

unrealistic First steps toward dynamic vegetation models in GCMsare dis¬

cussed in Section 2 3 5

2.3.2 Biogeochemical Models, Models of Carbon Fluxes

Net primary productivity (NPP) is a major component of the global carbon

budget In order to understand the possible changes in NPPand other C-fluxes

in face of rapid, dramatic changes in the terrestrial and atmosphenc environ¬

ments, various biogeochemical models have been developed

Regression-based models, like the Osnabruck Model (OBM), use spatially
referenced information on soils, climate, and land-use in connection with

empincally derived relationships (correlations) between these parameters and
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NPPto estimate important carbon fluxes and pool sizes. It may not be appropri¬
ate to extrapolate regression-based models for climatic conditions that are not

now experienced by ecosystems (McGuire et al., 1993).
In contrast, a process-based model simulates the carbon cycle on the basis of

spatially referenced information by using equations that describe, in a mecha¬

nistic fashion, the transfer of carbon, water or nitrogen between different pools
in an ecosystem. The detailed ITE Edinburgh Forest Model (Thomley and Can-

nell, 1996) simulates fluxes of carbon, water and nitrogen on a local scale.

Examples for global-scale models include the Terrestrial Ecosystem Model

(TEM; Melillo et al., 1993), which estimates the spatial and temporal distribu¬

tion of major carbon and nitrogen fluxes and pool sizes, and the Frankfurt Bio¬

sphere Model (Liideke et al., 1994), which is restricted to the simulation of

fluxes of carbon and water.

In TEM, each grid cell is differentiated into five compartments: C and N in

vegetation, and C, organic N and inorganic N in soil. Implemented processes

that control the fluxes are gross primary productivity, plant respiration, C in lit¬

ter production, soil respiration, N input to ecosystem, Nuptake by vegetation, N

in litter production, net N mineralization, and N lost from the ecosystem. Net

primary productivity (NPP) is the difference between gross primary productiv¬
ity (GPP) and autotrophic respiration (Ra). GPPis modelled as the product of

different multipliers:

Gpp = Cm„ /p(PAR)/, (LEAF)/Y(T)/c(C02, HzO)/N(NA) (5)

where Cmax is the maximum rate of C assimilation under optimal environmental

conditions, PAR is photosynthetically active radiation, LEAF is leaf area rela¬

tive to maximum annual leaf area, T is temperature, C02 is atmospheric carbon

dioxide, H2Ois water availability, and NAis nitrogen availability. In TEM, tem¬

perature effects on GPPare assumed to be the same as measured temperature
effects on NPP. The temperature dependent multiplier is characterized by opti¬
mum, minimum and maximum temperatures for photosynthesis for a particular

vegetation type. GPPis dependent on the concentration of C02 within leaves of

the canopy, C,, described by a hyperbolic relationship, saturating for high con¬

centrations. The variable C,, in turn, is the product of ambient C02 and relative

canopy conductance, a variable that decreases from 1 to 0 with decreasing water

availability. Respiration rates are assumed to increase with temperature, though
there is virtually no information available on whole-plant respiration rates in

most ecosystems.
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2.3.3 Gap Models

Forest gap models (Shugart, 1984; Krauchi and Kienast, 1993; Prentice et al.,

1993; Bugmann, 1994) are individual based models that simulate the establish¬

ment, growth and mortality of trees on small patches, a patch being the area that

can be dominated by a large canopy tree. Typically, they have a large number of

compartments and fluxes. The dynamic of a single tree depends on environmen¬

tal factors such as the availability of light, water and nutrients, and temperature,
on stochastic perturbations and on the fitness of the individual in the competi¬
tion for resources with the neighbouring trees on the patch. Mature forest eco¬

systems can be seen as the relatively consistent average of the responses of the

dynamics of such gaps. These models allow the simulation of species composi¬
tion for current as well as future climates for particular sites.

2.3.4 Biogeography Models, Models of Biome Distribution

The transcontinental correspondence between geographic patterns of vegetation
and climate forms the basis for several empirical classification schemes. These

rule-based models relate environmental conditions such as climate and soil

properties with specific plant formations or biomes. An important example of a

global biogeography model is 'BIOME' of Prentice et al. (1992). Its primary

driving variables are mean coldest month temperature, annual accumulated tem¬

perature over 5°C, and a drought index incorporating the seasonality of precipi¬
tation and the available water capacity of the soil. BIOMEpredicts which plant

types can occur in a given environment, and selects the potentially dominant

types from among them. Biomes arise as combinations of dominant types. The

global distribution patterns of the biomes can be predicted for the present time,

as well as for future climates basing on GCMscenarios, but always in an equi¬
librium state, not under transient climatic conditions. In addition, the boundaries

of species are to a large extent shaped by traumatic events such as minimum

temperatures, drought periods, or chilling. The frequency and the strength of

such extreme climatic events are difficult to assess by climate models. A com¬

parison of projections produced by different biogeography models which where

driven by the same GCMscenario revealed significant differences between pre¬

dicted biome distributions, e.g. in the amount of forest area (VEMAPMembers,

1995).

Although biome models can only predict a vegetation that is in equilibrium
with climate (are climate and ecology ever in equilibrium? ) they might indicate

the direction of changing patterns. However, besides the problematic equilib¬
rium approach to ecology which does not consider any natural dynamics, the

models are based on the assumption that the vegetation moves as a single entity.
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This contrasts with palaeoecological studies which indicate that species respond
rather individually to climatic changes, taking their own times to change and

consequently new vegetation tipes are likely to arise. Woodward and Beerling
(1997) conclude that the equilibrium nature of this type of vegetation models

makes them unsuitable for considering how vegetaiton will change over the next

few centuries and that they should not be used for any predictions of responses

to climatic changes which influence human policies. Instead, they advocate the

development and use of dynamic global vegetation models (DGVMs, see next

Section)

2.3.5 Coupling between Models of Vegetation

In an attempt to integrate the different vegetation models in a consistent picture
of future changes in atmosphere-vegetation system, SVATS(Section 2.3.1), bio-

geochemical (Section 2.3.2) and biogeography models (Section 2.3.4) have

been combined in multiple ways.

The Potsdam Land Atmosphere Interaction Model (PLAI) is an example of

the coupling between a biogeographical model (BIOME), which gives the

biome distribution for a given climatic input, and a biogeochemical model

(FBM), that calculates exchange rates and compartment sizes based on that dis¬

tribution. This could allow the assessment of the dynamics of biotic carbon

pools under a changing climate, with the consideration of changing vegetation
structures.

The latest 3rd generation SVATS, such as the revised version of SiB, 'SiB2'

of Sellers et al. (1996b), provide not only estimates of sensible and latent heat

fluxes over the continents, but incorporate a photosynthesis-conductance model

to describe the simultaneous transfer of C02 and water vapour into and out of

the vegetation, respectively. This adds a biogeochemical component to soil-veg¬

etation-atmosphere transfer schemes and is assumed to make the description of

fluxes of latent heat more realistic.

The coupling of models of biome distribution and SVATShas been the basis

for the first investigations of the impact of changing vegetation structure on

atmosphere-vegetation interaction under climate change. For a description and

examples, see Section 2.4.

Dynamic Global Vegetation Models (DGVMs) which can be integrated in

GCMsare an important goal of current climate research. DGVMswill integrate
land surface biophysics, terrestrial carbon fluxes, and global vegetation dynam¬
ics in a single, physically consistent modelling framework. They combine ele¬

ments of all vegetation models, some of them include even some sort of patch

dynamics. For example, the Integrated Biosphere Simulator 'IBIS' of Foley et
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al. (1996) is based on an extended SVAT which calculates fluxes of surface

water, energy, and carbon. The annual carbon balance is then used to predict

changes in LAI and biomass for each of nine plant functional types, which com¬

pete for light and water using different ecological strategies. At the time, there

are about 7 DGVMsunder construction worldwide. Others include 'Hybrid' of

Friend et al. (1997), and the Sheffield dynamic global vegetation model

(SDGVM; see Woodward et al, 1995, and Beerling et al, 1997).

2.4 Modelling Atmosphere-Vegetation Interaction

Up to now, there have been only a few attempts to close the loop of climate-veg¬
etation interaction and to combine GCMs, models of vegetation structure and

soil-vegetation-atmosphere transfer schemes in their dynamic mutual interde¬

pendence. Rather, characteristics of continental vegetation cover are treated as

static in most current GCMsand are not affected by climatic changes. Hender¬

son-Sellers (1993; 1995) and Claussen (1994; 1997) made first attempts to cou¬

ple GCMswith models of (equilibrium) biome distribution iteratively in a two-

way interaction.

In her simulations, Henderson-Sellers combines a simple vegetation distribu¬

tion prediction scheme with BATS. Every 12 months a new vegetation distribu¬

tion is prescribed depending on the GCM's climate output of the previous year.

In this work, the integration period covers only 5.6 yr. Henderson-Sellers found

that the vegetation submodel is a stable component of the global climate system,
and that climate change is affected by the changing underlying vegetation.

Claussen couples BIOME, the global biome distribution model of Prentice et

al. (1992) with the Hamburg atmospheric general circulation model ECHAM.

In order to test its sensitivity on initial conditions, the model is started in one

simulation from a biome map which drastically differs from today's global dis¬

tribution of biomes. Several iterations were needed to find a new equilibrium,

differing from present day vegetation distribution in certain parts of the globe.
The equilibrium state of the coupled model depends on the initial conditions,

which indicates the existence of multiple (locally) stable states in the climate-

vegetation system.
Another example of an iterative GCM- biome model coupling is given by

de Noblet et al (1996). Their simulation results for the time of glacial inception
(115000 years ago) point to biophysical feedbacks (masking of snow albedo by
vegetation, see Section 2.1.2 A) as a possible mechanism that triggered the last

glaciation. Interactive coupling of a GCMwith a global vegetation model which

yields projections of equilibrium distributions of vegetation density and physio-
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logical surface parameters have been investigated by Betts et al. (1997). In

These simulations, vegetation related feedbacks were positive as well as nega¬

tive, depending on the characteristics of the locally dominant surface-atmos¬

phere interaction.

However, these vegetation models are not yet dynamic, because an 'equilib¬
rium' biome distribution that is supposed to be reached after decades or centu¬

ries is imposed in intervals of a few years. This might indicate the direction of

future changes in atmosphere-vegetation interaction and reveal possible multi¬

ple stable states in the system. But to investigate the role of atmosphere-vegeta¬
tion interaction under transient climatic change over the next few decades,
which is of the most immediate importance to us, we must integrate vegetation
as a fully dynamic component in climate models. The importance of interactive

transient vegetation dynamics has been stressed by Van Minnen et al. (1995).

They investigated feedbacks related to changes in plant physiology and shifts in

vegetation patterns in the framework of the IMAGE2 global integrated model,
and concluded that the course and duration of the vegetation transitions strongly
affect terrestrial carbon fluxes.

In future, comprehensive Earth system models which integrate dynamic rep¬

resentations of atmosphere, ocean, biosphere (DGVM), cryosphere and models

of anthropogenic emissions and land-use changes may give a more complete

picture of the changing climate system. However, there are still many problems
to be solved.

2.5 Problems in the Modelling of Atmosphere-Vegetation
Interaction

Our climate with its many interacting subsystems is a complex system. As some

form of representation of the real system, models of climate tend to be very

complex systems on their own. For example, the Hamburg atmospheric GCM,

ECHAM,consists of nearly ten thousand lines of computer source code. The

problems experienced in the modelling of the atmospheric system alone by
means of GCMs(see Section 2.2.2 D) are multiplied with the integration of a

dynamic representation of the biosphere:

• Many processes that are central to the modelling of vegetation under

changing climate, such as the modifications of gas fluxes, allocation, per¬

sistency, adaptation, comunity effects, migration, or the role of direct ferti¬

lization by atmospheric C02, roots or nutrient cycles, are far from being
understood (see e.g. Section 2.3.1 A).
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• Data-sets on biospheric processes (e.g., transpiration, C02-fluxes, respira¬
tion, NPP, biomass, LAI, etc.) are sparsely available, of bad spatial or tem¬

poral size and resolution, unreliable or nonexistent.

• The different spatial and temporal scales (see Figure 2.1 and Table 2.1) on

which atmospheric and biospheric processes evolve pose great problems in

their simulation (scaling up). The difficulties lie in the appropriate choice

of resolution, in the decision, which processes can be mechanistically

parameterized, and which have to be parameterized empirically. Coupled
to these problems are numerical questions of the right interval of the cou¬

pling between subprocesses in the climate system.

• A related problem is the validation and testing of dynamic vegetation mod¬

els against observations. Palaeoecological data sets are of limited use,

because their long-term nature precludes any testing of the rapid dynamics
of vegetation change. Current-day experiments erected over natural vege¬

tation on the time scale of years to decades is another approach, but data is

scarce (see above).

• The exponential increase in available computing power over time has been

an important factor in the development of climate models. However, the

finite nature of computing power is at present clearly one of the most limit¬

ing factors which prevents the coupling of GCMswith truly dynamic rep¬

resentations of vegetation.

• Terrestrial vegetation which has not been modified, cultivated, or perturbed
in any sense by human beings is rare. Apart from climate, anthropogenic
land use is an important factor shaping large parts of terrestrial vegetation
structure (Section 2.1.2 B).

It is important to stress that, even if we assume infinite computing power, many

of the problems of the modelling of climate system with its components will

persist, because of the lack of process knowledge and the lack of data to para¬

meterize the simulations, and because of the complex nature of climate system

interactions.

One possible way to circumvent some of these problems lies in a change of

model perspective: In using a less complex, computationally very efficient con¬

ceptual model, we loose the claim of a detailed, quantitative description of the

systems of atmosphere and vegetation. In turn, we can simulate both systems in

their mutual dynamic interdependence on a conceptual level, exploring the role

of different processes and feedbacks and investigating the sensitivity of the cou¬

pled system in parameters as well as in parameterizations.
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Part II The Conceptual
Model
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Chapter 3 A Conceptual Model of Local

Atmosphere-Vegetation Inter¬

action

The present conceptual model of local atmosphere-vegetation interaction has

been built with the intention to represent the relevant processes by the simplest

possible parameterization in the model (Fussier and Gassmann, 1998). Its

serves as a framework to identify feedbacks that have the potential to signifi¬

cantly influence the transient behaviour of the atmosphere-vegetation system

under increasing (greenhouse gas induced) climate forcing. The conceptual
model advances ideas developed in the VILLIGENATOR model of global

atmosphere-vegetation interaction of Gassmann (1998). However, the present

model is a completely new construction which, although remaining on a con¬

ceptual level, seeks to simulate the processes governing the interaction between

atmosphere and vegetation with more detail and realism.

The model sketches the dynamics of a homogenous area of the order of

500 km * 500 km of temperate mid-latitudes. The area considered has about the

size of a grid point in a GCM.For larger areas, the assumption of homogenous
surface temperature and surface energy fluxes, as well as the homogeneity of

vegetation cover, could not be maintained, even in the framework of the concep-

tional nature of the present model. If the modelled area would be much smaller,

edge effects would make the parameterization of surface fluxes less valid. E.g.
the transport of heat by advection would completely dominate any changes in

the surface energy balance. Also, over an area of the size of 500 km * 500 km,

the continentality enhances the grade of dependence of the atmospheric proc¬

esses on the underlying land surface characteristics. Feedback processes such as

the impact of local latent heat fluxes on cloud formation (Chapter 8) and on pre¬

cipitation (precipitation recycling, Section 7.6), become significant only over a

land area of a certain extent.
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The model has no horizontal or vertical resolution. This conceptual approach
leaves aside the detailed description of atmospheric processes leading to the

exchanges of energy (radiation, latent and sensible heat), momentum(wind) and

mass (water vapour, C02) between the planetary surface and different levels of

the atmosphere and outer space. Rather, they are treated implicitly. This is a typ¬
ical feature of energy balance models (EBMs, see Section 2.2.2 A). The lack of

a horizontal resolution in the model reflects the local character of our investiga¬
tions, i.e. we do not consider interactions between elements of climate system
which are geographically separated such as oceans and land. Weassume the

influence from regions adjacent to the modelled area, such as the advective

transport of heat and moisture, to be either constant or to be included in the

external forcing which represents greenhouse gas induced changes in the sur¬

face energy balance (Chapter 4).
The timestep of the model is one year. This is a natural interval for the simu¬

lation of biomass dynamics, even though biological processes in general cover a

vast range of time-scales (Table 2.1). For the atmospheric processes, this time-

step does not allow an explicit simulation of the annual and daily courses of

radiation, temperature, humidity, etc.. Instead, in some parameterizations an

implicit annual course is used.

In order to investigate the full loop of vegetation-atmosphere interaction, the

conceptual model consists of two major parts (Figure 3.1): the atmospheric part,

represented by a surface energy balance, has the function which GCMswith

SVATs usually play on another level of model hierarchy. Its aim is to assess the

impact of changing climate forcing and vegetation structure on atmospheric
conditions. The vegetation part describes the impact of climatic changes on the

dynamics of vegetation.
For the investigation of atmosphere-vegetation interaction, an area in temper¬

ate mid-latitudes is chosen. Here, significant changes in climate patterns have

been projected in the Second Assessment Report of the Intergovernmental Panel

on Climate Change (IPCC, Kattenberg et al. 1996): temperatures are supposed
to increase substantially, even though to a somewhat lesser degree than in high
northern latitudes. Projections for precipitation draw a less explicit picture.
Although simulations indicate a global increase in precipitation, particularly in

winter, trends for mid-latitudes are not that obvious, apart from a reduction of

precipitation over "southern Europe" (35-50°N, 10°W-45°E). Errors in precipi¬
tation projections are generally large. Soil moisture may be a more relevant

quantity for assessing the impacts of changes in the hydrological cycle on vege¬

tation than precipitation since it incorporates the integrated effects of changes in

precipitation, evaporation and run-off through the year. However, soil moisture

projections should be interpreted with caution because of the simplicity of the
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land-surface parameterization schemes in current climate models. Most simula¬

tions project a drier land surface in summer in northern mid-latitudes, particu¬

larly in southern Europe and North America. The main factor in the drying in

these numerical projections is enhanced evaporation in summer.

Although changes in vegetation structure in response to climatic change
might be even larger in higher northern latitudes, I confine the extent of this

study to mid-latitudes. This allows to focus on climate-vegetation feedbacks

based on evapotranspiration, water availability, roots etc., leaving aside effects

of snow masking which become dominant in higher northern latitudes (Bonan et

al, 1992; de Noblet et al., 1996; Betts et al., 1997; see Section 2.1.2 A).
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Chapter 4 Model Part I:

Surface Energy Balance

4.1 Introduction

The purpose of the atmospheric model part (Figure 3 1) is to assess the impact

of (l) an additional (greenhouse gas induced) forcing, and (n) possible changes

in vegetation cover, on the surface fluxes and on the annual mean surface tem¬

perature For this purpose a zero-dimensional surface energy balance model is

used, which is based on the principle of the conservation of energy in the land

surface energy fluxes

The concept of climate forcing allows for the integration of the mechanisms,

processes and feedbacks that lead from an internal or external perturbation to a

change in the planetary radiation balance and has been widely used to quantify
and compare the net impacts of different factors such as atmospheric concentra¬

tions of greenhouse gases, aerosols, or solar variability on climate (Houghton et

al, 1990, 1992, 1996) In the conceptual model, we apply this concept on a

local level Weintroduce a forcing term in the surface energy balance, which

represents all net changes in the energy balance due to the anthropogenic emis¬

sion of greenhouse gases and aerosols

4.2 Formulation of the Surface Energy Balance

The annual surface energy balance describes the partition of incoming net short¬

wave radiation, R "^, into latent and sensible heat flux, LE + H, and outgoing net

longwave radiation, R

/C +F = LE + H + R (6)
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F is an external forcing term, which represents all greenhouse gas induced

changes in the local surface energy balance, above all the direct increase in

longwave back radiation. As we consider mean annual fluxes of terrestrial sur¬

faces only, soil heat flux is neglected. {E.g., to heat up a soil column of 50 m

with a specific heat of 3MJm~3K_1 by 2K over 80 yr, a flux of less than

0.06 Wm"2is needed).
The absorbed net shortwave radiation at the surface R"^ depends on frac¬

tional cloudiness N:

R = RsJ\-a(\-N)-aN-a) (7)

where /?sw is the incoming solar radiation at the top of the atmosphere of a given

latitude, a and a are losses due to albedo and scattering for clear and overcast

skies, respectively, and a accounts for gaseous atmospheric absorption.

Equation (7) follows the parameterization of the absorbed net shortwave radia¬

tion at the surface given by Paltridge (1974). Fractional cloudiness N is kept
constant in most simulations (N = <V0), except where otherwise stated. In mid-

latitude, annual mean surface albedo is considered independent of vegetation
cover.

Net emitted longwave radiation follows the Stefan-Boltzmann law:

/C = (l-h(l-N)-~bN)oT* <8)

where Ts is the annual mean surface temperature, b and b denote longwave
back radiation factors for clear and overcast sky, respectively, and a is the radia¬

tion constant.

In most climate models, the parameterization of fluxes of latent and sensible

heat in vegetation-atmosphere transfer schemes consider vertical gradients of

moisture and temperature (Section 2.3.1). For the zero-dimensional model, a

different approach had to be developed. In order to get a rough estimation of

changes in sensible and latent heat fluxes with moderate changes in tempera¬

ture, we make the assumption that these fluxes are linear functions of tempera¬

ture in the vicinity of a basic equilibrium state of the system where no external

forcing is applied (F = 0 W/m2). The latter is characterized by temperature T0,
sensible heat flux H0, potential evapotranspiration E0, cloudiness N0 and nor¬

malized biomass M = 1. Annual mean surface temperature is expanded to
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TS = T0 + AT (9)

where aT is the deviation of temperature from the basic equilibrium. The linear¬

ized flux of annual sensible heat becomes

H(AT) = H0 + AT— (10)

and annual potential evapotranspiration

£pot(Ar, T) = [fi0 + Arg (t( 1 - rwll) + /-S0ll) (11)

where ^ and ^ denote the derivatives of annual mean sensible heat and poten-
ill dT L

tial evapotranspiration with respect to temperature at equilibrium T0. In order to

find a simple parameterization of the dependence of potential evapotranspira¬
tion on vegetation structure, a so called transpiration index i is introduced (see

Section 5.2). The second factor of Equation (11) describes a linear dependence
of £pot on t. The unitless constant rsoli determines the fraction of £

ot independ¬
ent of vegetation, i.e. the ratio of evaporation from bare soil (t = 0) to the eva¬

potranspiration from the fully vegetated surface (x = 1).
In order to implement drought-effects qualitatively in a model with an annual

timestep, we developed a simple scheme based on the following two idealiza¬

tions: first, we approximate the annual course of potential evapotranspiration by
a cosine-shaped curve (Figure 4.1), characterized by annual mean £pot and

amplitude A£:

E^(t) = Epol-AEcos0 (12)

This is motivated by the fact that in temperate latitudes, potential evapotranspi¬
ration follows largely the course of temperature which is in first approximation
a cosine (see data for Hartheim in Section 4.3.1). Second, in order to include

effects of limited water availability on evapotranspiration, we introduce a criti¬

cal limit of evapotranspiration, Ec, and make the assumption that in the annual

course, actual evapotranspiration cannot exceed the limit Ec and is truncated

(Figure 4.1). Ec depends on factors such as precipitation and soil water storage
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Figure 4.1 Assessment of annual actual evapotranspiration E and drought parameter £ from annual mean

potential evapotranspiration £p0I We assume a cosine-shaped annual course of potential

evapotranspiration E
t

(mean £p0I, amplitude At) Water available for evapotranspiration is limited In

the model, the assumption is made that the actual evapotranspiration EA in its annual course (black line)

cannot exceed the critical evapotranspiration £,, which depends on precipitation, soil properties, and

roots The difference between annual mean potential and mean actual evapotranspiration, e (the area of

grey hatching divided by one year), serves as a measure of the drought stress

capacity (including soil texture and rooting depth) and is kept constant during
the simulations in Chapter 6. As illustrated in Figure 4.1, annual mean actual

evapotranspiration E is the annual mean potential evapotranspiration reduced by

E = E.
pot -etfpo.) (H)

Integration yields for the function e:

_

A-

-pot) -

K
e(£not) = —/l-l r-i- | ^-acos1 *-

(14)

This simple picture tends to underestimate the effects of limited water availabil¬

ity on the reduction of latent heat fluxes, because observations often indicate not

only a stagnation but a significant reduction of latent heat flux due to stomatal

closure under limited soil water conditions (Gay et al., 1996; Jarvis and

McNaughton, 1986).
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Annual mean actual evapotranspiration E times the latent heat of water L

yields the latent heat flux in the surface energy balance (Equation (6)). With

these assumptions we get a rough approximation of the influence of limited

water availability on surface energy balance.

4.3 Parameter Estimation

In our conceptual model the parameters are highly aggregated and generally
cannot be measured directly. They have to be estimated from proxy data or even

from other, more detailed model simulations. Many model parameters

(Tables 4.1, 4.2, 4.3) are site dependent. For our model simulations, we chose

the pine plantation at Hartheim (47° 56' N, 7° 37' E) near Freiburg, south-west

Germany, as our reference site for parameterization. The Hartheim plantation
has been chosen, because for this site measurements of surface energy fluxes

over a period of ten years are available (Jaeger and Kessler, 1996).

The parameterization of the surface radiation fluxes and their cloud depend¬
ence is based on the work of Paltridge (1974), and has been adapted for the local

surface energy balance for central Europe with the help of various data sources

of different coverage and quality. In an attempt to build a consistent picture of

the surface energy balance at Hartheim starting from the incoming solar radia¬

tion on top of atmosphere, the different data sources had to be weighted by cred¬

ibility. In general, measurements at the Hartheim site itself were given priority.
An attempt has been made to derive each model parameter in several different

ways, and from different sources. The resulting set of values should allow a

more complete picture and provides hints regarding the uncertainty of the

parameters used in the model.

4.3.1 Short-wave Energy Balance

Available short-wave energy absorbed by the surface (Table 4.1) has been esti¬

mated in two ways from data published by Ohmura and Gilgen (1993) based on

the GEBAdataset. The mean of July and December values for the meridional

mean at 48 °N is in fair agreement to the value derived from a map of annual

mean global radiation at Hartheim reduced by 11% surface albedo.

Annual mean and amplitude of evapotranspiration are based on monthly val¬

ues taken from Jaeger and Kessler (1996). Figure 4.2 shows that the annual

cycle of evapotranspiration can be reasonably approximated by a cosine-shaped
curve. Annual mean evapotranspiration (Table 4.1) is in fair agreement with
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Table 4.1 Estimates of model parameters characterizing short wave radiation balance and fluxes or

sensible and latent heat Bold values were input parameters in the simulations

Description Value, unit Data source

Riv incoming solar radiation top of atmosphere at

48°N

298 Wm" PeixotoandOoit 1992

p 127

available short wave energy 113 Wm" Meridional mean Ohm

lira and Gilgen 1993

111 Wm*" 89% of annual mean radi

ation at Hartheim ibid

£0 evapotranspiration

i AE annual amplitude of £„ot

Hq sensible heat flux at Ts = Ty

A<0 fractional cloudiness

647mmyi Jaeger and Kessler 1996

630mmyi
'

Budyko 1986 p 35

70% Jaeger and Kessler 1996

29 Wm
2

Jaegei and Kessler 199b

15 Wm2 Budyko 1986 p 35

63% Wairen era/ 1986

a albedo and scattering (clear sky) 0 17

0 18

a albedo scattenng and cloud abs (100% cloudy)

a atmospheric absorption

0 62

051

^0 17

017

ERBE

global Partridge 1974

ERBE

global Paltndge 1974

ERBE

global Paltndge 1974

90-

D^

60-
'

30-
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Figure 4.2 Average monthly mean values of evapotranspiration at the Hartheim site 1978 to 1988

(squares Jaeger and Kessler 1996) and cosine shaped least square fit (line) To get an estimate of

potential evapotranspiration values for summer months when drought might occur at Hartheim (July

Sept open squares) were not considered

data from a map given by Budyko (1986). In the case of annual mean sensible

heat, however, the value from the Hartheim site exceeds the less specific value

from Budyko considerably.
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Annual mean fractional cloudiness was estimated as the average of the

December-February and the June-August value for 1971-1981 as published in

the atlas by Warren et al. (1986) for the region between 45-50°N and 5-10°E.

For the short-wave component of energy balance, values for planetary albedo

and clear sky albedo a for the Hartheim region were taken from ERBEmaps in

Ramanathan et al. (1989). Together with a value for cloud absorption from Pal-

tridge, we deduce then the albedo for overcast conditions, d, from the following

relationship:

planetary albedo = cc( 1 - N0) - (d - cloud absorption)N0

The planetary short-wave albedo at the top of the atmosphere (TOA) must be

equal to the sum of the contributions of the clear and overcast areas. In the

parameterization chosen, a includes cloud absorption, which must be removed

in order to get the albedo from TOA. The value of atmospheric absorption, a, is

then derived from equation (12). The resulting values for Hartheim of a, a, and

a are in reasonable agreement with global values given by Paltridge (1974).

4.3.2 Long-wave Energy Balance

Annual mean surface temperature and the amplitude of the annual course of

temperature at Hartheim are taken from Jaeger and Kessler (1996). For long¬

wave radiation we make the assumption that clear sky back radiation is 70%of

the corresponding values of overcast skies, b = 0.7 b, in accordance with GEBA

data for Europe (Wild et al, 1995). The second restriction for the determination

Table 4.2 Estimates, of model parameters characterizing the long wave radiation balance Bold values

were input parameters in the simulations

Description Value, unit Data source

T0 annual mean surface temperature at forcing F = 0 283 K Jaeger and Kessler, 1996

A^ annual amplitude of surface temperature 9K Jaeger and Kessler, 1996

b factor for long-wave back radiation (clear sky) 0716

07

see text

global, Paltridge, 1974

b factor for long-wave back rad (100% cloudy) 1024

108

see text

global, Paltridge, 1974

^j°wn long-wave back radiation 331 Wm^ see text

318 Wm2 Wild craZ, 1995
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of the factors of long-wave back radiation, b and b, is given by the closure of

the surface energy balance, equation (11) at the basic state with no forcing
(F = 0). The calculated values for b and b (Table 4.2) are in reasonable agree-

Table 4.3 Estimates of model parameters characterizing the impact of temperature, water availability
and vegetation on surface fluxes Bold values were input parameters in the simulations

Description Coverage Value, unit Data source

dE/dT derivative in evapotran

spiration at T0

land points

44° 58°N,

Oct -June

18.2"mmyr'K '
GCM2*C02, Henderson Sell

crsetal, 1995

land points

44° 58°N

17bmmyr'K '
GCM2*C02 ibid

land points

29° 50°N

IS'mmyr'K1 GCM2*CO, Sellers et al,

1996a

land points

50°-72°N

8d mmyr 'K '
GCM2*C02 ibid

land 50°N 15emmyr,KI GCM2 fC02, Manabe et al

1991

land 50°N l2fmmyr'K '
GCM2*C02 transient ibid

global 18mmyi 'K '
GCM2*C02 transient

M Wild, pers comm

global 20£mmyr'K '
25 GCMs2*C02 Houghton et

al, 1990 1992 "J996

Harfheim

Oct -June

(54mmyr'K ') annual course Jaeger and Kes

sler 1996

dH/dT denvative in sensible

heat at T0

land 50°N 0.57h Wm
2

K
'

GCM2*C02 transient Man¬

abe et al 1991

land 50°N 0 Win
2 K

'
GCM2*CO, ibid

Hartheim

Oct -June

(5 5 Wm
2

K ') annua] course, Jaeger and Kes

sler, 1996

rsoil fraction of Epot inde¬

pendent of vegetation

0.66 GCMdeforestation Nobre et

al 1991

June 0 57

0 86

071

obs Sharralt 1996

obs
, Tajchman, 1971

obs, Baumgartner 1966

£c0 critical limit of eva-

potranspiration

1110 mmyr' see text

a = 65 mmyr
'

/ 3 6 K

b = 60 mmyr
'

/ 3 5 K

c = 34 mmyr
'

/ 2 6 K

d =33mmyr '/4K

e = 70 mmyr
'

/ 4 5 K

f = 43 mmyr
' / 3 5 K

g = +1 9% E per K, Figure 4 3

h = 2 Wm2/3 5K
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ment with global values derived from Paltridge (1974). In addition, the resulting

long wave back radiation, (b{ 1 - N0) + bN0)oT0 ,
is in line with ERBEdata aver¬

aged over central europe from Wild et al. (1995).

4.3.3 Impact of Temperature and Biomass on Surface Fluxes

The increase of annual mean potential evapotranspiration and sensible heat with

increasing temperature at constant vegetation, dE/dT and dH/dT in

equations (15) and (16), cannot be derived from direct measurements, because

long term observations, which would allow to correlate these variables, do not

exist. In order to get a rough estimation of these parameters, more indirect

methods had to be used.

The change in potential evapotranspiration with temperature is a central

parameter in the surface energy balance submodel, because it characterizes its

response to an external forcing. Wetake values for evapotranspiration and tem¬

perature from GCM(equilibrium) simulations under 2*C02 and 1*C02 condi¬

tions. By dividing the resulting difference in evapotranspiration by the

temperature difference, AE/AT, we get an estimate of the total derivative of eva¬

potranspiration with respect to temperature, including feedbacks of other cli¬

mate components, but at constant vegetation cover. Table 4.3 gives an overview

of estimates from several GCMsimulations. The published data is averaged
over different land areas, which complicates their intercomparison. These val¬

ues tend to be too small, because GCMresults describe actual evapotranspira¬
tion. The change of potential evapotranspiration with temperature might be

slightly bigger. However, the work of Henderson-Sellers et al. (1995), who use

the NCARCommunity Climate Model (CCM) in combination with the Bio¬

sphere-Atmosphere Transfer Scheme BATSIE and a mixed layer ocean model,

provides monthly values of evapotranspiration and temperature. By ignoring the

data of months when limited water availability might lead to a difference

between actual and potential evapotranspiration (July-September), we get an

estimate of the change in potential evapotranspiration with temperature. The

first two values in Table 4.3 show that the difference between the Oct.-June fit to

the value derived from data of all months is small. Results from the SiB2-GCM

from Sellers et al. (1996a) and from the coupled ocean-atmosphere general cir¬

culation model from Manabe et al. (1991) indicate a range of equilibrium GCM

responses which is in line with global values derived from a transient run with

ECHAM(M. Wild, pers. comm.), and the average response of several GCMs

published in IPCC reports as shown in Figure 4.3.
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Figure 4.3 Sensitivity of 25 GCMsto a 2*C02 forcing, as discussed in the 1PCC reports (Houghton et

al. 1990, 1992, 1996) Adapted from Henderson-Sellers et al (1995)

As an alternative to GCMresults, observed changes in evapotranspiration and

temperature in the annual course were considered. Linear regression of monthly
surface temperature T and evapotranspiration E at Hartheim and other central

european sites (July-September excluded) yielded considerably higher values

for dE/dT (Table 4.3), since on this shorter time-scale other feedback processes

become relevant. Because the conceptual model has been build to model

changes on the time-scale of years to decades, we choose the value derived from

Henderson-Sellers et al. (1995) as input parameter in the model simulations,

keeping in mind that this value might somewhat underestimate the increase of

potential evapotranspiration with temperature.
To estimate, in analogy, the modification of sensible heat flux with tempera¬

ture increase from GCMsimulations is more difficult, because the differences in

sensible heat fluxes between simulations under 2*C02 and 1*C02 conditions

appear to be small or to vanish all together, and are therefore subject to higher

uncertainty. They are rarely published in the open literature. The results of the

transient simulations of Manabe et al. (1991) were used to estimate the order of

magnitude of the parameter dH/dT for changes of temperature by few Kelvins

over long time-scales (Table 4.3). The value derived from the annual course of

sensible heat flux and temperature is considerably higher. Again, on this shorter

time-scale, other feedbacks processes become relevant. In addition, the higher
value might point to the fact that AH/AT might increase with large values of a'T.
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The presence of an intact vegetation cover may considerably enhance the eva¬

potranspiration from land surface by the large leaf area index of trees (reaching
6 for deciduous broadleaf trees (Dickinson et al., 1993, p.21)) which allows

high rates of transpiration and interception (at the Hartheim pine plantation,
interception is responsible for 37% of evapotranspiration), and by the higher
surface roughness which enhances turbulent surface fluxes (see Section 2.1.2).
In contrast, the evaporation from bare ground is considerably lower, especially
over time scales of decades, because with the absence of vegetation, modifica¬

tions of soil properties tend to decrease the soil water holding capacity and

increase runoff. In order to get a rough estimate of the ratio of evaporation from

bare soil to the evapotranspiration from a fully vegetated surface, rsoii, we use

data of a GCMdeforestation simulation for Amazonia of Nobre et al. (1991),
which we adapt for the Hartheim site. In these simulations, the deforestation

leads to the reduction of evapotranspiration from £0A = 1657 mmyr"1 to

E£t = 1161 mmyr"1 and to an increase of annual mean temperature by
Al = 2.5 K. In order to compensate for the increase in temperature, we derive

the change of evapotranspiration with increasing temperature at constant vege¬

tation for the tropics from 2*C02 simulations of Sellers et al. (1996a),
dEA/dT = 38 mmyr"1 K"1. Wethen estimate rsoii from equation (11) for defo¬

rested conditions (t = 0):

£det = [E0A +ATJf J''soil

This rough estimate of rS0ll (Table 4.3), derived from simulations under tropical
conditions may somewhat underestimate the corresponding value in temperate
mid-latitudes.

Another source of data to estimate the order of magnitude of rS01[ are field

observations. Sharratt (1996) reports measurements of surface energy budget
components above both forest and crop land in Alaska (63° 30' N, 100°W) in

summer. Latent heat covered 87% respectively 50% of net available energy,

which results in a rather low value of rS0ll (Table 4.3). However, this result is

more of a preliminary character, because it is based on summer data only and

because net radiation was about 30% greater over the forest than grass land,
which limits, because of the inherent nonlinearities of the system, the compara¬

bility of the two sites. In the measurements of surface fluxes by Tajchman
(1971) during summer months of a wet and cool year near Munich, southern

Germany, evapotranspiration from a potato field was 14% lower than that from a

spruce forest, although the ratio of evapotranspiration to net available energy
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was the same. Baumgartner (1966) reported results of energy balance measure¬

ments from the same location. In his estimates, the fraction in net radiation

shared by evapotranspiration decreases from 70% for forest to 57% for grain
and grass to 50% for bare soil. The resulting estimates of rS0lI provide a range in

parameter space which has to be investigated in the sensitivity analysis.
Critical evapotranspiration Ec is part of the conceptual parameterization of

drought in the model and characterizes the limitation of actual evapotranspira¬
tion by the limited water availability during the season of high evaporative
demand. £c depends on site characteristics such as the water storage capacity of

the soil, which depends on soil texture and rooting depth, and the amount and

distribution of precipitation over the year. Under current climatic conditions at

Hartheim, the impact of limited water availability on annual evaporation is

rather small and confined to the late summer months. However, under increased

climate forcing, drought periods might become more frequent and longer. To

simplify the analysis of our conceptual simulations, we assume that evapotran¬

spiration is not constrained by water limitations under the initial conditions (at

no forcing, F = 0). Wechoose £c so that reductions in E begin with forcings
larger than about 0.5 Wm"2.

In general, in order to investigate the impact of uncertainties in input data (as

well as in model formulations), on the conceptual model's response, sensitivity

analysis of parameters (and structure) have been carried out (see Sections 6.2.2,

and 7.5.3).
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Chapter 5 Model Part II:

Biomass Dynamics

5.1 Introduction

The aim of the vegetation part of the model (see lower part of Figure 3.1) is to

simulate the impact of temperature and drought on vegetation and to assess the

resulting changes in evapotranspiration in a qualitative way. In the frame of the

conceptual model, the vegetation submodel is an attempt to model the impact of

climatic changes on vegetation dynamics in a simple and efficient way. We

therefore confine the input to the vegetation submodel to the most essential

parameters, the annual mean surface temperature Ts and the drought

parameter e. Additional factors, such as the variation of photosynthetic active

radiation (PAR), the availability of nutrients or possible fertilization by atmos¬

pheric C02 are not considered.

The use of annual values for temperature and drought as parameters control¬

ling biomass dynamics has its limitations, because the composition and function

of vegetation are known to by driven to a large extend by the nature, timing and

spatial extent of disturbances and less by mean values. However, the change of

the frequency and the strength of such extreme climatic events are difficult to

assess by climate models in general. In the conceptual framework of our model,

annual mean surface temperature Js and the drought parameter e serve as a

rough indicator of changes in climatic conditions which have an impact on the

dynamics of vegetation.
The vegetation is represented by its total biomass M. No division in biomes

or plant functional types is made in the present model. However, the biomass M

may be interpreted as a integrated measure of vegetation characteristics such as

LAI, tree fraction, or as a continuous vegetation classification which assigns the

functional type 'trees' to values of Maround 1, and 'grass' to low biomass val¬

ues, in loose analogy to a scheme proposed by Brovkin et al. (1997).
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5.2 Formulation of the Biomass Dynamics

We use the following straightforward equation which describes the biomass

dynamics of a homogeneous landscape (Shugart, 1984)

For constant gam g and loss /, this equation implies a constant input of biomass,
and a loss of biomass being a constant proportion of biomass For the case of

successional growth after clearcut, windfall or fire, this leads to a concave

shaped increase of biomass to the asymptote (g/l) This concave form of the

curve describing the increase of biomass over time had been found in various

studies on different forests (Buiger, 1953, Kira and Shidei, 1967, Albrektson,

1980, on the assumption of the constant gain of biomass see Peet, 1981)

Equation (15) allows the description of biomass dynamics in terms of two para¬

meters, g and /, which can be easily derived from measurements of biomass

development after clearcut (see Section 5 3)

An alternative formulation which is based on the rationale that production is

a linear function ot biomass is the logistic equation (see Appendix A 2 1) In the

model simulations, Equation (15) can be replaced optionally by the logistic

Equation (28)

Vegetation reacts sensitively to changes mtemperature and water availability
(Section 2 1 2 B) To include the effects of temperature and drought stress on

biomass, we represent annual gain g as the product of a constant basic gain g0, a

temperature dependent growth factor f T,
and a growth factor which depends on

drought stress /?t

This is similar to the parameterization of gross primary productivity (GPP) in

biogeochemical models (Section 2 3 2), whereas the number of factois is

reduced, and GPPcomprises more than the term g in equation (15), because

GPPdepends partially on biomass, too

For the temperature dependence of gam, we use a parabolic relationship
between a 'daily' growth factor f^r and 'daily' surface temperature 7\d
(Figure 5 1a)
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Figure 5.1 (a) Relationship between biomass gain and temperature (b) The reduction of gam and (c) the

increase of biomass loss with drought parameter e (ecg = 0, Ec[ = 6 8 mmyr ')
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1
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(T -T )
v max min''

0;

"< r:<Tmax

else

(17)

This is again in analogy to the parameterization used in many biogeochemical
models (Section 2.3.2). The temperature dependent multiplier is characterized

by minimum (rmin) and maximum (Tmax) temperatures.
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To investigate the sensitivity of the model with regard to the form of the

growth-temperature relationship, we formulate an alternative function

f*T(T*) in Appendix A.2.2.

Weassume a cosine shaped annual course of surface temperature (character¬

ized by annual mean temperature Ts and constant amplitude AT) and average

f T
over the year. This yields the annual temperature dependent growth factor

/V(7\) =
-1- j f&T?)di =

-J- j /?dr(rs-Arcos(if;))A ,i8)

norm norm

where cnorm is chosen in such a way that f^T(T0) = 1.

Drought stress has a strong impact on biomass gain and mortality

(Section 2.1.2 B). It can limit photosynthesis and carbon gain and enhances the

vulnerability of vegetation to damages by fire, pests and pathogens.
To model the reduction of biomass gain by drought effects, we use the differ¬

ence between potential and actual annual evapotranspiration, the drought

parameter e (Equations (13) and (14)), as a measure for the severity of drought

stress, because it integrates both duration and intensity of drought stress. For Ihe

dependence of the growth factor /?l, on the drought parameter e, we assume that

after e reaches the critical drought level ec,,, the growth factor fgi decreases

(Figure 5.1b). For high values of drought index e, /?E should approach zero

growth in an asymptotic way. The asymptotic progression takes into account

that we do not model a single vegetation type which at some point ceases to

grow, but a range of different types with different drought sensitivities. In our

model, we choose a hyperbolic decrease of / t(e):

M£)

1, >fe<ec?
1 (19)

if e > e, „

l+C„(£-et?)

C„ and e(,, are model parameters.

Drought stress also increases tree mortality because stressed trees dispose of

reduced photosynthate reserves to ward off disease or pests and repair damage
to tree structure, and also lack vigour. Strong drought events enhance mortality.
In analogy to biomass gain, loss / may be written as the product of some con¬

stant basic loss /0 and a drought dependent loss factor f/E(E).
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/ = /0/,e(E) (20)

We assume that when the drought parameter e exceeds the critical threshold

level ecj, the loss factor fit shows a higher than linear increase. For the sake of

simplicity we choose a quadratic relationship, characterized by the parameters

C/ and ecl (Figure 5.1c):

//E(e) =

i

l; ife^ec/
2

(21)

l+C,(e-ec/) ; ife>ec/

Using these functions, g(T,e) and /(e), Equation (15) yields a rough estimate of

the changes in the normalized biomass Mas a function of the annual mean tem¬

perature Ts and the drought parameter e in annual time steps.
The transpiration index x (used in Equation (11)) is a measure that integrates

several structural factors influencing plant transpiration such as biomass, vege¬

tation type, leaf area index, height, density, physiological factors, vigour, and

more. In the present version of the conceptual model, only biomass is consid¬

ered for representing vegetation structure. We make the assumption that the

transpiration index % is proportional to some power of the biomass, M, For the

normalized variables (M = 1 at forcing F - 0), we may simply set

T = Mh (22)

5.3 Parameter Estimation

5.3.1 Biomass Gain and Loss

The rate at which biomass approaches the asymptote (g/l) is given by the loss

parameter /. According to Equation (15), the inverse of the biomass loss rate,

1//, characterizes the time after clearcut, at which biomass reaches the fraction

of 1/e of the asymptotic value. Time series of the increase in biomass of differ¬

ent forest systems after clearcut, fire or plantation over long time periods (Shu-

gart, 1984; Burger, 1953) were used to assess the order of magnitude of the

basic loss rate /0 (Table 5.1). Most data available on biomass dynamics on Ion-
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ger time-scales describes relatively fast growing (coniferous) species (which are

important for wood production). Although some species might recover much

slower than those above mentioned, we may assume a response of the whole

forest system on a time scale set by the faster species, as these are assumed to be

the first to re-establish after a perturbation.

Table 5.1 Estimate of loss rale l0 ot different forest systems Denved hom the biomass response of

forests aftei clearcut, fire or plantation published by 'Shugart (1984, p 139) and 2Burger (1953) The

bold value was the input parameter used in the simulations

Forest System Site Rate/0[.vr'']
Piceas alves (Norway Spruce) forests of the Myrtil- Karelia, Russia 0.02'

losum type

Pmus m/w«/is (Scots Pine), M-\itillin type southern Finland 0 02S1

Pinus ul\e\tm (Scots Pine), Callimu type southern Finland 00191

Pimts taeiia (lobloll) pine) forest North Caiolma, USA 006-0 161

Oak-pine forest (exact taxa unknown) Long Island, NY, USA 00171

Pueas ahies (Norway Spiuce) Switzeiland 0 0252

The basic value of biomass gain g0 follows from Equations (15)-(21). At the

basic state of a7 = 0 the biomass is normalized M= 1, and drought stress is

absent (e = 0). It follows that g0 - l0 (Table 5.2).

5.3.2 Impact of Temperature and Drought on Growth and Mortality

Minimum and optimum growth temperatures where taken from data of net pho¬
tosynthesis in deciduous broadleaf trees from temperate latitudes from Larcher

(1994). Maximum growth temperature follows from the symmetry of the para¬

bolic growth-temperature relation (Table 5.2). The parameters are in line with

values given by Plochl and Cramer (1995) for cold deciduous forest.

The impact of drought on plant growth is difficult to quantify, because there

is only few data available, and because most data describe agricultural crops, or

tree seedlings at best. Data on biomass dynamics of forest systems over time

scales of decades and under different climatic conditions is scarce. Two types of

observations might serve as an alternative: tree ring analysis and transect

research. Tree ring growth may strongly depend on climatic factors. E.g.

Hughes (cited in Schweingruber, 1996, p. 502) found high correlations between

years of severe drought and extremely low growth values in Sequoia forests in

California. Although tree ring data provides a dynamic picture of biomass

response and may indicate trends, it is a qualitative signal which gives only lim-
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Table 5.2 Estimates of model parameters characterizing biomass dynamics and its response to

temperature changes and drought stress Bold values were input parameters in the simulations.

Description Value, unit Data source

k basic biomass loss 0.02 yr' see Table 5 1

?0 basic biomass gain 0.02 yr
'

= lg, see text

1
mm

minimum growth temperature 271 K

273 K

Larcher, 1994

Plochl and Cramer. 1995

'opt optimum growth temperature 295 5 K

294 K

Larcher, 1994

Plochl and Cramer. 1995

r
'

max
maximum growth temperature 320 K = 'mm + -V'opt mm'

C* parameter for drought dependence of gain 7.33 10
'

yr mm
'

Oregon Transect, see text

£(ff critical drought e for reduction of growth 0 mmyr see text

c, parameter for drought dependence of loss 2.45 lO-'yrmm"2 see text

£</ critical drought e for enhanced loss 6.8 mmyr
'

see text

''t exponent in relation biomass - transpiration (22) 2/3 (or 1) see text

ited information on gradual changes and is therefore not suitable for the param¬

eterization of the biomass dynamics submodel. (The analysis of the ratio of

isotopes (8i3C, 8180) in tree ring tissue might lead to an increased understand¬

ing of the impact of water availability on plant growth (see e.g. Saurer et al.,

1995; 1997).)
The observation of ecosystems along transects of temperature and/or water

availability, in turn, provides static relationships between climatic factors and

vegetation characteristics. To that aim, several observation sites are chosen

along a geographical line which covers a gradient of climatological conditions.

Ecosystem properties such as standing biomass and productivity are correlated

with climatic data from a nearby meteorological station. In using transect data

for dynamic considerations, the hypothesis is made that the spatial gradient of

one parameter (e.g., variation of temperature or drought along a transect) may

represent the temporal gradient of that parameter (e.g., changes of temperature

or drought over time). Weuse data from a 250 km west-east transect at =44°N in

western Oregon, USA, where coniferous evergreen forests dominate (Runyon et

al, 1994). Along the Oregon transect, climate ranges from cool maritime on the

west end to dryer, more continental conditions in the east. These differences

lead to an extreme range in productivity along the transect. Runyon et al. (1994)

evaluated how climate constrains NPPby limiting the utilization of intercepted

photosynthetically active radiation (IPAR). At three of the six sites across the

Oregon Transect drought periods (pre-dawn water potential <-lMPa) of

about 2, 4 and 5 months duration occurred, which lead to drought related reduc¬

tions in the usage of IPAR of about 11%, 20% and 38%, respectively. These

results, together with the assumption that the reduction of plant growth sets in
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immediately with the occurrence of drought were the basis for the estimate of

C„ and ecg. Figure 5.2 shows that the parameterization of growth reduction with

increasing drought in the conceptual model is in reasonable agreement with the

reductions of IPAR utilization along the Oregon Transect. However, observa¬

tions along a transect provide the characteristics of ecosystems which developed
over long time periods and are more or less in equilibrium with the current cli¬

matic conditions. Under the conditions of a changing climate, the impact of

drought on productivity might be considerably higher, because existing ecosys¬

tems do not have the time to adapt to changing conditions.

drought period [yr]

Figure 5.2 Comparison of reduction of gam factor / e
in the conceptual model (line) and reduction of

"potential' net primary productivitya along the Oregon Transect (Runion et al 1994) with increasing

duration of annual drought periods

a utilization of intercepted photosynthetically active radiation (IPAR)
b In the conceptual model the relationship betw een the duration of annual drought period iir [yr] (when

AA -sin -—K

To characterize the increase of vegetation die back, we assume that the

increase of biomass loss begins when summer drought exceeds two months

(time for which E *j)t> EL). This is a rather conservative estimate, because e g in

Switzerland, forest die back is assumed to set in already after 20 days of
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drought (Klotzli, pers. com.). In addition, we consider five months of consecu¬

tive drought as "severe drought stress" for trees and assume that such stress will

reduce biomass by 36.8% a year (which means a reduction of 99% in ten years).
This yields estimations for the parameters ec) and Cj.

Based on the rationale that evapotranspiration scales rather with surface than

with vegetation mass or volume and that potential evapotranspiration tends to

saturate with biomass increase, for most simulations an exponent rx = 2/3 for the

relationship between transpiration index and biomass has been chosen. In order

to investigate the sensitivity of the model with respect to this parameterization,
additional simulations with the transpiration index set proportional to biomass

(/*T = 1) have been carried out as well.

In general, in order to investigate the impact of uncertainties in input data (as
well as in model formulations) on the conceptual model, sensitivity analysis of

parameters (and structure) have been carried out (see Sections 6.2.2, and 7.5.3).
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Chapter 6 Atmosphere-Vegetation
Interaction with Dynamic

Vegetation

6.1 Simulation Experiments

In the first series of simulations, we investigate the role of dynamic biomass.

Therefore the system's behaviour with dynamic biomass is compared to a run

where biomass is kept constant. Other feedbacks are omitted, critical evapotran-

spiration and cloudiness are fixed (Ec = Ec0, N= N0). To simulate the possible
transient behaviour of the atmosphere-vegetation system under an additional

greenhouse gas induced forcing, a linearly increasing forcing is applied to the

system, reaching F = 8 Wm"2after 150 years and remaining constant thereafter.

This simple forcing scheme sketches a possible future evolution of greenhouse

gas induced climate forcing at mid-latitude which resembles schemes proposed
in the IPCC reports (Houghton et al, 1992; 1996).

6.2 Results from the Basic Model

6.2.1 Transient Response to an Increasing Forcing

Figure 6.1 shows the dynamic response of the temperature deviation AT and

normalized biomass Mto an increasing forcing as described in Section 6.1. At a

forcing of 4.4 Wm"2 (year 82), which corresponds to a 2*C02 equivalent
(Houghton et al, 1990), the temperature increase in the simulation with con¬

stant biomass reaches 1.9 K, and actual evapotranspiration increases by 4.5%

(not shown), which lies well within the range of global results from GCMsas

discussed in the IPCC reports (see Section 6.3). With increasing forcing, the

slope of the temperature curve is getting slightly steeper because of the limited

evapotranspiration.
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time [yr]
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Figure 6.1 Response ot temperature deviation ATand normalized biomass Mto an increasing forcing F

for a biomass which is kept constant (thin lines) and a biomass which dynamically responds to

temperature and drought and feeds back by evapotranspiration (thick lines)

Whenthe system with temperature and drought dependent biomass is subject
to the identical forcing regime, increasing temperature stimulates biomass

growth during the first hundred years of simulation. The augmented biomass

leads to an enhanced evapotranspiration, which in turn reduces surface tempera¬

ture (A^is reduced from 1.9K to 1.77K in year 82). With a further increase of

forcing after year 100, the effects of drought stress are becoming dominant, bio¬

mass growth is reduced and loss is enhanced. The decrease in biomass leads to a

reduction of evapotranspiration and therefore to a steeper increase in surface
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temperature, which in turn accelerates drought stress. In our example the bio-

mass reaches its initial value 1 shortly after the year 150 (by coincidence) when

the forcing scheme has reached its plateau value. After this, biomass is reduced

further. In the final state (year 300), the reduction of biomass by 3.8% leads to a

surface temperature that is slightly higher than in the case of constant biomass.

6.2.2 Model Sensitivity

In order to assess the influence of uncertainties in input parameters on the simu¬

lation results, several sensitivity tests have been carried out. As a basis, we use

the simulation with variable biomass as described in Section 6.1 as our control

experiment. In the sensitivity analysis, we compare the control simulation with

simulations where one or two of the input parameters have been modified.

Table 6.1 defines the modifications in the different sensitivity simulations. In

general, simulations were made with parameter values that correspond to half

the control value and to double the control value. These are drastic modifica¬

tions, which reflect the considerable uncertainty that lie in the nature of the

input parameters, and which allows to assess the stability of the qualitative sys¬

tem behaviour on input specifications.
Figure 6.2 shows the resulting values of temperature deviation aT and bio¬

mass Min the year 300 of the simulations, when the system is near equilibrium
at a forcing of F = 8 W/m

. In general, the relatively high sensitivity of the

results to changes in the derivatives in evapotranspiration and sensible heat,
dE/dT and dH/dT, are prominent, whereas the other parameters seem to play
a minor role in the overall system behaviour.

The doubling of dE/dT or dH/dT leads to higher fluxes of latent or sensi¬

ble heat at lower temperatures (dEdT+, respectively dHdT+). In dEdT+, the

strong increase in potential evapotranspiration causes increased drought periods
which reduce biomass considerably. Halving the derivatives leads in analogy to

higher temperatures (dEdT-, respectively dHdT-). The reduction in potential
evapotranspiration in dEdT- leads to less drought stress and the biomass can

attain a high value. The same is true for dHdT+, where the low temperature
leads to a lower potential evapotranspiration, mitigating drought stress and

allowing for a somewhat higher biomass.

Figure 6.3 summarizes the sensitivity of temperature to changes in the sur¬

face flux deviations. The combined modification of the deviations leads to a

range between aT= 2.5 K (dEdT+ dHdT+) and aT= 5.6 K (dEdT- dHdT-).
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Table 6.1 Description ot sensitivity experiments where one input parameter was modified at the

time

Experiment modified parameter value, unit

dEdT+

control

dEdT

derivative in evapotranspiration, high

derivative in evapotranspiration, low

dE/dT= 36 mmyr >K '

dE/dT = 18 2mmyr 'K '

dE/dT = 9 mmyr 'K '

dHdT+

control

dHdT

derivative msensible heat, high

derivative in sensible heat, low

dH/dT=\ 1 Wm2K'

dH/yr=0 57Wm2K'

dH/dT =0 29 Wm2K'

rSoik

control

rSoil-

fraction ot £pot independent of vegetation, high

traction of £pot independent of vegetation, low

rsoll = 0 83

rs0ll = 0 66

'soil = °5

rTr+

control

exponent in relation biomass - transpiration (27) <-,= !

rT = 2/3

Cg+

control

Cg-

parameter for drought dependence ot gain, high

parameter for drought dependence ot gain, low

C?= 15 lO^yrmm '

C? = 7 33 lO'yrmm1

C? = 3 6 lO'yrmm '

CI+

control

Cl-

parameter tor drought dependence of loss, high

parameter for drought dependence of loss, low

C, = 5 Kl^rmm2

C, = 2 45 lO'yrmm2

C,= l 2 lO^yrmm2
lNull+

control

lNull-

basic biomass loss rate high

basic biomass loss rate, low

(0 = 004yr
'

/„ = 0 02 yr
'

/0 = 0 01 yr'

Table 6.2 Description of sensitivity experiments with the modification ot model equations

Experiment description modified equation

gTsat

logiM

saturating growth - temperature relationship

logistic growth equation

(34) instead of (22)

(33) instead of (20)

Because the biomass at F = 8 W/m remains near 1, the variation of the frac¬

tion of evapotranspiration which is independent of the vegetation, rS0]), as well

as the modification of the exponent of the biomass - transpiration relation (27) rt

have only minor impacts on temperature and biomass (experiments rSoil+,

rSoil-, rTr+, and rTr- in Figure 6.2)
The impact of a lower decrease of gain with drought (Cg-), or of a lower

increase of loss with drought (C1-) on the systems behaviour is shown in

Figure 6.4. The fast increase of biomass in the first phase of the simulation with
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dEdT- control dEdT+ dHdT+ «""ro1

Figure 6.3 Sensitivity of temperature deviation A7"at torcing F- 8 W/m" to changes of the deviations of

e\apotransphation and sensible heat. clEAIT and ilH/dT (+: double, -: half the control value, as described

in Table 6.1).

the reduced value of Ca (Cg-) points to the early onset of gain reduction by

drought in the control simulation. A reduction in C] leads to a equilibrium state

where the drought induced reduction of biomass is almost compensated by the

positive impact of higher temperature at F = 8 W/m".

In analogy, the impact of a doubling of the input parameters Ca and C\ is

shown in Figure 6.5. In the Cg+ simulation, the increase of the drought induced

gain reduction leads to a reduction of the increase of biomass with rising tem¬

perature. The doubling of the biomass loss parameter (C1+) results in an equilib¬

rium biomass which corresponds to the value of the doubling of the biomass

gain parameter (Cg+).

Figure 6.6 gives an overview on the sensitivity of the equilibrium biomass to

the variation of Ca and C\. The combined modification of C0 and C\ leads to a

range between M= 0.90 (Cg+ C1+) and M= 1.02 (Cg- C1-). The resulting varia¬

tions of evapotranspiration and therefore surface temperature as shown in

Figure 6.7 are relatively small, they range between &T = 4.2 K (Cg+ C1+) and

Ar=3.6K(Cg-Cl-).
The impact of changes in the biomass loss rate /0 (and consequently in the

rate of biomass gain g0 = 'o) on tne systems dynamics under the increasing forc¬

ing is shown in Figure 6.8. This parameter characterizes the typical response
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Figure 6.4 Sensitivity of system dynamics to a reduction by 50% of the parameter for drought

dependence of gain (Cg-), and of the parameter for drought dependence of loss (CI-).

time of vegetation gain and loss. The higher rate (INull+) leads to a faster and

stronger increase in biomass that leads to an increase in evapotranspiration and

therefore to a slightly lower temperature in the first phase. The earlier increase

in evaporative demand leads to a earlier onset of drought. The subsequent drop
in biomass reaches the asymptote faster than the other simulations. Slower rates

(LNull-) result in a lower variability in biomass (low-pass filter).

As the system's overall behaviour is largely independent of the choice of

parameters, the sensitivity to the modification of certain model equations

(Table 6.2) is very small, too. The use of a saturating growth - temperature rela-
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tionship (gTsat) as described in Appendix A.2.2 instead of the parabolic relati¬

onship given by Equation (22) in the control run, leads to the identical result,

because the maximum 'monthly' temperature TS+ATnever exceeds the optimum
growth temperature Topt during the simulation, so that the part of the gain - tem¬

perature curve for temperatures above ropt becomes irrelevant. Because the bio-

mass stays rather close to its initial value 1 during these simulations, the

replacement of the concave growth equation (20) with the logistic equation

(logiM) described in Appendix A.2.1 leads to only to insignificant deviations

from the control simulation.
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Figure 6.6 Sensitivity of biomass Mat forcing F = 8 W/rrr to a change ot the parameter for drought

dependence of gain, C,„ and the parameter for drought dependence of loss, Q (+: double, - halt the

control value, as described in Table 6.1).

Figure 6.7 Sensitivity of the temperatuic deviation AT at forcing F = 8 W/in* to a change of the

parameter for diought dependence of gain. Cr and the parameter for drought dependence of loss, Q

(+: double, -* halt the control \alue, as described in Table 6.1).
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Figure 6.8 Sensitivity of system dynamics to a doubling of the basic rate of biomass loss (lNull+), and to

a reduction by 50%of the basic rate of biomass loss (INulI-). For values see Table 6.1.

6.3 Discussion

In the simulation with the dynamic biomass, the characteristic response of vege¬

tation cover on the increasing forcing is an initial temperature related increase

of biomass followed by a drop caused by drought stress. This characteristic

response seems to be stable to changes in input parameters or to partial modifi¬

cations of the model structure.

A similar fingerprint has been detected in tree ring data from white spruce

growing near the northern tree line in Alaska by Jacoby and D'Arrigo (1995).
This forest has been subject to a temperature increase of 2 to 3 K over the last

100 years, which initially lead to an increase in tree ring width. In recent years
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Figure 6.9 Sensitivity ot temperature and evapotranspiration ot the conceptual model with fixed biomass

to d forcing corresponding to a 2*C02 scenario (•), compared to global results from GCMs(x) as

discussed in the IPCC reports (Houghton et al, 1990, 1992, 1996) Adapted from Henderson-Sellers et

al (1995)

however, the tree ring widths became smaller again, which the authors attribute

to the effects of moisture stress. In addition, Briffa et al (1998) found in their

examination of tree ring chronologies of hundreds of sites at high latitudes in

the Northern Hemisphere a strong coherence of tree-growth with rising temper¬

atures, but also found indications that the positive linear thermal response of the

trees breaks down above some absolute threshold at a number of sites. During
the second half of the twentieth century, an increasing insensitivity of tree

growth to the increasing temperatures was apparent, which could be possibly

explained by increasing drought stress. These ecosystems in higer northern lati¬

tudes might anticipate a response to climatic change that might become charac¬

teristic for midlatitudes in the near future.

Figure 6.9 shows that the increase in annual mean evapotranspiration and sur¬

face temperature at a 2*CC>2 forcing in the conceptual model lies well in the

range of global results from GCMsas discussed in the IPCC reports (Houghton
et al, 1990; 1992; 1996), and in comparison even tends to underestimate it. The

linearization of sensible and latent heat fluxes seems to generate values of a rea¬

sonable magnitude for temperature deviations of a few degrees.
Because the absolute change in biomass in the simulation is small, changes in

surface albedo are insignificant. Their implementation in the model simulations

would change the results only marginally. In addition, the work of Betts et al.

(1997) indicates that the impact of changes in vegetation cover on surface
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albedo appears to be of less importance in mid-latitudes than e.g. changes in

latent heat fluxes, in contrast to higher latitudes, where masking of snow albedo

by vegetation is a dominant factor of atmosphere-vegetation interaction

(Section 2.1.2 A).
In some regions, the increasing evaporative demand may be compensated to a

certain extent by additional precipitation which would reduce the incidence of

drought conditions (Watson et al, 1996, p. 61). But, as mentioned in Chaper 3,

future trends of mitlatidude precipitation are highly uncertain. In addition, the

response of biosphere depends highly on the changes in seasonal distribution of

precipitation, not only on annual means.

Simulations for high C02 climate scenarios with the ITE Edinburgh Forest

Model for upland Britain (Thornley and Cannell, 1996) and with the Frankfurt

Biosphere Model (FBM) for temperate to higher northern latitudes (Liideke et

al, 1995), result in a reduced productivity and forest decline because of

increased water stress, which is in line with our simulations. However, their

simulations indicate, that the possible direct effects of increased atmospheric
concentrations of C02 (see Section 2.1.2 B) might enhance plant productivity
by fertilization and could mitigate the effect of drought stress by increased

water use efficiency, which might compensate for the climatic stress. Neverthe¬

less, the amount and persistence of such direct [C02] effects on natural forest

ecosystems are not well known at present. On the other hand, the increasing
anthropogenic emission of nitrogen and the resulting changes in soil chemistry

may lead to a shallowing of the forest root systems which might cause a higher

susceptibility to drought of the trees in certain regions, which are subject to

anthropogenic air pollution (Manderscheid and Matzner, 1996).
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Chapter 7 Model Extension I:

Dynamics of Roots and Soil

Water Availability

7.1 Introduction

Drought stress affects not only aboveground shoot growth, as mentioned in the

previous Chapter, but also root development (Kozlowski et al, 1991).
Kaufmann (1968) and Tinus (1996) report a significant reduction of root growth
in conifer seedlings under drought stress Waring and Schlesinger (1985, p. 73)
cite several experiments suggesting that tree roots do not grow much at a soil

water potential below -0 7 MPa, and that lower potentials may lead to irreversi¬

ble damage Also, root growth reduction or cessation at a low soil water poten¬
tial has been reported for mature white oak trees (Quercus alba L., Teskey and

Hinckley, 1981), and black walnut (Juglans nigra L
,

Kuhns et al, 1985)

Although root growth is generally less reduced than shoot growth, we

assume, on the time-scale of years to decades, that drought events have the net

effect of root systems reduction, in spite of adaptive strategies (which will be

considered in Chapter 9)

Roots are the plant organs which play a critical role as an entry port of the

plant water cycle and are an important factor that determines the amount of

water available to the plant A reduction in roots, and particularly in rooting

depth, lessens the potential soil water which is accessible to the plants. Changes
in below-ground plant structure (roots) may therefore be as important to the

plant water as changes in the plant structure above ground (LAI, height, physi¬

ology, )
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7.2 Formulation of the Dynamics of Roots and Soil Water

Availability

In contrast to most soil-vegetation-atmosphere transfer schemes (SVATs, see

Section 2.3.1 A), the conceptual model has no explicit representation of rooting

depth. However, the parameter describing the critical limit of evapotranspira-
tion, Ec, depends on the amount of water available to the plants for transpiration

(Section 4.2), and is therefore directly influenced by root system modifications.

Weextend the model by a an additional root-water availability feedback, and

understand Ec not as a model constant anymore, but as a dynamic variable

depending on the development of the climatic forcing. As a first approximation,
biomass serves as an indicator for climate induced changes in the root system,
which in turn influences plant water availability. This is motivated by the work

of Santantonio et al. (1977), who reported a consistent relationship between

weight of root systems and tree diameters for a wide range of trunk diameters

and tree species. In addition, Carlson and Harrington (1987) observed that the

sum of root cross-sectional area is closely related to stem area near the ground
level in southern pines. Betts et al. (1997) found the mean root depth empiri¬

cally to increase with LAI (and with vegetated fraction) in the (GCM) grid-box
mean.

In the conceptual model, we parameterize the relationship between the bio¬

mass, the extent of the root system and the amount of water available for plant

transpiration in a simple linear form. Weintroduce a new parameter, rM, which

denotes the tightness of the coupling between the extent of the root system (rep¬
resented by biomass M) and critical evapotranspiration:

Ec = Ec0((\-iM) + rMM) (23)

The aim of this parameterization is not to make quantitative statements on root -

soil water feedbacks but to study the possible impact of this additional feedback

loop (dashed arrow in Figure 3.1) on the system's behaviour.

The effects of other factors such as nutrients and especially of nitrogen on

root growth are not considered in this conceptual study. However, we note that

an increasing nitrogen availability together with soil chemical changes might

promote a shallowing of the root systems, which might enhance drought suscep¬

tibility in some mid-latitude regions (Manderscheid and Matzner, 1996).
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7.3 Parameter 'rM'

The parameter rM characterizes the relationship between biomass, root system
extent and the maximum amount of water which is accessible to the plants for

transpiration during summer months. Based on the assumption of the simple
bucket model, water availability during periods of drought depends on the depth
of the bucket which is in many models related to rooting depth {e.g. in BATS,
water available for transpiration depends on the distribution of roots in the dif¬

ferent soil layers, Dickinson et al, 1993). Rooting depth may vary considerably
with vegetation structure. For example, Canadell et al. (1996) reports maximal

rooting depth in temperate deciduous forests of 2.9 mwhich contrasts to rooting
depths of about 0.5 m for temperate grassland (Klotzli, pers. comm.). In the

empirical relationship used in the simulations of Betts et al. (1997), a decrease

in the grid-box mean LAI from 6 to 3, e.g., leads to a reduction of rooting depth
from 1.3 mto about 0.5 m.

Because of the difficulties to quantify the parameter rM, a series of simula¬

tions with different values of rM has been carried out, and its impact on the sys¬

tem's behaviour has been investigated. All subsequent simulations with variable

critical evapotranspiration have been carried out with rM = 0.3. This value corre¬

sponds to a reduction of the water which is accessible to the plants for transpira¬
tion during summer months by 15% if biomass is reduced by 50% (= (1-0.3)
+ 0.3*0.5; Equation (23)), or to a reduction by 30%, if biomass vanishes altoge¬
ther (= (1-0.3) + 0.3*0; Equation (23)). This seems to be in the range of the

reductions of soil water availability which may be assumed for the above men¬

tioned reductions in rooting depth.

7.4 Simulation Experiments

In this set of simulations, critical evapotranspiration Ec depends on biomass as

described in Equation (23), which examines the sensitivity of the model to root-

water availability feedback. Westudy the steady state response to an external

forcing F for different values of the coupling parameter rM. To that aim, the

forcing is linearly increased over a time period of 15000 yr to its maximum

value and then decreased to zero over the same time period, so that the biomass

has the time to adjust largely to the temperature and the drought signal at each

forcing.
In addition, we investigate the dynamics of the extended model (rM - 0.3)

starting in a state which is already pre-stressed by a moderate forcing. This

scheme is motivated by the fact that the present atmosphere-vegetation system
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may be assumed to be subject to a certain greenhouse gas induced forcing
already (Sections 2.1.1 and 2.2.1). In this state, we investigate the stability of

the system in response to a perturbation. We apply a constant forcing of

2.5 Wm"2for 300 years. This forcing induces a moderately pre-stressed condi¬

tion of the system (which is bistable, Section 7.5). In the year 300 the system is

considered to be in equilibrium and a forcing pulse of an additional 10.5 Wm"2

is applied for 10 years, after which the basic forcing of 2.5 Wm"2is restored.

7.5 Results from the Model with Root-Water Availability
Feedback

7.5.1 Steady State Response

Figure 7.1 shows the steady state response of the model, extended by root-water

availability feedback, to an external forcing for intermediate coupling (rM = 0.3)
between biomass (i.e. roots) and water available for evapotranspiration. With

increasing forcing, high (below ground) biomass allows high soil water absorp¬
tion and therefore prevents drought stress. High evapotranspiration leads to a

moderation of the temperature increase.

It is only when the forcing approaches 7.6 Wm"2in our simulations, that the

limitation of evapotranspiration lets temperature rise steeper, which in turn rein¬

forces drought stress, reducing biomass, and therefore roots, water accessible

for transpiration, and critical evapotranspiration in turn. The rise of temperature
is accelerated by the reduction of evapotranspiration with declining biomass

(biomass-transpiration feedback). This leads to a transition of the atmosphere-
vegetation system to a another state which is characterized by high temperature,

drought, strongly reduced biomass and lower actual evapotranspiration. In the

conceptual model, the characteristics of this state must be regarded as indicative

only.
If we then go back from high to low forcing values, the system persists in the

dry and hot state well below the 7.6 Wm"2 forcing (hysteresis). Here, the

strongly reduced vegetation is assumed to be accompanied by small root sys¬

tems. This restricts the amount of water which is accessible for the plants for

transpiration, enhancing drought stress and in turn keeping biomass at a low

value. However, if the forcing decreases below 2Wm"2, drought stress is

reduced to a value where the dry and hot state can not be maintained any more.

The system flips back to the state with abundant vegetation. This transition is
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forcing [W m"2]

Figure 7.1 Steady state response of the atmosphere-vegetation system for intermediate coupling between

biomass M, the extent of the loot system and water accessible for evapotranspiration (;M = 0 3) for

different forcings The interaction of temperature related growth and drought related gain decrease and

mortality, with its feedback on loots and consequently on water available for transpiration, leads to

hysteresis

promoted through the fact that, when vegetation cover is low, overall water

demand for transpiration is reduced as well (biomass-transpiration feedback),

mitigating drought stress, and therefore leading to an earlier recovery.
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The steady state results in Figure 7.1 define a range in the forcing parameter

(F between about and 7.6 Wmfor rM = 0.3), where the system is bistable. The

occurrence and the extent of bistability depends sensitively on the coupling

parameter rM. Figure 7.2 indicates the range of forcings which are associated

with the occurrence of two stable states for different coupling parameters rw.

For weak coupling (rM < 0.2) the results are similar to those obtained with con¬

stant Ec in Chapter 6. The positive feedback leads to an amplification of existing

growth and mortality trends, but no bistability occurs. A stronger coupling leads

to bistability, with a rapidly increasing range. For couplings from about rM

= 0.35, the system is bistable in the absence of additional forcing (F - 0). This

implies that in principle, if the coupling is assumed to be strong, the considered

atmosphere-vegetation system is already bistable under present conditions.

However, the conceptional approach of this work does not allow to assess quan¬

titatively the actual range of bistability.
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Figure 7.2 Bistable range in the forcing F for different degrees of coupling iM between biomass

(/ e roots) and water available for evapotranspiration / M
= 0.3 corresponds to the steady state response

shown in Figure 7 1
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7.5.2 Response to a Perturbation in the Bistable Range

The impact of a forcing pulse on the system within this bistable range (as

described in Section 7.4) is illustrated in Figure 7.3. During the perturbation,
the high forcing leads to a higher temperature which increases sharply as bio-

mass is drastically reduced due to drought effects. (In the case of a persistent

perturbation, the temperature increase would stop when vegetation is elimi¬

nated.) After the pulse, the depleted vegetation can not recover, because of

reduced water availability. In this simulation, the applied perturbation is suffi¬

cient to trigger a transition of the system to the dry and hot state.

The increase of the width of the bistable range with the degree of coupling

goes along with increasing stability of the two states, i.e. stronger perturbations
are needed to trigger the system to switch to another state for higher values of

the parameter rM.

7.5.3 Model Sensitivity

In analogy to Section 6.2.2 in the previous chapter, several sensitivity tests have

been carried out to assess the influence of uncertainties in input parameters on

the simulation results. In these tests, rM is set to 0.3. Figure 7.4 shows the bista¬

ble range for different systems with a varied input parameter or with a modified

model equation. Large changes in the input parameters may lead to a certain

broadening, narrowing or shifting of the bistable range of the corresponding

system, but not to its disappearance. The bistable character of the simulation

results appears to be quite robust against significant changes in input parame¬

ters. Consider, for instance, a doubling of dE/dT (dEdT+): an increasing forcing
in the state with abundant vegetation leads to a faster increase in potential eva-

potranspiration, which causes increased drought periods. This in turn tends to

destabilize the system and leads to a faster transition to the dry and hot state

(below F - 5 W/m2, in contrast to above F = 7.6 W/m in the control experi¬

ment). Further, because the biomass-transpiration feedback tends to promote a

transition between states, a doubling of the fraction of evapotranspiration which

is controlled by vegetation (rSoil-) and the resulting strengthening of the bio¬

mass-transpiration feedback leads to a considerable narrowing of the bistable

range. Similarly, the change from i = M~n to t = M (rTr+) results in a lower

corresponding value of the transpiration index x for the diminished biomass M

in the dry and hot state, which reduces drought stress and promotes again a tran¬

sition back to the state with abundant vegetation, and leads therefore to a nar¬

rower range of bistability.
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Figure 7.3 Dynamic response of the atmospheie-vegetation system in the bistable range to a forcing

pulse between year ^00 and *H0 This perturbation is sufficient to trigger a transition of the system to the

dry and hot state (; ^
= 0 ^) Note that the application of the linearized surface energy submodel for high

temperatures in this conceptual model geneiates tentative results, and that the characteristics of the

resulting dry and hot state must be regarded as indicative only

Figure 7.5 shows the temperature deviation and the biomass of the state with

abundant vegetation and of the dry and hot state (if existent) at a forcing of

F = 2.5 W/m2in the different sensitivity experiments. (This forcing corresponds
to the pre-stress condition in the perturbation experiment in Section 7.5.2.) The

sensitivity of the state with abundant vegetation is rather small. In contrast, the

steady state temperature deviation and the biomass at F = 2.5 W/m2 in the dif¬

ferent sensitivity experiments vary considerably. As can be seen in Figure 7.4,
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the bistable range does not include the forcing of 2.5 W/irr in some of the sensi¬

tivity experiments, and the corresponding dry and hot state therefore does not

exist.

The sensitivity analysis shows that the system's qualitative response pattern
is largely independent of the choice of model parameters (though the character¬

istics of the dry and hot state, the width of the bistable range and the response

time of vegetation may change). In addition, its sensitivity to the modification of

certain model equations (Table 6.2) is very small, too.

The occurrence of hysteresis in the model system does not result from the

parabolic shape of the temperature - growth relationship. The use of a saturating

growth - temperature relationship as described in Appendix A.2.2 instead of the

parabolic relationship given by Equation (17) changes only marginally the sys¬

tem's range of bistabihty (gTsat in Figure 7.4) and the resulting steady state

values for temperature and biomass (gTsat in Figure 7.5). Instead, the occur¬

rence of hysteresis is caused by the interaction of temperature related growth
and drought related gam decrease, die back, and root reduction.
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In addition, the substitution of the concave Equation (20) by the logistic

Equation (33) (Appendix A.2.1), has naturally no effects on the steady state

system response (logiM in Figures 7.4 and 7.5). Figure 7.6 shows the dynamic

perturbation experiment in analogy to the experiment shown in Figure 7.3 with

a somewhat stronger pulse. In the simulation based on the logistic equation

(logiM), low values of biomass Mlead to a slowing down of the response of

vegetation which results in a higher remaining biomass after the perturbation
and in a retarded approach to the asymptotic value than in the control simula¬

tion. However, the qualitative model behaviour does not depend on the choice of

the growth equation.

7.6 Discussion

The implementation of an additional feedback loop in framework of the model

of atmosphere-vegetation interaction, based on the interdependence between

rooting depth and water availability, leads to new characteristics in the response

to an external forcing.
For moderate forcings, the systems response is qualitatively in line with

results of Betts et al. (1997), where the iterative coupling of a GCMto an equi¬
librium vegetation model under a doubled-C02 climate resulted in an increase

of leaf area index and root depth, roughness length and surface conductance,

enhancing evaporation (and consequently cloud cover) and leading to a net

cooling of land surface temperatures at mid-latitude regions, where vegetation-
albedo feedbacks were of minor importance. However, Betts et al. have not yet

tested their (computationally expensive) model system for bistability (Betts,

pers. comm.).
The occurrence of a second stable state under increased forcing in the con¬

ceptual model points to a mechanism which could, not by albedo related feed¬

backs {e.g., Bonan et al, 1992; de Noblet et al, 1996), but by the local

interaction of vegetation and root dynamics, water availability, evapotranspira-
tion, and surface temperature, lead to bistability and abrupt change in the cli¬

mate system.
This mechanism may be reinforced by the continental recycling of precipita¬

tion. Evapotranspiration within a large region can contribute significantly to

precipitation in that same region. Budyko (1974, p. 242) estimated that the con¬

tribution of recycled precipitation in the European part of former USSRis about

10%. Eltahir and Bras (1993) cite studies that estimate a precipitation recycling
rate of 10%for the Mississippi basin and rates for Amazonia which range from

56% to 25%. Another study for Amazonia of Nobre et al. (1991) suggest that
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Figure 7.6 Sensitivity expenment Effect of the use of the logistic growth equation (logiM) instead of the

concave growth equation (control) on the dynamic response of the atmosphere-vegetation system in the

bistable range to a forcing pulse (forcing pulse of additional 11 5W/m instead of 10 5 W/m2 in

Figure 7 3, rM = 0 3)

the presence of rainforest may cause an increase in precipitation in the order of

20%to 30%when compared to grassy vegetation cover. The vegetation induced

increase in precipitation and therefore in water availability within a large region

may be considered as a contribution to the increase in critical evapotranspiration
with biomass (Equation (28)) in the conceptual model, which might enhance the

coupling rM. In addition, simulations with a regional climate model covering

Europe and the Northern Atlantic for summertime climate by Schar et al. (1998)
indicate that local evapotranspiration does not have to contribute directly to an
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increase in precipitation (recycling). Rather, the local evapotranspiration may

determine the efficiency of the precipitation processes (amplification). Here, the

intensification of precipitation by evapotranspiration derives from water vapour

which would otherwise be advected across the domain of interest, triggered off

by the local evapotranspiration.
Another mechanism reinforcing bistability is soil degradation. A significant

reduction in large parts of the vegetation cover may involve amplified soil ero¬

sion and affect the ability of soils to store water. This would amplify water stress

on the vegetation and stabilize the hot and dry state.

The sensitivity analysis shows that the system's qualitative response pattern
is largely independent of the choice of the model parameters and of the choice

of some of the model equations, though the characteristics of the dry and hot

state, the width of the bistable range and the response time of vegetation may

change. I.e. the model is structurally rather stable.

For the high values of temperature deviation aT which are reached in the dry
and hot state, the hypothesis of the linearization of sensible heat and of eva¬

potranspiration in temperature may loose somewhat in validity, because the

nonlinearity of the processes of soil vegetation atmosphere transport including
the turbulent transport of latent and sensible heat. In particular, the resulting

temperatures that characterize the dry and hot state have to be interpreted as

indicative for the qualitative description of the behaviour of atmosphere-vegeta¬
tion system.

For the sake of simplicity, surface albedo has been kept constant in our con¬

ceptual simulations. A reduction in biomass density might lead to an increase in

surface albedo, a feedback which tends to work against the biomass-evapotran-

spiration-temperature feedback. However, Betts et al. (1997) found in their sim¬

ulations that the evaporation effect dominated over the albedo feedback in most

areas including mid-latitudes. Albedo change (snow masking) was the dominant

feedback in the high latitudes.

As in the basic model of Chapter 6, the onset of drought stress could by
somewhat delayed by the increase of water use efficiency caused by the increas¬

ing atmospheric C02 concentration. On the other hand, the increasing anthropo¬

genic emission of nitrogen and the resulting changes in soil chemistry may lead

to an amplification of the shallowing of the root systems which might cause an

even higher susceptibility to drought.
The present qualitative investigations underline the possible role of feedbacks

related to root dynamics. Recent work of Kleidon and Heimann (1998) corrobo¬

rates the strong role which roots might play in atmosphere-vegetation interac¬

tion. They incorporated a rooting depth distribution which had been calculated

by an optimization principle (and which was in line with observations) into a
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GCMand found a strong impact on the hydrological cycle, especially in the

tropics. In their simulations, the more realistic root distribution allowed transpi¬
ration to increase substantially during the dry season. The resulting surface air

temperatures were therefore considerably lower than in earlier simulation stud¬

ies and much closer to observations.

However, the character and extent of the coupling between climate and root

dynamics, and between roots and plant water supply are not well known today.
For more detailed and quantitative analyses, more observational data are needed

on the patterns of the change of root systems under altering factors like climate

and nutrients on different time-scales.
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Chapter 8 Model Extension II:

Cloud Feedback

8.1 Introduction

Cloudiness plays an important role in surface radiation balance. In the simula¬

tions in the previous chapters, cloudiness is kept constant (N = NQ). However,

evapotranspiration over land is assumed to exert an important influence on

cloud development on the spacial scale considered. In the GCMsimulations of

Shukla and Mintz (1982) and in several GCMsimulations reviewed by Mintz

(1984), a reduction in initial soil moisture conditions which caused a reduction

in surface evapotranspiration over the continents produced large changes in the

numerically simulated climates, and lead in particular to much less cloudiness

over land than in the case with abundant soil moisture. The reduced cloudiness

decreased planetary albedo and resulted in a significant increase in incoming
shortwave radiation at the surface.

Clouds do not only reflect incoming short-wave radiation (cooling effect), but

also affect long-wave emission to space and therefore contribute to the green¬

house effect (warming). The net cloud forcing which results of these antagonis¬
tic effects varies largely with geography and cloud type (e.g., for low clouds, the

reflected short-wave dominates (cooling), but thin tropical cirrus clouds act

more to enhance the greenhouse effect (warming)). In the annual and global

mean, as well as for mid-latitude land points, clouds have a net cooling effect on

the present climate, as evaluated from the Earth Radiation Budget Experiment

(ERBE, Ramanathan et ai, 1989).

8.2 The Parameterization of Cloudiness

The study of changes in cloud amount in global models is extremely compli¬
cated because of the many different types of clouds, whose properties and cov¬

erage are controlled by many different physical processes. In order to
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investigate in a qualitative way the possible impact of an evapotranspiration-
cloud feedback on the behaviour of the atmosphere-vegetation system in our

zero-dimensional conceptual model, the following straightforward parameteri¬
zation is implemented:

N{E) = N0[(\-iF) + iE£-) (24)

Wemake the assumption that a certain fraction of cloudiness Ndoes not stem

exclusively from the advected air masses, but results from the local flux of latent

heat into the atmosphere. The influence of local evapotranspiration on cloudi¬

ness is plausible in view of the order of magnitude of the land area under con¬

sideration (about 500 km * 500 km). The parameter rE denotes the fraction of

cloudiness which is assumed to depend linearly on surface evapotranspiration.

8.3 Parameter 'r^'

Similar to the parameter which denotes the coupling between biomass, roots

and water availability in Section 7.3, the parameter linking annual cloudiness to

annual actual evapotranspiration in the simple relationship (24), rE, is of a very

integrated nature and serves a conceptual purpose.

One clue for the order of magnitude of the influence of local evapotranspira¬
tion on cloudiness might be the different estimates in the literature on the per¬

centages of precipitation recycling over large regions, as discussed in

Section 7.6. One might speculate that the development of additional clouds

induced by local surface fluxes is faster than the full formation of precipitation,
and that it has an immediate impact on the surface radiation balance of the

region considered. The fastness of the process would increase the effect of

cloudiness changes on the specified region itself and might therefore indicate

that the effect of local evapotranspiration on cloudiness might be higher than the

relative effect on precipitation recycling for a given region.
A series of simulations with different values of rE has been carried out, and

its impact on the system's behaviour has been investigated. Other simulations

have been carried out with rE = 0.5 in order to investigate the role of evapotran-

spiration-cloudiness feedback.
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8.4 Simulation Experiments

In the simulations described in Chapters 6 and 7, cloudiness was kept constant

(N = N0). The analogous simulations are repeated with the cloudiness being

dependent on evapotranspiration as described in Section 8.2 for various grades
of coupling (rE).

In the first simulations, in analogy to Section 6.2.1, a linearly increasing forc¬

ing is applied to the system with constant biomass, reaching F = 8 Wm"2after

150 years and remaining constant thereafter.

The second set of simulations explores the impact of the evapotranspiration-
cloudiness feedback on the steady state response of the system with dynamic
biomass and variable critical evapotranspiration (rM = 0.3). The same systems

are then investigated in their dynamic response to a perturbation. As described

in Section 7.4, a constant forcing of 2.5 Wm"2 for the first 300 yr is applied,
which is followed by a forcing pulse of additional 10.5 Wmduring ten years,

after which the basic forcing of 2.5 Wm is restored.

8.5 Results from the Model with Cloud Feedback

If the additional evapotranspiration-cloud feedback (as described in Section 8.2)

is implemented in the system with constant vegetation and constant critical eva¬

potranspiration, increasing evapotranspiration and hence cloud amounts lead to

a net surface cooling. Figure 8.1 shows the somewhat lower increase in tempe¬

rature with increasing forcing because of the slightly increasing cloudiness

which reduces available net all-wave radiation. The temperature deviation is

reduced from 1.9 K (constant cloudiness, Section 6.2.1) to 1.78 K (variable

cloudiness) at a forcing of 4.4 Wm"2 (year 82; rE = 0.5 at constant vegetation
and roots, rM = 0).

In the system with dynamic vegetation and root-water availability feedback

as described in Chapter 7, additional cloud feedback slightly defers the critical

forcing where the steady state response flips to the hot and dry state. The slight
increase of the upper end of the bistable forcing range with increasing cloud-

feedback coupling rE can be seen in Figure 8.2. In turn, cloud feedback stabili¬

zes the hot and dry state, too. This deters the return to state with abundant vege¬

tation to a somewhat lower forcing with increasing values of rE (Figure 8.2).

Over all, the evapotranspiration-cloud feedback coupling leads to a broadening
of the bistable forcing range in the atmosphere-vegetation system.
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Figure 8.3 shows the influence of the evapotranspiration-cloud feedback on

the dynamic response of the fully coupled system to a perturbation by a forcing
pulse (in analogy to Section 7.5.2). At the time before the perturbation
(> 300 yr), the pre-stress by a moderate forcing leads to an evapotranspiration
which is slightly higher than under unstressed conditions. This leads to a some¬

what increased cloudiness which decreases available net radiation and leads to a

temperature deviation which lies slightly under the value of the simulation with

constant cloudiness (0.75 K instead of 0.83 K). At the time of the perturbation,
the abrupt increase in evapotranspiration brings cloudiness on a higher level

which then decreases as vegetation and therefore evapotranspiration is dimin¬

ished. Because the variable cloudiness remains above the level of the simulation

with constant cloudiness during the whole perturbation, the peak temperature
deviation reached during the pulse is somewhat lower (10.4 K instead of

11.8 K) and the impact on biomass is mitigated (M reduced to 0.45 instead of

0.33). Immediately after the perturbation, the abrupt reduction of the forcing
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causes a reduction in evapotranspiration leading to a lower cloudiness and more

net available radiation which reinforces drought stress. Therefore biomass is

reduced further and temperature increases asymptotically to a level which lies

above the value of the simulation where cloudiness is kept constant (8.3 K

instead of 7.6 K). The implementation of a evapotranspiration-cloud feedback

leads to a hotter and drier second state.

8.6 Discussion

Similar to the biomass-evapotranspiration feedback in the absence of drought

stress, the cloud feedback tends to keep temperature in a range favourable for

plants in the simulations. In combination with the biomass-evapotranspiration
and the root-water availability feedback, this regulating character of the eva¬

potranspiration-cloud feedback is enhanced, stabilizing the state with abundant

vegetation. Our results show that the dry and hot state is slightly stabilized by
the evapotranspiration-cloud feedback, too. The tendency of the evapotranspira¬
tion-cloud feedback to stabilize both states broadens the range of bistability in
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the atmosphere-vegetation system. However, the present qualitative simulations

are not intended to make quantitative statements on the strength of the eva-

potranspiration-cloud feedback but aimed to indicate the direction and the

potential role of this feedback in the atmosphere-vegetation interaction.
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Chapter 9 Model Extension III:

Adaptation

9.1 Introduction

The concept of plant "adaptation" is difficult to define because it is used both

with respect to the evolutionary origin of a character and with respect to the

contribution of a character to the fitness of an organism to survive in its present

environment. Weare concerned with the latter usage. Usually, "adaptations" are

described as heritable modifications in structures or functions that increase the

probability of an organism surviving and reproducing in a particular environ¬

ment, or both, whereas "acclimatisation" refers generally to noninheritable

modifications (Kramer, 1980).
In the framework of the conceptual model, we extend the notion of adaptation

from the single organism to the level of the plant community, and include proc¬

esses of acclimatisation as well as the modification of the species composition
in response to climatic stress.

9.1.1 Adaptation and Pre-adaptation within a Species

Individuals of a certain species do not in general respond in a uniform way to

climatic stress. Usually, the different individuals of a species cover a certain

range of sensitivities towards stress. If the sensitivity range of a species is broad

enough, the species exhibits pre-adaptation. I.e., if the climatic conditions shift

away from the species' optimum, its population as a whole becomes affected by

stress, but the variability in the sensitivity of the individuals assures that a cer¬

tain fraction of individuals survives or even benefits from the shift and may

replace less adapted individuals over time.

In addition, the individuals of many species have the ability to adapt to a cer¬

tain degree to drought stress by processes like leaf shedding, the increased rela¬

tive investment in root structures, the shift of the wilting point to lower levels or

by drought hardening. Another mechanism of adaptation as a consequence of
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drought stress may be the development of narrower and denser tree rings, which

makes the trees less susceptible to the attack by parasites and decreases the rate

of mortality.

9.1.2 Shifts in Vegetation Composition

Another form of adaptation of a plant community is the successional replace¬
ment of the existing species by species which are better adapted to drought

stress (deeper roots, water accumulating tissues, etc.). There exist examples

where under favourable conditions the species of a community may be replaced

completely on the time frame of decades by invasive species, constituting an

adaptation of a rather abrupt nature. However, as mentioned in Section 2.1.2 B,

most plant species have poor dispersal abilities (by wind or by other vectors

such as animals or human beings), and tree migration is generally very slow.

Solomon and Kirilenko (1997) cite records of tree migration during Holocene

that document times between 150 yr and 1500 yr to cover 50 km, with median

periods based on all records of 500 yr for each species. In contradiction to the

assumptions on which many vegetation models are based, they conclude that the

amount of new territory invaded and dominated by mature forests, during the

70-80 yr predicted to elapse before doubled greenhouse gas climate is imposed,
will be small in reality.

9.1.3 Rooting Depth

Modification of rooting depths represent an effective adaptation strategy to

changes in water availability. The fact that roots are located below ground
makes measurements of their depth and extent a difficult task (Ellenberg et ah,

1979). If for above-ground biomass the global data sets are scarce, the situation

for roots is even worse. This might be the reason why the representation of root¬

ing depth in current SVATs is rather simple (e.g. in BATS, 13 out of 18 pre¬

scribed vegetation types have a depth of rooting zone layer of 1 m, evergreen

and deciduous needleleaved trees have 1.5 m, deciduous broadleaved trees and

mixed woodland have 2 m; Dickinson et al., 1993, p. 21). A recent survey of the

literature on maximum rooting depths of species belonging to the major terres¬

trial biomes indicates in general much deeper roots to be expected (Table 9.1).

One should bare in mind that plant water availability does not depend solely on

the maximum rooting depth, but also on the density of roots in the different soil

layers. However, the available data reveal significantly higher rooting depths for

biomes that are characteristic for regions with extended periods of drought
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stress. A shift in the species composition in response to climatic changes might
therefore change rooting depth considerably and have a large impact on ecosys¬

tem water fluxes (as well as on carbon and nutrient cycling).

Table 9.1 Maximum rooting depth of species belonging to major terrestrial

biomes as compiled by Canadell el al, 1996

average of max.

biome rooting depth
+ SD [m]

tundra 05+0.1

boreal forest 2 0 + 0.3

cropland 2.1 ± 0 2

temperate grassland 2 6 + 02

temperate deciduous forest 2.9 ± 0.2

temperate coniferous forest 3 9 ± 0.4

sclerophyllous shrubland and forest 5 2 + 08

desert 9.5 ± 2.4

tropical grassland/savanna 15 0 ± 5.4

Without changes in ecosystems composition, certain existing species (e.g.
some oak types) have the potential to significantly lower their rooting depth in

case of increasing deficits in water availability. In addition, some trees can adapt
to drought stress by a shift of their wilting point to lower levels.

9.2 Model Description

9.2.1 Adaptation Parameter

In the conceptual model no explicit distinction between biomes is made, but the

vegetation density is characterized by the biomass M. In order to find a repre¬

sentation of the adaptation of vegetation cover in the conceptual model in spite
of this simplification, an adaptation parameter y is introduced. This highly inte¬

grated, dimensionless index represents a continuous vegetation classification (in
loose analogy to Brovkin et al, 1997), which describes the grade of adaptation
to drought stress of a particular terrestrial ecosystem. y = 0 specifies the 'equi¬
librium' characteristics of an ecosystem, such as species composition, plant
physiology and rooting depth, that is established under the climatic conditions

of the 'basic state', where drought stress is absent (e = 0). y = 1, in turn, specifies
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the 'equihbnum' species composition, plant physiology, rooting depth, drought

hardening, etc
,

that is reached under a continuous severe drought stress, repre¬

sented by a drought index of e = eca

The dynamics of the adaptation index y is driven by the drought index e and is

described by the following equation

£-*S-fi-rF.

which fulfils the above mentioned steady state conditions The rate of adapta¬
tion is characterized by the constant Ca [yr ']

9.2.2 Adaptation in Roots and Mortality Rate

A shift towards a higher root to plant ratio is assumed to increase the potential
water resources accessible to the plants Wemodify Equation (23), introducing
a multiplier to biomass which includes the adaptation parameter y and a dimen-

sionless constant C3mdescribing the tightness of the coupling (see Section 9 1)

£c = EcQ((l-iM) + lMM(l+yCM)) (26)

Increasing drought stress furthers the outbreak of fires, pests and pathogens
and therefore promotes mortality We assume that, through the adaptation of

individual plants as well as the species composition to such disturbances, the

increase in the mortality rate in response to drought is mitigated In our imple¬
mentation, the steepness in the increase of the loss factor with drought lndet,

/,e(e), is reduced with adaptation Wereplace Equation (21) by

//t(e) =

l+O-yC^C^e-e,.,) ife>ec

tfe<eu
2

(27)

where Cdl is a dimensionless constant characterising the amount of the reduc¬

tion of the drought induced mortality rate with adaptation (see below)
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Table 9.2 Model variable

Symbol Description Unit

y adaptation parameter

Table 9.3 Model parameters for adaptation

Symbol Description Value, unit

C0 rate of adaptation

Cal adaptation of rate of drought induced mortality

CaM adaptation of plant water accessibility (roots)

Eca drought index £ where adaptation approaches y = 1

0 01 (0 002)yr''
01

0 05(0 1)

40 mmyr

9.3 Parameter Estimation

Under the adaptation parameter y, a whole set of processes of adaptation from

the physiological to the community level is subsumed. As mentioned in the pre¬

vious section, the adaptation of vegetation cover to changing climatic conditions

may proceed on different levels and within various time-scales: From the faster

adaptation of the existing individuals to drought stress, over shifts in the relative

abundance of different resident species or pre-adapted subsets of species in a

population, to the slow adaptation by the replacement of the resident species by
the (slow) immigration of species which are better adapted to drought stress.

Wenow focus on an intermediate form, which is characterized by the rather

long time-scales of shifts in vegetation types, but also by a presumably higher
degree of adaptation than in the fast form. For the case of a mid-latitude land

area which is considered in this study, a climatic shift towards drier conditions

is assumed to gradually reduce the deciduous broadleaved trees in density, and

to replace the closed forest by a more open, grass-dominated (shallower root¬

ing) grove, as biomass Mis reduced with drought. This vegetation type is sup¬

posed to be the first to establish. The increasing adaptation parameter then

represents the gradual replacement of this type by species better adapted to

drought stress, such as sclerophyllous shrubland and forest.

To take into account the time needed for the establishment of individuals of

pre-adapted species and for very restricted forms of immigration of species bet¬

ter adapted to drought, the typical time of adaptation is assumed to be twice the

time for recovery of the original plant cover (Table 9.3; i.e. 1/Ca = 2*l//0). In

general, the migration of adapted vegetation types is assumed to significantly
longer time intervals (Section 9.1.2). Critical evapotranspiration Ec depends on
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precipitation, soil properties and roots. The impact of a shift towards biomes

with deeper roots on water accessibility is estimated to increase the fraction of

Ec that depends on biomass by modest 5%resp. 10% at 7 = 1. Similarly, the rate

of drought induced mortality shall be reduced by 10% at y = 1. The drought
index at which adaptation parameter approaches y = 1 is chosen to represent

drought periods of 3-4 months which are characteristic for mediterranean condi¬

tions (i.e. eca = 40 mmyr" ). However, these values have to be regarded as mod¬

est estimates which represent a rough base for the qualitative investigation of

the role of adaptation in the atmosphere-vegetation system.

9.4 Simulation Experiments

Weexamine the response of the extended model with variable water accessibil¬

ity (rM = 0.3) under different adaptation rates (Cj = 0.1, CaM= 0.1). To simu¬

late the possible transient behaviour of the system under a scenario resembling
the one to be expected for the future emissions of greenhouse gases, a linearly

increasing forcing is applied to the system, reaching F = 8 Wm"2after 150 years

and remaining constant thereafter. Adaptation rates were Ca = 0.01 yr"1 for fast,

and Ca = 0.002 yr"1 for slower adaptation.
In a second set of experiments, we investigate the impact of adaptation on the

perturbation experiment in the forcing range where the atmosphere-vegetation

system is bistable (in analogy to the simulation in Figure 7.3). Therefore, a con¬

stant forcing of 2.5 Wm is applied for 1000 years. In the year 1000 the system
is considered to be in equilibrium and a forcing pulse of additional 10.5 Wm

during ten years is imposed, after which the basic forcing of 2.5 Wm" is

restored. Simulations with (Cal = 0.1, CaM= 0.05, Ca = 0.01) and without adap¬
tation were carried out.

9.5 Results from the Model with Adaptation

Figure 9.1 shows the dynamic response of temperature deviation aT and norma¬

lized biomass Mto an increasing forcing for two rates of adaptation, as descri¬

bed in Section 9.4. In the case of the slow adaptation, the vegetation cover can

not keep pace with the rate of increase of the forcing. The strong forcing leads

to a transition to the dry and hot state. This transition begins rather slow, and in

our example it is only after the forcing has reached its plateau, that the feedback

between drought stress, above and below ground biomass, transpiration and sur-
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face temperature reinforces the transition to the dry and hot state. The late but

considerable adaptation of the vegetation cover leads only to an insignificant
increase in the massively reduced biomass at 8 W/m forcing.
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Figure 9.1 Response of temperature deviation AT and normalized biomass Min the full system to an

increasing forcing F for slow (thin lines) and fast (thick lines) adaptation rate The speed of adaptation

critically shapes the system's response to forcing
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In the case of the faster adaptation, the early modification of the vegetation
cover in response to the increasing drought stress reduces drought induced mor¬

tality and improves the plant water accessibility early enough to prevent the

transition to the dry and hot state. Adaptation of vegetation cover which is suffi¬

ciently fast may maintain the vegetation cover and its contribution to evapotran-

spiration under increasing forcing. The fastness of the response implicates that

only a partial adaptation of vegetation is required in response to the climatic

forcing. In our investigations, a given rate of increase of an external forcing
defines a critical threshold value for the adaptation rate which divides the

response of the atmosphere-vegetation system into a stability and a transition

region.
In the second set of simulations, the response to a perturbation in the bistable

range of the model, a very fast adaptation of the vegetation prevents the transi¬

tion to the dry and hot state (not shown). For an intermediate rate of adaptation,
the system initially flips to the dry and hot state, as in the case without adapta¬
tion (Figure 9.2). Thereafter, the vegetation cover adapts to the drought stress.

The relatively weak forcing (2.5 Wm" ) makes it possible that the transient

adaptation promotes the regeneration of vegetation cover and enables the return

to the state with abundant vegetation.

9.6 Discussion

Our investigations indicate that the rate and the extent of the adaptation of ter¬

restrial ecosystems to changing climate conditions is a crucial factor in the

assessment of possible future changes in the atmosphere-vegetation system.

They point to the possible existence of critical thresholds in the rate of response

of the atmosphere-vegetation system to climatic change. If terrestrial vegetation
in mid-latitudes adapts fast enough to the increasing climatic forcing remains an

open question. This process depends not only on the biological properties and

the adaptability of the existing vegetation cover, but also on the way in which

man intervenes into ecosystems by activities such as land use, clearing, planta¬
tion, dispersal of species, and fertilization. Krankina et al. (1997) even propose

forest management and utilisation strategies to assist Russian boreal forest in

adaptation to a changing global environment.

A retarded adaptation of vegetation cover to climate change may not only

give rise to a huge future terrestrial carbon source (King and Neilson, 1992;

Smith and Shugart, 1993; Melillo et al, 1996) which might boost the atmos¬

pheric carbon content and lead to a geobiochemical feedback, but might also

cause a geobiophysical feedback: the slow adaptation causes the reduction of
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Figure 9.2 Dynamic response of the atmosphere-vegetation system in the bistable range to a forcing

pulse between year 1000 and 1010 without (grey line) and with adaptation (black line) The perturbation

is sufficient to trigger a transition of the system to the dry and hot state The transient adaptation of

vegetation cover promotes regeneration and enables the return to the state with abundant vegetation

vegetation cover under climatic stress, which might be enhanced by the bio-

mass-transpiration-temperature feedback, leading into a state of the atmos¬

phere-vegetation system where the terrestrial vegetation can hardly recover.



122 Model Extension III Adaptalion

In general, the adaptability of terrestrial ecosystems promotes the regenera¬

tion of the atmosphere-vegetation system after perturbations and tends to stabi¬

lize it.
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Chapter 10 Conclusions

10.1 A Conceptual Modelling Framework

The interaction between the atmosphere and the terrestrial vegetation is charac¬

terized by a variety of intertwined interdependences and feedbacks on different

scales The complex nature of these processes and the limited knowledge makes

the numerical modelling of the two-way interaction between these climate com¬

ponents a difficult task

The aim of this study is to investigate the possible role of these feedbacks in

the framework of a computationally efficient conceptual model The conceptual
nature of the model allows to circumvent some of the problems which are posed
in the two-way coupling of detailed atmosphenc GCMswith dynamic represen¬

tations of global vegetation, such as the limitations in available data, in process

knowledge, and in computing power

The model includes essentials of water related two-way feedbacks, such as

the influence of vegetation on evapotranspiration and therefore on the surface

energy balance, and the impact of temperature and drought on biomass growth
and mortality In constructing the model, the zero-dimensionality and the annual

timestep of the conceptual model prevented in many cases the adoption of exist¬

ing parametenzations of the processes in the atmosphere-vegetation system

Instead, parametenzations were modified or new parametenzations had to be

developed in order to find an adequate representation of these processes on a

conceptual level With our choice of the model level, we are not aiming at a

detailed, quantitative description of the systems of atmosphere and vegetation
On the other hand, we can simulate both systems in their mutual dynamic inter¬

dependence on a conceptual level, explonng the role of different processes and

feedbacks and investigating the sensitivity of the coupled system to the input

parameters as well as to different parametenzations The response of the con¬

ceptual model in the absence of biosphenc feedbacks to an increasing radiative

forcing lies well within the range of global results from GCMsas discussed in

the IPCC reports, and mcomparison even tends to underestimate it
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The conceptual modelling framework is flexible enough to allow the simple

implementation of additional processes and feedbacks and to investigate their

role in the transient response of the atmosphere-vegetation system to an increas¬

ing radiative forcing. It provides a versatile tool for the preliminary assessment

of the role of atmosphere-vegetation feedbacks in view of their consequent

exploration in more detailed (and computationally more expensive) global mod¬

els of the atmosphere-vegetation system.

10.2 Atmosphere-Vegetation Interactions Influence the Tra¬

jectory of Future Climate

Our model simulations with the dynamic biomass scheme for a mid-latitude for¬

est area for an increasing external forcing indicate at first a transient growth of

biomass related to the temperature increase up to a critical threshold in radiative

forcing. Beyond that threshold, the drought stress begins to dominate the

response and the biomass decreases. This qualitative response pattern is in line

with several model studies. Also, this trend has already been observed in com¬

prehensive tree ring observations in higher northern latitudes. The feedback

between above ground biomass, evapotranspiration and surface temperature
tends to maintain the conditions for plants favourable and to shift the threshold

of drought dominance towards higher forcings. For forcings beyond a given
threshold, biomass decreases, the feedback reverses its role and slightly
enhances drought stress. Under the conditions of temperate mid-latitudes, and

under the conservative assumptions on the impact of climatic changes on vege¬

tation which were made in the simulations, the contribution of this feedback

appears rather modest.

This picture changes if one takes into consideration the dynamic nature not

only of the above ground, but also of the below ground vegetation structure. We

implemented an additional feedback loop based on the hypothesis that drought
stress implies not only a reduction in above ground biomass, but also a reduc¬

tion in rooting systems and therefore a reduction of the amount of water accessi¬

ble to the plants for transpiration. This promoted not only the above mentioned

feedback, but induced also a qualitatively new property into the atmosphere-
vegetation system: In addition to the steady state with abundant vegetation, a

second stable state of the atmosphere-vegetation system emerges as a conse¬

quence of the root-water availability feedback in a certain forcing range (bista-

bility). This second state is characterized by high temperature, drought, strongly
reduced above and below ground biomass, and lower evapotranspiration.
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In our investigations, cloud feedback tends to enhance the occurrence of bist-

ability. Other feedbacks such as regional precipitation recycling, or soil degra¬
dation, might support the occurrence of a second stable state, too. However, the

character and extent of the coupling between climate and root dynamics, and

between roots and plant water supply are not well known today. For a more

detailed and quantitative analysis, more observational data are needed on the

patterns of the change of root systems under altering factors like climate and

nutrients on different time-scales.

It lies beyond the scope of the conceptual model to quantify the conditions

which lead to bistability in the atmosphere-vegetation system at mid-latitudes.

However, our investigations show that within a consistent, realistic parameteri¬
zation, the interaction between vegetation structure (inch roots), evapotranspira-
tion and atmosphere may lead to bistability.

The existence of multiple stable states might shape the trajectory of climatic

and vegetation change under increasing radiative forcing significantly. Changes
in temperature and other climatic variables as well as in vegetation structure do

not have to evolve as continuously and smoothly as is generally expected.
Rather, in a first phase, the (limited) response of terrestrial vegetation might
mitigate climatic stress. Then, at some point, the generally high variability of

atmospheric conditions and the influence of other climate components and of

external perturbations might trigger the atmosphere-vegetation system to

undergo an abrupt change to another stable state.

In general, these conceptual investigations indicate that the consideration of

the dynamic nature of (above and below ground) vegetation structure in projec¬
tions of future climate development might lead to projections of more abrupt
changes in climate conditions than predicted by present models. This might
necessitate the increase of the uncertainty of such model projections.

10.3 HowFast Will the Terrestrial Vegetation Respond?

The role of terrestrial ecosystems under climate change depends largely on their

ability to adapt to the changing environmental conditions. These conditions

enclose not only atmospheric factors such as temperature and drought, but other

factors such as human land use changes or emission of nitrogen, too.

The investigations with the conceptual model which has been extended by a

simple scheme of adaptation indicate that the rate and the extent of the adapta¬
tion of terrestrial ecosystems to changing climate conditions is a crucial factor

in the assessment of possible future changes in the climate-vegetation system. If

the terrestrial vegetation turns out to be highly adaptive to climate changes and



126 Conclusions

to be able to keep pace in the modification in structure and physiology with the

changing environment, an abundant vegetation cover will be maintained which

might mitigate to some degree climatic stress. On the other hand, if the adapta¬
tion of the terrestrial vegetation lags considerably behind the climate change,
this would lead to vegetation die back. Our simulations results indicate that this

die back will then be reinforced by the aforementioned feedbacks between

above and below ground biomass, evapotranspiration and surface temperature,
which might cause the transition to the dry and hot state and a depleted vegeta¬
tion cover. This geobiophysical feedback might be amplified by the geobio-
chemical feedback caused by the carbon 'spike' concurrently released from the

terrestrial vegetation to the atmosphere. The adaptability of terrestrial ecosys¬

tems may not only help to maintain an abundant vegetation cover during

increasing radiative forcing, but also facilitate the return to this former state

after a transition to the dry and hot state, because by adaptation, the vegetation

may recover somewhat even under severe climatic stress, which in conjunction
with the biomass-evapotranspiration feedback may enable the return.

However, the rate at which terrestrial ecosystems are able to adapt to environ¬

mental changes is largely unknown. The pace of the expected climate change
appears to be unprecedented in recent climate history. Therefore, historical

records of ecosystem changes (pollen, tree rings) are only of limited use to

project future rates of adaptation in terrestrial vegetation. But they indicate

migration rates to be much slower than the expected climate changes, which

suggests a rather limited role for adaptation in the plant community to play in

the time-frame considered.

In general, our investigations indicate that the adaptability of terrestrial eco¬

systems promotes the regeneration of the atmosphere-vegetation system after

perturbations and tends to stabilize it. The ability of a community to adapt to

stress depends on its species composition and in particular in its diversity. Land

use change and other anthropogenic impacts on terrestrial ecosystems have

formed and will change the character of ecosystems considerably. The way eco¬

systems adapt might therefore also be shaped by human activities, such as the

dispersal of species by humans and the logging and afforestation practice.

10.4 Outlook

The conceptual nature of the model presented in this work restricts its applica¬
bility to the qualitative investigation of feedbacks in the atmosphere-vegetation

system. The results identify several processes and feedbacks, such as the

dynamics of above ground vegetation structure, the dynamics of rooting sys-
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terns, and the processes of adaptation, which, if coupled in a two-way mode in

models of climate projections, might modify the resulting trajectories consider¬

ably, in particular on a regional scale As a next step in model hierarchy, the

results from the conceptual model have to be reproduced in a more detailed 2-D

or 3-D GCMcoupled with a dynamic model of global vegetation The different

dynamic global vegetation models (DGVMs) which are currently under con¬

struction will represent an important step in this direction

The presented conceptual model could serve as a tool for the further qualita¬
tive investigation of vegetation related processes such as vegetation persistence

and adaptation in its interaction with climate In addition, the simple nature of

the model, its transparency and computational effectiveness make it suitable for

the use in education to foster the awareness of the complex (and abrupt) behav¬

iour which might result from the interaction of components of the climate sys¬

tem in a climate change
An important restriction of the modelling of the atmosphere-vegetation sys¬

tem represents the lack of process knowledge, observations and data It is

important that the systematic collection of observations is furthered in areas

where specific gaps exist in our knowledge, as e g in the extent, the function

and the dynamics of rooting systems Models can only be as good as the data on

which they are based

To improve our understanding of the possible ways in which the global cli¬

mate will evolve over the next decades and centunes, the ability to model the

components of climate in an integrated framework in their mutual interaction

will be crucial E g ,
in recent simulations of Lewis (1998), the masking of snow

albedo by boreal forest leads to a second stable state with a treehne shift to the

north However, a critical condition for the sub-arctic climate to sustain the

boreal forest lies in the representation of dynamic sea-ice and the interactive

calculation of sea-surface temperatures, both of which respond to the presence

of the forest This work indicates that important aspects of climate change can

only be understood if the main components atmosphere, oceans, cryosphere,
and biosphere are considered in their dynamic interaction Such Earth system

model efforts will have to be based on models of different levels in the model

hierarchy from simpler, computationally more efficient models to models of

high complexity

Finally, man is playing an increasingly important role in the climate system

On the one hand, this implies the attempt of the incorporation of socioeconomic

components in models of climate system, such as schemes of greenhouse gas

emissions and land use changes More directly, the climate research community



128 Conclusions

must find means to communicate their findings and concerns to the public in a

way that fosters the understanding for the risks associated with climatic change,
and for the need of the reduction of anthropogenic greenhouse gas emissions.
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A Appendix

A.l Model Parameters

Table 10.1 Model variables

Symbol Description Unit See section

E actual annual evapotranspiration

£p0l potential annual evapotranspiration

£d annual course of potential evapotranspiration

Ec critical limit of evapotranspiration

F external forcing

f growth factor depending on drought stress

/ T
annual temperature dependent growth factor

,d 'daily temperature dependent growth factor
hi

f loss factor depending on drought stress

g biomass gam

H sensible heat

/ biomass loss

M normalized biomass

N fractional cloudiness (temporal and spatial)

nnei incoming net shortwave radiation

„nti outgoing net longwave radiation
"/»

t time

7S annual mean surface temperature

7d annual course of temperature

AT" deviation of Ts from no forcing equilibrium T0

y adaptation parameter

£ drought parameter

T transpiration index

mmyr
' 4 2,82

mmyr
' 42

mmyr' 42

mmyr
' 4 2 7 2, 9 2

Wm2 42

- 52

- 52

- 5 2, A 2 2

- 5 2,92

yr' 5 2, A 2 1

Wm2 42

yr' 5 2, A 2 1

5 2.7 2.A2 1

- 4 2,82

W/m2 42

W/m2 42

y 4 2,52

K 42

K 4 2, A 2 2

K 42

92

mmyr
' 4 2, 5 2, 9 2

- 4 2,52



Table 10 2 Model parameters for Hartheim

Symbol Description Value, unit See section

b

c,

CaM

c,

dE_
dT

,JH
JT

?0

"0

'AE

'E

'M

atmospheric absorption

annual amplitude of surface temperature

factor for longwave back radiation (clear sky)

factor for longwave back rad (100% cloudy)

rate of adaptation

adaptation ot rate of drought induced mortality

adaptation of plant water accessibility (roots)

parameter for drought dependence of gain

parameter for drought dependence of loss

derivative in evapotranspiration at T, = 7"0

derivative in sensible heat at 7^ = T{

evapotranspiration at Ts = 70

critical limit of evapotranspiration

basic biomass gain

sensible heat flux at 7\ = T0

latent heat of vaporisation

basic biomass loss

fractional cloudiness (at rs = 7"0)

equals AF/ Epm
fraction of cloudiness due to local E

fraction ot £c that depends on biomass M

fraction of Fpo[ independent of vegetation

exponent in relation biomass transpiration (22)

incoming solar radiation top of atmosphere

annual mean surface temperature at forcing F = 0

maximum growth temperature

minimum growth temperature

albedo and scattering (clear sky)

albedo scattering and cloud abs (100% cloudy)

drought index E where adaptation y = 1

critical drought £ for reduction of growth

critical drought £ for enhanced loss

radiation constant

0 166 42

9K 42

0716 42

1024 42

0 01 (0 002)yr
' 92

01 92

0 05(0 1) 92

7 33 loVmm ' 52

2 45 10Vmrr|2 12 92

18 2mmyr'K ' 42

0 57 Wm
2

K
' 42

647 mmyr
' 42 82

1110 mmyr
' 42 72 92

0 02 yr
' 52

29 Wm2 42

0 0793
yr 42

m mm

0 02 yr
' 52

0 63 42 82

0 705 42

0(or0 5) 82

0(or0 3) 72 92

0 66 42

2/3 (or 1) 52

298 Wm
2

(48°N) 42

283 K 42

320 K 52 A22

271 K 52 A22

0 166 42

0 624 42

40 mmyr
92

0 mmyr
52

6 76 mmyr
' 52 92

42
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'daily' temperature 7"sd [°C]

Figure 10.1 Alternative relationship between biomass gain and temperature for tests of model

sensitivity
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A.3 List of Acronyms and Abbreviations

AOGCM Atmosphere-Ocean General Circulation Model

CERN European Laboratory for Particle Physics

DGVM Dynamic Global Vegetation Model

ENSO El Nino-Southern Oscillation

ERBE Earth Radiation Budget Experiment

GCM general circulation (climate) model

GEBA Global Energy Balance Archive

GPP gross pnmary productivity

IPAR intercepted photosynthetically active radiation

IPCC Intergovernmental Panel on Climate Change

LAI leaf area index

NPP net pnmary productivity = GPP- autotrophic respiration

PAR photosynthetically active radiation

PLAI Potsdam Land Atmosphere Interaction Model

SVATS soil-vegetation-atmosphere transfer scheme

TOA top of atmosphere

WMO World Meteorological Organization
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A.4 Model Code Implementation and Algorithms

For the easy portability of the model, the code has been written following the

ANSI C Standard (Kelly and Pohl, 1995). The source code (listed in

Appendix A.5) consists of three files: The main file 'main.c', the file contai¬

ning the functions 'f ct. c', and the header file 'two_2 .h' that binds the pro¬

gram together. Besides the standard C library, the module 'ZBRENT.c' from

numerical recipes (Press et al., 1992) is used.

The program is called with the name of the input file as the first, and the out¬

put file as the second argument. In the main program ('main.c'), the input file

(for an example see Appendix A.5 D) is first read in and the constants are assi¬

gned their corresponding values. After the initialization, a loop increasing the

time variable 'now' in annual steps represents the centre of the program.

Every year, the surface energy balance ('energyBalance') is solved for the

temperature deviation in response to the transpiration index and the external

forcing. To solve this nonlinear function of the form f(AT) = 0, we apply the

Van Wijngaarden-Dekker-Brent method, as described in Press et al. (1992). The

algorithm combines the supposedly fast converging inverse quadratic interpola¬
tion with the supposedly slower, but more sure bisection method. It represents a

very fast but robust method for root finding in one-dimensional nonlinear prob¬
lems.

With the resulting values for the temperature deviation, the evapotranspira-
tion, and the drought index, the grade of adaptation and the biomass are

adjusted in function of the climatic conditions of the year (in 'adaptation'
and 'growthProcess'). The differential equation describing the biomass

dynamics (15) is therefore represented as a difference equation with an annual

timestep (the same is true for the dynamics of the adaptation index,

Equation (25)). The resulting values of a specific year are then transferred to the

output file, and the new transpiration and adaptation indices become the base of

the surface energy balance and growth equation of the following year etc..
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A.5 Source Code

A Main File 'main. c'

/** ********!

/** ***»*»**,

/* PROGRAM;

* PURPOSE

* VERSION;

* AUTHOR:

* DATE:

* COMMENT

I*************************************************************/

r*********************************************+***************/

two_2
A Model for the Investigation of the Dynamics of

Atmosphere - Vegetation Interaction

2.2

Juerg Fuessler, Paul Scherrer Institute and Collegium

Helveticum

May 22, 1998

Model of surface energy balance, temperature dependent

growth factor and dynamic Biomass.

Cloud feedback included.

Includes a new scheme for random forcing (0.6)

and the possibility to switch biosphere memory and atmospheric

feedback off.

New simpler growth scheme for Biomass M (one_0).

Drought scheme reduces evapotranspiration if potential Epot

exceeds critical Ecrit. (one_l).

Drought increases loss/dieback rate (one_2).
Variable exponent for dependence of tau on M (one_4).

Dependence of crzt Evapotransp. Ecrit on M (one__4).
New nomenclature of variables (one_10).

dailyGrowthFactor(Tday) can be made saturating, not only

parabolic (one_12).

Optional use of logistic biomass equation logiMode (one_12).

Experimental scheme for adaptation of dieback 1 with

drought and

adaptation of critical evapotranspiration (root length)

with drought (two_0).

(two_l) is the same as (two_0)

(two_2) in fct.c: Rlw not linearized (->T"4)

Input data file is first argument of the program,

output data file is second argument of the program.

#include "two 2.h"

/* in order to use the numerical recipes routine ZBRENT, the following

variables are defined external for the function energyBalance */

double Rsw, /

Nnull, /'

rE, /

alphaClear, /

alphaCloud, /

a, /•

bClear, /

bCloud, /

dEdT, /

dHdT, /

Tnull, /'

Enull, /

Insolation top of atmosph. [W/m'2] */

standard cloudiness in [0..1]*/

fraction of std cloudiness due to local E */

planetary albedo cloud free case */

planetary albedo 100% cloudy case */

absorption (gas,..)*/
factor lw back radiation cloud free case */

factor lw back radiation 100% cloudy case */

derivat. of evapotr. w. respect to temp */

derivat. of sens, heat w. respect to temp */

/* mean annual temp, for standard case [K] */

mean evapotr. for standard case [mm] */
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Hnull, /*

rAE, /*

Ecnt, /*

EcntNull, /*

eps, /*

E, /*

rSoil, /*

actualForcing, /*

tauAtm; /*

droughtMode; /*

mean evapotr. for standard case [mm]

yearly amplitude /pot. E [-] */

critical E for drought [mm] */

critical E at F=0 [mm] */

Epot - E [mm] */

actual evapotranspiration ]mm] */

fraction of E that is from soil [-]

actual forcing, may not be constant

tau relevant for atmosphere */

1 -> E reduced if drought, 0-> not *

int mainfint argc, char *argv[])

{

FILE *ifp, /* input file pointer */

*ofp; /* output file pointer */

int 1, ch;

int now; /*

double temp, /*

deltaT, /*

M, /*

gFactorT, /*

gFactNorm, /*

tau, /*

tauOld = 1., /*

gamma; /*

int simPerlod, /*

fTl, fT2, /*

atmFBMode, /*

dynamicMode, /*

drouMGMode, /*

drouMLMode, /*

fRepeatMode, /*

saturating, /*

logiMode, /*

outlnt; /*

double AT, /*

growthTmm, /*

growthTmax, /*

gamNull, /*

lossNull, /*

gain = 0
.,

/*

loss = 0., /*

critEpsg, /*

critEpsl, /*

eg, /*

Cl, /*

rTr, /*

rM, /*

critEpsa, /*

Ca, /*

Cal, /*

CaM, /*

fA,fB,fC,fD; /*

year m simulation*/

annual mean temperature*/
deviation of annual mean temperature */

Biomass */

actual temp related growth factor [-] */

growth factor normalisation constant */

transpiration Index*/

transpiration Index of year before*/

adaptation index*/

duration of simulation period [y] */

timepomts of forcing events [y] */

1 -> atmospheric feedback, 0 -> no atmFB */

1 -> biosphere with memory, 0 -> no memory */

l-> gain reduced if drought, 0-> not */

l-> loss increased if drought, 0-> not */

l-> forcing 0-fT2 repeated, 0-> no repeat */

l-> gFact(T) saturating 0-> parabolic */

l-> Growth Equation Logistic 0-> concave */

output interval in output file [y] */

annual temp amplitude [K] */

minimum growth temperature [K] */

maximum growth temperature [K] */

standard growth rate [1/yr] */

standard loss rate [l/(yr*Bmass)] */

(variable) growth rate [1/yr] */

(variable) loss rate [l/(yr*Bmass)] */

eps where reduction of gain begins [mm] */

eps where increase of loss begins [mm] */

const, for decrease of gam w drought [mmA-l] */

const, for increase of loss w drought [mnr-2] */

exponent; tau = pow(M,rTr) [-] */

fraction of Ecrit that depends on M [-] */

eps, where gamma tends to 1 [mm] */

inverse of 1/e-time of adaptation [-]*/
def. decrease of dieback with adaptation */

increase of Ec with adaptation [-] */

forcing applied to Rsw [W/mA2] */
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if(argc != (1+2)){

printf("Usage:%s <inputfile> <outputfile>\n", argv[0])

exit(1);

}

simPeriod

outlnt

AT

growthTmin

growthTmax
saturating

logiMode

gainNull
lossNull

Rsw

Nnull

rE

alphaClear

alphaCloud

a

bClear

bCloud

dEdT

dHdT

Tnull

Enull

Hnull

droughtMode

Ecrit

rAE

rSoil

atmFBMode

dynamicMode
drouMGMode

critEpsg

Cg

drouMLMode

critEpsl

CI

rTr

rM

critEpsa

Ca

Cal

CaM

fTl

fT2

fA

fB

fC

fD

fRepeatMode

fclose(ifp);

getDoubleParameter(ifp,

getDoubleParameter(ifp,

getDoubleParameter(ifp,
getDoubleParameter{ifp,

getDoubleParameter(ifp,
getDoubleParameter(ifp,

; fopen{argv[1], "r");/* open for reading input data *

getlntParameter(ifp, "simPeriod", argv[0], argv[l]);

; getlntParameter(ifp, "outlnt", argv[0], argv[1]);

: getDoubleParameter(ifp, "AT", argv[0], argv[1]);

getDoubleParameter(lfp, "growthTmin", argvfO], argv[

getDoubleParameter{ifp, "growthTmax", argv[0], argv[

getIntParameter{ifp, "saturating", argv[0], argv[1])
; getIntParameter(ifp, "logiMode", argv[0], argv[l]);

getDoubleParameter(ifp, "gainNull", argv[0], argv[l]

getDoubleParameter(lfp, "lossNull", argv[0], argv[l]

getDoubleParameter(ifp, "Rsw", argv[0], argv[1]);

getDoubleParameter(ifp, "Nnull", argv[0], argv(lj);

getDoubleParameter(lfp, "rE", argv[0], argv[l]);

getDoubleParameter(lfp, "alphaClear", argv[0], argv[

getDoubleParameter{ifp, "alphacloud", argv[0], argv[

getDoubleParameter(ifp, "a", argv[0], argv[l]);

getDoubleParameter(ifp, "bClear", argv[0], argv[l]);

"bCloud", argv[0], argv[l]);

"dEdT", argv[0], argv[l]);

"dHdT", argv[0], argv[l]);

"Tnull", argv[0], argv[l]);

"Enull", argv[0J, argv[1]);

"Hnull", argv[0], argv[1]);

getIntParameter(ifp, "droughtMode", argv[0], argv[l]

getDoubleParameter(ifp, "Ecrit", argv[0], argv[l]);

getDoubleParameter(ifp, "rAE", argv[0], argv[X]);

getDoubleParameter(ifp, "rSoil", argv[0], argv[1]);

getlntParameterfifp, "atmFBMode", argv[0], argv[l]);

getlntParameter(ifp, "dynamicMode", argv[0], argv[1]

getIntParameter(ifp, "drouMGMode", argv[0], argv[l])

getDoubleParameter(ifp, "critEpsg", argv[0], argv[l]

getDoubleParameter(ifp, "Cg", argv[0], argv[l]);

getlntParameter(ifp, "drouMLMode", argv[0], argv[l])

getDoubleParameter(ifp, "critEpsl", argv[0], argv[1]

"CI", argv[0], argv[l]);

"rTr", argvfOJ, argv[l]);

"rM", argv[0], argv[l]);

getDoubleParameter(ifp, "critEpsa", argv[0], argv[l]

getDoubleParameter(ifp, "Ca", argv[0], argv[l]);

getDoubleParameter(ifp, "Cal", argv[0], argv[1]);

getDoubleParameter(ifp, "CaM", argv[0], argv[1]);

getlntParameter(ifp, "fTl", argv[0], argv[l]);

getlntParameter(ifp, "fT2", argvfOJ, argv[l]);

getDoubleParameter(ifp, "fA", argv[0], argv[l]);

getDoubleParameter(ifp, "fB", argv[0], argv[l]);

getDoubleParameter(ifp, "fC", argv[0], argv[l]);

getDoubleParameter(ifp, "fD", argv[0], argv[l]);

getlntParameter(ifp, "fRepeatMode", argv[0], argv[l]

1)U

getDoubleParameter(ifp,

getDoubleParameter(ifp,

getDoubleParameter(ifp,

imt(&tau, &M);

gamma =0.; /* adaptaion index set to zero */

gFactNorm = growthFactorTemp{Tnull, AT, growthTman, growthTmax, saturating,

i.);

EcritNull = Ecrit;
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}

ofp = fopen(argv[2], "w");/* open for writing output data */

now = 0;

fpnntf (ofp,"%5s %8s %10s %6s %7s %7s %7s %7s\n",

"Year", "deltaT", "tau__old", "E","eps", "gain", "loss"
,

"gamma");

while{now < simPeriod) {

actualForcing - forcingFct( now, fTl, fT2, fA, fB, fC, fD, fRepeatMode);
tauAtm = (tau-1.)*(double)atmFBMode+l.;

/* to switch off/on atmospheric feedback */

deltaT = zbrent(energyBalance,-20.,21.,l.E-6);
/* solves energy balance and sets E, eps */

gFactorT = growthFactorTemp( (Tnull+deltaT), AT,

growthTmin, growthTmax, saturating, gFactNorm);

adaptation(sgamma, eps,critEpsa,Ca);

growthProcess(&now, stau, &M, E, gFactorT, eps,

gainNull, Sgain, critEpsg, Cg,

lossNull, Sloss, critEpsl, CI,

rTr,

drouMGMode, drouMLMode, dynanucMode, logiMode,

gamma, Cal);

if (now % outlnt == 0)

fprintf(ofp,"%5d %8.5f %10.6f %6.3f %7.4f %7.5f %7.5f %7.4f\n",

now, deltaT, tauOld, E, eps, gain, loss, gamma);
Ecrit = EcritNull*((l.-rM)+rM * M * (l.+gamma*CaM) );

/* Ecrit depends on M and adaptation index gamma */

tauOld = tau;

>

prmtStatus(ofp, now,

deltaT, Rsw, Nnull, rE, tau, alphaClear, alphaCloud,

a, bClear, bCloud, dEdT, dHdT,

Tnull, Enull, Hnull, E, eps);

fclose(ofp);

return 0;

B. Functions File '£ ct. c'

#include "two 2.h"

/************************************************************+***************/

void imt( double *tau, double *M)

{

/* initializes tau, M

*/

(*tau) = 1.;

(*M) = 1.;

>
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int getIntParameter(FILE *ifp, char *parName, char *progName, char *infileName)

{
int intValue;

char string[25];

/* reads (integer) parameter parName from infileName with pointer lfp
and returns it.

progName is the name of the binary program file.

*/

sprintf(string,"%s %%d", parName); /* creates eg. "maxYears %d" */

if(fscanf(ifp,string, SintValue) != 1) {

fprmtf(stderr,"%s : error, could not read %s in input file %s\n",

progName, parName, infileName);

exit(l);

}

while( (getc(ifp)) != '\n' ) {};

return mtValue;

double getDoubleParameter(FILE *ifp, char *parName,

char *progName, char *infileName)

{

double realValue;

char stnng[25];

/* reads (double) parameter parName from infileName with pointer ifp

and returns it.

progName is the name of the binary program file.

*/

sprintf(string,"%s %%lf", parName);

/* printf("%s\n",string); */

if(fscanf(ifp,string, srealValue) i= 1) {

fprintf(stderr,"%s : error, could not read %s m input file %s\n",

progName, parName, infileName);

exit(1);

}

while( (getc(ifp)) != '\n' ) {};

/* printf("%s <- %lf\n", parName, realValue); */

return realValue;

double forcingFct(int now, int fTl, int fT2, double fA, double fB, double fC,

double fD, int fRepeatMode)

{

/* This function returns the actual forcing [W/m*2] at time now. Forcing

is fA at time 0f and goes linearly to fB as time approaches fTl. At fTl

forcing is set to fC and goes linearly to fD as time approaches fD.

If fRepeatMode is 0, then forcing is kept at fD for time > fT2.

If fRepeatMode is 1, then the cicle begins again at fA.
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*/

if (fRepeatMode)
now = now % fT2;

if (now < 0)

return 0.;

else if (now < fTl)

return fA + (fB-fA) * (double)now/(double)fTl;
else if (now < fT2)

return fc + (fD-fC) * (double) (now-fTl)/(double) (fT2-fTl) ;

else

return fD;

}

/it***************************************************************************/

double growthFactorTemp(double temp, double AT,

double growthTmin, double growthTmax, int saturating,

double gFactNorm)

{

int day;
double factorT = 0.;

/* returns the temperature dependent factor of annual growth [-]

depending on annual mean temperature [K] ,
the annual temperature

amplitude [K] and the minimum and maximum temperatures for growth [K].

Prentice et al. 1993 eq.18 in a smusidal annual temperature regime.

*/

for(day=0;day<365;++day)
factorT += dailyGrowth( temp + AT * sm(day*2.*M_Pl/365.),

growthTmin, growthTmax, saturating);
factorT= factorT/ 365. / gFactNorm;

return factorT;

int adaptation(double *gamma, double eps, double critEpsa, double Ca)

{

/* This procedure calculates the yearly changes of the adaptation index

gamma in dependence of drought index epsilon, a critical epsilon where

gamma becomes 1 (after a long time), and a adaptation constant indicating
the inverse of the 1/e-time of adaptation
*/

*gamma = *gamma + (eps/critEpsa - *gamma) * Ca;

if (*gamma < 0.) *gamma = 0.;

int growthProcess(int *now, double *tau, double *M, double E,

double growthFactT, double eps,

double gainNull, double *gain, double cntEpsg, double Cg,

double lossNull, double *loss, double critEpsl, double Cl,

double rTr,

int drouMGMode, int drouMLMode, int dynamicMode,

int logiMode, double gamma, double Cal)

{

int y;
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/* This procedure performs the timestep of one year (++now) and modifies

the biotnass (M) and the transpiration index (tau) /according to

the tau of last year [-], the growth factor

dependent of last year's temperature growthFactT [-], the difference

of potential and actual evapotranspiration [mm],
the standard tree growth rate [yrA-l], the critical difference of E for

growth [mm], the growth reduction factor [mm"-l],
the standard tree death rate

per M [yrn-l], the critical difference of E for

dieback [mm] and the constant defining the decrease of M with

drought [mrrT-2]. If drouMGMode is 0, the growth rate for M is independent
of drought, if drouMLMode is 0, the death rate for M is independent
of drought. If dynamicMode is 0, the memory is ereased

and set to the initial values before the growth step is executed.

Out goes the new biomass M and transpiration index tau.

For optional use of logistic growth function instead of simple concave

growth: LogiMode = 1 instead of 0

adaptation: reduction in increase in loss with drought by adaptation
index gamma and constant Cal

*/

iffeps > critEpsg && drouMGMode)

*gain = gainNull * growthFactT / {l.+Cg*(eps-cntEpsg));
else

*gain = gainNull * growthFactT;

if(eps > critEpsl && drouMLMode)
/* *loss = lossNull*(l.+Cl*pow(eps-critEpsl,2));*/
*loss = lossNull*(l.+Cl* (l.-gamma*Cal) *pow(eps-cntEpsl,2));

else

*loss = lossNull;

/* (*M) = (*M) + (*gain) - (*loss) * (*M); */

(*M) = (*M) + ((*gain) - (*loss) * <*M)) * pow((*M),logiMode);
if(*M < 0.)

(*MJ = 0.;

(*tau) = pow((*M),rTr);

++(*now); /* increment years counter */

if(! dynamicMode)/* if no dynamic biosphere with memory */

imt(tau, M);/* erease memory */

/******************** + ********** + ********************************************/

double dailyGrowth(double Tday, double growthTmin, double growthTmax,
int saturating)

{

double f;

/* returns the daily temperature response variable [0..1], dependent on the

mean temperature of the day [K] (and not the growth degree days), and

the biome dependent temperature limits of growth growthTmin and

growthTmax [K].

Prentice et al. 1993 eg.17
New optional feature: growth is not reduced if temp > optimum.

*/

f = 4.*(growthTmax - Tday)*{Tday - growthTmin)
/pow(growthTmax - growthTmin, 2.);

if ((Tday > (growthTmax+growthTmin)/2.) && saturating)
return 1.;

if (f > 0.)
return f;
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return 0.;

>

/***' lr*************

float energyBalance(float deltaT)

{

/* 'extern' tells the compiler to look elsewhere for variables.

See Kelly and Pohl (1995) p.199 */

extern double Rsw,/* Insolation top of atmosph. [W/mA2] */

standard cloudiness in [0..1]*/
fraction of std cloudiness due to local E */

planetary albedo cloud free case */

planetary albedo 100% cloudy case */

absorption (gas,..)*/
factor lw back radiation cloud free case */

factor lw back radiation 1QQ%cloudy case */

derivat. of evapotr. w. respect to temp */

derivat. of sens, heat w. respect to temp */

mean annual temp, for standard case [K] */

mean evapotr. for standard case [mm] */

mean sens, heat for standard case [W/m"2] */

yearly amplitude /pot. E [] */

critical E for drought [mm] */

Epot - E [mm] */

actual evapotranspiration [mm] */

fraction of E that is from soil [-] */

actual forcing, may not be constant */

tau relevant for atmosphere */

1 -> E reduced if drought, 0-> not */

Nnull, /'

rE, /'

alphaClear, /'

alphaCloud, /'

a* /'

bClear, /'

be loud, /'

dEdT, /'

dHdT, /'

Tnull, /'

Enull, /

Hnull, /

rAE, /

Ecrit, /'

eps, /

E, /

rsoil. /

actualForcmg, /'

tauAtm; /'

extern int

double

droughtMode;

Epot,AE,H,

N;

/

/* this function returns the difference of incomming and outgoing

energy at earth surface. Drought scheme included,

eps and E is updated.
*/

Epot = (Enull + dEdT * deltaT) * (tauAtm*|l.-rSoil)+rSoil);
AE = rAE*Epot;

if(Epot+AE > Ecrit && droughtMode) { /* E reduced by drought */

eps = AE/M_PI*sqrt(l.-pow( (Ecnt-Epot)/AE,2))
- (Ecnt-Epot)/M_PI*acos( (Ecnt-Epot)/AE);

E = Epot - eps;

>

else {

eps = 0.;

E = Epot;

}
H = Hnull + dHdT * deltaT;

N = Nnull * ( 1.+ rE*(E/Enull - 1.));

/* E not reduced */

return (float) ( Rsw*( 1 .-alphaClear*(l.-N)-alphaCloud*N-a) + actualForcmg
- L*E - H

- (l.-(bClear*(l.-N)+bCloud*N))

*SIGMA*pow((Tnull+deltaT),4));
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void pnntStatus(FILE *ofp, int now,

double deltaTemp, double Rsw, double Nnull, double rE,

double tauTot, double alphaClear, double alphaCloud,
double a, double bClear, double bCloud, double dEdT, double dHdT,

double Tnull, double Enull, double Hnull, double E, double eps)

{

double N;

/* prints the main components of the surface energy balance on file ofp:
the year of simulation, the deviation of annual mean temperature from

standard [K],the net sw radiation absorbed by the surface [W/m2},
latent heat [W/m2], sensible heat flux [W/m2], the net lw radiation emitted

by the surface [W/m2], the total Transpiration Index [-] and the difference

between potential and actual evapotranspiration [mm].

*/

N = Nnull * { 1.+ rE*(E/Enull - 1.));

fprmtf (ofp,"\n%7s %7s %6s %6s %6s %6s %7s %6s\n",

"year","dTemp","RswNet","L*E", "H", "RlwNet", "tauTot", "eps");

fpnntf (ofp,"y=%5d %7.4f %6-2f %6.3f %6.2f %6.2f %7.4f %6.3f\n",

now, deltaTemp, Rsw*(l. - alphaClear*(l.-N) - alphaCloud*N - a),

(L*E), Hnull + dHdT*deltaTemp,

(1.-(bClear*(l.-N)+bCloud*N))

*SlGMA*(pow(Tnull,4.)+4*pow(Tnull,3.)*deltaTemp),

tauTot, eps);

C. Header File 'twq_2. h'

#mclude <stdio-h>

#mclude <stdlib.h>

/include <math.h>

#mclude <assert.h>

#mclude </home/pss025/lus/fuessler/src/numRec/NR.h> /* num recipes */

#defme TINY 1E-6

#define L 0.07931 /*latent heat of vaporisation [W/(m"2 mm/yr)]*/
#define SIGMA 5.67E-8 /* Stefan-Boltzmann constant [W/(m"2*KA4)] */

void imt( double *tau, double *M);

mt getIntParameter(FlLE *ifp, char *parName, char *progName,

char *mfileName) ;

double getDoubleParameter(FILE *ifp, char *parName,

char *progName, char *infileName);

double pos(double value);

void fastFactor(double *Ff double stress);
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double forcingFct(int now, int fTl, int fT2, double fA, double fB, double fC,
double fD, int fRepeatMode);

double dailyGrowth(double Tday, double growthTmin, double growthTmax,
int saturating);

double growthFactorTemp{double temp, double AT,

double growthTmin, double growthTmax, int saturating,
double gFactNorm);

int adaptation(double *gamma, double eps, double critEpsa, double Ca);

int growthProcess(int *now, double *tau, double *M, double E,

double growthFactT, double eps,

double gainNull, double *gain, double critEpsg, double Cg,
double lossNull, double *loss, double critEpsl, double CI,

double rTr,

int drouMGMode, int drouMLMode, int dynamicMode,
mt logiMode, double gamma, double Cal);

float energyBalance(float deltaT);

void printStatus{FILE *ofp, int now,

double deltaTemp, double Rsw, double Nnull, double rE,

double tauTot, double alphaClear, double alphaCloud,
double a, double bClear, double bCloud, double dEdT, double dHdT,

double Tnull, double Emill, double Hnull, double E, double eps);
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D. Input File

This example of an input file is taken from the simulation of the response of the

fully coupled system with adaptation to a pulse perturbation, as shown in

Figure 9.2.

simPeriod 2000, 1*

outlnt 1, /*

AT 9-, 1*

growthTmin 271., 1*

growthTmax 320., 1*

saturating 0, /*

logiMode 0, 1*

gamNull 0.02, /*

lossNull 0.02, /*

Rsw 298., 1*

Nnull 0.63, /*

rE 0., /*

alphaClear 0.166329, /*

alphaCloud 0.62372, 1*

a 0.166329, 1*

bClear 0.7166, 1*

bCloud 1.0237, /*

dEdT 18.16, /*

dHdT 0.57, 1*

Tnull 283., 1*

Enull 646.83, /*

Hnull 29.; /*

droughtMode 1, /*

Ecrit 1109.5, /*

rAE 0.70485, /*

rSoil 0.66, /*

atmFBMode 1, /*

dynamicMode 1, /*

drouMGMode 1, /*

critEpsg 0., /*

eg 0.00733, /*

drouMLMode 1, /*

critEpsl 6.76, /*

CI 0.00245, /*

rTr 0.66, /*

rM 0.3, /*

critEpsa 40., /*

Ca 0.01, /*

Cal 0.1, /*

CaM 0.05, /*

fTl 1000, /*

fT2 1010, /*

fA 2.5, /*

fB 2.5, /*

fC 13., /*

fD 13., /*

fRepeatMode 1, /*

duration of simulation period [y] */

output interval in output file [y] */

annual temp amplitude [K] */

minimum growth temperature [K] */

maximum growth temperature [K] */

l-> gFact(T) saturating 0-> parabolic */

l-> Growth Equation Logistic 0-> concave */

standard growth rate [1/yr] */

standard loss rate [l/(yr*Bmass)] */

Insolation top of atmosph. [W/mA2] */

standard cloudiness in [0..1]*/
fraction of std cloudyness due to local E */

planetary albedo cloud free case V

planetary albedo 100% cloudy case */

absorption (gas,..)*/
factor lw back radiation cloud free case */

factor lw back radiation 100% cloudy case */

derivat. of evapotr. w. respect to temp */

derivat. of sens, heat w. respect to temp */

mean annual temp, for standard case [K] */

mean evapotr. for standard case [mm] */

mean sens, heat for standard case [W/m"2] */

1 -> E reduced if drought, 0-> not */

critical E for drought [mm] */

yearly amplitude /pot. E [-] */

fraction of E that is from soil [-] */

1 -> atmospheric feedback, 0 -> no atmFB */

1 -> biosphere with memory, 0 -> no memory */

l-> gain reduced if drought, 0-> not */

eps where reduction of gain begins [mm] */

const, for decrease of gain w drought [mmA-l] */

l-> loss increased if drought, 0-> not */

eps where increase of loss begins [mm] */

const, for increase of loss w drought [mmA-2] */

exponent; tau = pow(M,rTr) [-] */

fraction of Ecrit that depends on M [-] */

eps, where gamma tends to 1 [mm] */

inverse of 1/e-time of adaptation [-]*/
def. decrease of dieback with adaptation */

increase of Ec with adaptation [-] */

forcing tune point 1 [y] */

forcing time point 2 [y] */

forcing at time = 0 [W/nT2] */

forcing before fTl [W/mA2] (for lin interpolation)*/

forcing at fTl [W/m'2] */

forcing before fT2 [W/m"2] {for lin interpolation)*/
l-> forcing scheme repeated, 0-> not repeated */
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Leer - Vide - Empty
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