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Abstract Transient experiments for the Eemian (128–

113 ky BP) were performed with a complex, coupled earth

system model, including atmosphere, ocean, terrestrial

biosphere and marine biogeochemistry. In order to inves-

tigate the effect of land surface parameters (background

albedo, vegetation and tree fraction and roughness length)

on the simulated changes during the Eemian, simulations

with interactive coupling between climate and vegetation

were compared with additional experiments in which these

feedbacks were suppressed. The experiments show that the

influence of land surface on climate is mainly caused by

changes in the albedo. For the northern hemisphere high

latitudes, land surface albedo is changed partially due to

the direct albedo effect of the conversion of grasses into

forest, but the indirect effect of forests on snow albedo

appears to be the major factor influencing the total

absorption of solar radiation. The Western Sahara region

experiences large changes in land surface albedo due to the

appearance of vegetation between 128 and 120 ky BP.

These local land surface albedo changes can be as much as

20%, thereby affecting the local as well as the global en-

ergy balance. On a global scale, latent heat loss over land

increases more than 10% for 126 ky BP compared to

present-day.

1 Introduction

The effect of land surface changes on climate has long been

excluded from climate model experiments. Growing

awareness of the importance of land surface for climate

resulted from a number of studies with changes in land

surface conditions: first to study the sensitivity of a model

to these changes, later to quantify the importance of real-

istic land surface changes for climate. Many of the studies

were performed with paleoclimatic settings, because of the

remarkable changes for the land surface that have been

recorded for the past (e.g. as reported by Prentice and

Webb III 1998). The overview below briefly illustrates the

richness of types of previous studies, and tries to group

them by the approach used for studying the land surface

effects.

Many studies were performed considering the impor-

tance of taiga and tundra in the high latitudes, starting with

experiments prescribing albedo changes by Otterman et al.

(1984). In later studies, deforestation was usually pre-

scribed for certain regions (e.g. Bonan et al. 1992; Thomas

and Rowntree 1992; Douville and Royer 1997). Experi-

ments were performed as well for the Mid-Holocene (6 ky

BP) prescribing forest expansion in the north (e.g. Foley

et al. 1994; TEMPO 1996), as was reported from proxy
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data for this epoch. These studies usually focus on the

enhancement of the climate effect of prescribed insolation

changes due to a biogeophysical feedback from the land

surface: expansion of forests causes a decrease of the land

surface albedo, an increase of the amount of absorbed solar

radiation and thereby an increase in temperature. On the

one hand, this increase in temperature causes a decrease of

the total snow covered area and a shortening of the duration

of snow cover on the ground, thereby enhancing the albedo

effect. On the other hand, the increase in temperature

favours the growth of forests, which causes a positive

feedback as well.

Later, paleoclimate reconstructions of lake levels and

vegetation from proxy data were used to drive general cir-

culation models (Coe and Bonan 1997; Crowley and Baum

1997; Diffenbaugh and Sloan 2002). This is a step in the

direction of realistic modelling of the past and the effect of

land surface changes can be estimated from the difference

between these experiments and experiments with a present-

day land surface, however feedbacks between land surface

and climate are not simulated interactively.

To consider these feedbacks, simulated vegetation

changes have been included in paleoclimate simulations

and analysis (TEMPO 1996). The feedback between

atmosphere and land surface was studied in the Sahara

desert region with an equilibrium vegetation model itera-

tively coupled to a dynamic atmosphere model for the Mid-

Holocene by Claussen (1997), Claussen and Gayler (1997),

Texier et al. (1997), Claussen (1998) and de Noblet-Duc-

oudré et al. (2000). The greening of the Sahara desert was

reported in many studies, and is closely linked to changes

in the surface albedo. A decrease of surface albedo and

increase of vegetation cover causes several associated ef-

fects that play a role in greening of the Sahara desert. A

decrease of surface albedo and thus an increase in the

absorption of shortwave radiation causes an increase in

sensible and latent heat loss to the atmosphere. This

additional energy in the atmosphere is balanced by an in-

crease in ascending air and in convection (Charney 1975;

Charney et al. 1975, 1976). The increase of moist static

energy of the atmosphere near the surface enhances the

circulation pattern, which promotes the transport of mois-

ture into the North African continent (Eltahir 1996; Eltahir

and Gong 1996; Claussen 1997; Braconnot et al. 1999).

Besides these processes, the presence of vegetation might

play an important role in soil moisture accessibility for

evaporation and recycling of precipitation (De Ridder

1998). All these processes result in enhanced precipitation,

which is the key limiting factor for plant growth in the

Sahara region. These processes differ substantially in the

spatial scale of explanation: some focus more on the local

surface effects, whereas especially for the moisture trans-

port regional effects are taken into account.

Later, the coupling was performed with more sophisti-

cated models for the vegetation and land surface. Complex

coupled atmosphere–vegetation models (or atmosphere–

ocean–vegetation models) were used, which simulate the

state of vegetation directly, and were usually applied for

time slices of interesting epochs. The Last Glacial Maxi-

mum (21 ky BP) was studied by Levis et al. (1999) and

Crucifix et al. (2005), the Mid-Holocene was studied by

Gallimore et al. (2005). Some of the studies mentioned

above took the role of decreased CO2 concentration into

account, e.g. for the Last Glacial Maximum (Crowley and

Baum 1997; Levis et al. 2000; Crucifix et al. 2005).

Longer transient simulation of paleoclimatic time peri-

ods with earth system models are up to now only per-

formed using intermediate complexity models (EMICs,

Claussen et al. 2002), since the use of fully coupled

atmosphere–ocean general circulation models is limited by

the computational resources. Claussen et al. (1999) and

Brovkin et al. (2002) used the CLIMBER-2 model to study

the Holocene (from 9 ky BP to present), Calov et al. (2005)

used the same model, now including ice sheets, to study the

Eemian and the glacial inception (126–100 ky BP). The

period between 126 and 115 ky BP was studied as well

with the MoBidiC model by Crucifix and Loutre (2002).

Performing longer transient simulations with atmosphere–

ocean GCMs has so far only been done by accelerating the

insolation forcing, e.g. as was done by Lorenz and Loh-

mann (2004).

For this study we performed transient simulations with a

complex earth system model, instead of an intermediate

complexity model. The earth system model consists of

general circulation models for atmosphere and ocean, and

models for the terrestrial biosphere and ocean biogeo-

chemistry. The use of general circulation models enables a

more comprehensive representation of weather and climate

than given by EMICs. By using a rather coarse resolution,

combined with a periodically-synchronous coupling tech-

nique (Sausen and Voss 1996), we were able to perform

experiments with unaccelerated as well as accelerated

insolation forcing for longer transient periods.

The aim of this paper is threefold: (1) to describe the

parametrization of the biogeophysical land surface from

the state of the vegetation, (2) to investigate the effect of

insolation changes on climate, vegetation and land surface

feedbacks and (3) to investigate the underlying mecha-

nisms of these land surface feedbacks, and the importance

of certain land surface parameters for these. The insolation

effects and the underlying feedback mechanisms are stud-

ied for insolation changes during the last interglacial

(Eemian). We chose this time period because it exhibits

changes in the orbital forcing comparable to the Holocene,

but due to a larger eccentricity of the earth’s orbit, changes

in climate as well as changes in vegetation and its feed-
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backs are likely to be somewhat larger, especially during

summer. This allows us to study the potential non-linear-

ities in the climate–vegetation system over a wider range of

insolation than would have been possible for the Holocene.

In this paper we will focus on the biogeophysical effects of

the vegetation on climate, the biogeochemistry is discussed

in Schurgers et al. (2006).

2 Method

A coupled earth system model, consisting of atmosphere

and ocean general circulation models, an ocean biogeo-

chemistry model and a dynamic global vegetation model,

was used to study the effect of changes in the land surface

on the climate of the Eemian. The coupled atmosphere–

ocean general circulation model ECHAM3-LSG, as used in

Mikolajewicz and Voss (2000) and Voss and Mikolajewicz

(2001), was improved and expanded with the dynamic

global vegetation model LPJ (Sitch et al. 2003) and the

ocean biogeochemistry model HAMOCC (Maier-Reimer

1993). The earth system model used here is the same as in

Winguth et al. (2005) and Mikolajewicz et al. (2007), but

the ice sheets are fixed at their present-day state. The CO2

concentration is calculated prognostically from the fluxes

between atmosphere, terrestrial biosphere and marine bio-

geochemistry.

The Lund–Potsdam–Jena dynamic global vegetation

model (LPJ, Sitch et al. 2003) describes the distribution of

plant functional types (PFTs) over the earth, allowing more

than one PFT in a grid cell. For each PFT in a grid cell the

fluxes and pools of carbon are simulated based on an

average individual of this type. Per PFT, four living biomass

pools and three litter pools are distinguished. Two soil

carbon pools common to all PFTs are used per grid cell.

Coupling between the atmosphere and the terrestrial

biosphere is performed yearly with monthly data. The land

surface scheme of the ECHAM3 atmospheric general cir-

culation model (Roeckner et al. 1992) is largely un-

changed, but the required input fields are calculated from

the simulated vegetation. The vegetation model uses cli-

mate parameters from the atmosphere for its calculations,

the main parameters are temperature, soil moisture content

and radiation. The land surface parameters for the feedback

to the atmosphere include parameters influencing both the

radiative (albedo, tree fraction) and the turbulent fluxes

(vegetation fraction, roughness length). A description of

the coupling with these parameters is given below. By

varying these parameters between active coupling and

prescribed values, the magnitude of their effects on the

simulated climate change can be determined.

Due to the yearly coupling between atmosphere and land

surface, a lag of 1 year emerges between the changes in

climate and the land surface response to these. However,

because the time scales of interest for the land surface

processes are much longer for this study, this will not have

a substantial influence on the land surface effects

2.1 Land surface parametrization

The albedo of the land surface has a large impact on the

energy balance. It is determined by the type of vegetation

cover, the visibility and colour of the bare soil and the

presence and smoothness of a snow cover. For the calcu-

lation of the background albedo (albedo of the surface

without snow cover), the grid cell area is divided over

several sub-grid parts: a part that is covered by leaf-cov-

ered vegetation, a part that is covered by leafless vegetation

and a part that is covered by bare soil. The grid-cell albedo

is a weighted average of the albedo values assigned to these

compartments:

a ¼ cvaveg;l þ ðcv;max � cvÞaveg;nl þ ð1� cv;maxÞasoil: ð1Þ

In this equation, cv is the leaf-covered vegetation frac-

tion, cv,max is the maximum vegetation fraction and aveg,l,

aveg,nl and asoil are the albedoes for leaf-covered vegetation,

leafless vegetation and soil. The leaf-covered vegetation

albedo is constructed from the albedoes of the plant func-

tional types. Each plant functional type was assigned an

albedo value (see Table 1), and the values are averaged

according to the fraction of (leaf-covered) vegetated area

they cover:

aveg;l ¼
P

i ðuicv;iaiÞP
i ðuicv;iÞ

; ð2Þ

in which ui is the phenology state (between 0 and 1, see

Sitch et al. 2003), cv,i is the maximum cover fraction and ai

is the albedo of the plant functional type i. The albedo

values ai in Table 1 were derived from Claussen (1994),

Table 1 Albedo (a) and roughness length (z0) assigned to the plant

functional types

PFT Description ai z0,i

1 Tropical broad-leaved evergreen 0.12 2.00

2 Tropical broad-leaved raingreen 0.12 2.00

3 Temperate needle-leaved evergreen 0.13 1.00

4 Temperate broad-leaved evergreen 0.13 1.00

5 Temperate broad-leaved summergreen 0.16 1.00

6 Boreal needle-leaved evergreen 0.13 1.00

7 Boreal needle-leaved summergreen 0.16 1.00

8 Boreal broad-leaved summergreen 0.16 1.00

9 Temperate herbaceous 0.20 0.03

10 Tropical herbaceous 0.20 0.03
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with albedoes for 17 biomes, and Claussen et al. (1994),

with albedoes for 13 simple surface types. The values are

in agreement with albedo values given in Wilson and

Henderson-Sellers (1985), Hagemann et al. (1999) and

Milly and Shmakin (2002). A constant albedo for non-leaf-

covered area of all plant functional types aveg,nl = 0.16 was

used. The bare soil albedo is dependent on the soil colour

(which is given as input) and on the soil water content

(Wilson and Henderson-Sellers 1985). It is calculated as

asoil ¼ waj;wet þ ð1� wÞaj;dry; ð3Þ

in which w is the relative moisture content of the soil, and

aj,wet and aj,dry are the albedoes for wet and dry soil of soil

colour j. The soil colour map that is used as input, as well

as the albedo values for dark, medium and light soil, were

derived from Wilson and Henderson-Sellers (1985). In

ECHAM3, the total surface albedo is calculated from

background albedo and snow cover albedo. For the calcu-

lation of the snow cover albedo, the tree fraction (or forest

fraction) from LPJ is used. It is calculated as the sum of

maximum cover fractions cv,i for all tree PFTs. Snow cover

albedo for forested areas lies between 0.3 and 0.4, snow

cover albedo for unforested areas lies between 0.4 and 0.8,

dependent on surface temperature (Kukla and Robinson

1980; DKRZ 1993).

The surface roughness is defined as the height above the

ground that is obtained when the logarithmic wind profile

from well above the canopy is extrapolated to the point

where the wind speed would have been 0, thereby ignoring

changes in the profile next to the surface. It is used in

ECHAM3 to calculate drag coefficients for the fluxes for

water, energy and momentum (DKRZ 1993). Surface

roughness is constructed from the orography roughness and

the vegetation roughness length (Claussen et al. 1994):

z0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2

0;oro þ z2
0;veg

q
: ð4Þ

The vegetation roughness is determined by the amount

of vegetation and the type of vegetation. The roughness

lengths per plant functional type z0,i were derived from

Claussen (1994) and Claussen et al. (1994), and are shown

in Table 1. The vegetation roughness length is calculated

from the averaged drag coefficients (Claussen 1991;

Claussen et al. 1994), which uses a blending height zb:

1

ln2 zb

z0;veg

� � ¼
X

i

cv;i

ln2 zb

z0;i

� �þ 1� cv;max

ln2 zb

z0;soil

� � : ð5Þ

The last part of the equation calculates the contribution

of bare soil to the vegetation roughness length. Soil

roughness z0,soil = 0.005 m and the blending height

zb = 100 m, as taken from Claussen et al. (1994). The

orography roughness z0,oro (Eq. 4) is given as input, and was

derived from the original ECHAM3 roughness length field.

The amount of vegetation influences evaporation.

ECHAM3 uses the vegetation fraction (the fraction of a

grid cell covered with vegetation) to calculate evaporation

(DKRZ 1993). This fraction is the sum of all individual

PFT covers, corrected with the phenology state of each

PFT. Vegetation fraction, as well as surface background

albedo, features a seasonal cycle, based on the phenological

changes of the vegetation.

2.2 Experiments

An experiment was carried out in which insolation was

prescribed for the time period 128–113 ky BP

(15,000 years) according to Berger (1978). A 1,000-year

spinup run was performed for this experiment, starting

from present-day conditions and running with an insolation

forcing according to 129–128 ky BP. In addition, a control

run of 10,000 years with present-day insolation was carried

out. Besides these two long runs, a set of experiments for

the same period were performed with an accelerated

insolation forcing, in order to study the influence of the

land surface in detail. These experiments were performed

with either an interactive or a prescribed (present-day) land

surface, as well as two ‘partially interactive’ experiments:

one in which the land surface was only interactive for tree

fraction, and one in which the land surface was interac-

tively coupled except for the land surface background

albedo. In this set of accelerated experiments, insolation

changes were accelerated with a factor 8, so that the model

was integrated for 1,875 years. Two additional control runs

were performed with present-day insolation (one with a

completely interactive land surface, one with a completely

prescribed land surface), with the same parameter settings

as in the accelerated experiments. An interactive land

surface is denoted with (+), fixed land surface parameters

with (–) for the experiments, accelerated experiments (as

well as the control runs to these experiments) are preceded

by ‘A’. The experiments are summarized in Table 2.

Coupling between the atmosphere and the other com-

ponents was done with a periodically-synchronous cou-

pling technique (Sausen and Voss 1996). In contrast to the

original version, where the fluxes were kept constant dur-

ing the period without interactive calculation of the

atmospheric GCM, an energy balance model is applied

here to get an appropriate feedback on sea surface tem-

perature and sea ice. Details are given in Mikolajewicz

et al. (2007). For the accelerated experiments, the maxi-

mum length of the asynchronous period and the cutoff

value for the heat flux anomaly, which determine the length
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of the asynchronous coupling period (Mikolajewicz et al.

2007), were reduced compared to the unaccelerated

experiments. This does not affect the average climate of the

model, but it might have an effect on the variability.

For the experiments with a prescribed land surface, the

vegetation model was still included for analysis of the

vegetation changes, but changes in the vegetation were not

allowed to affect the atmosphere model. The atmosphere

and vegetation model run on a T21 grid (roughly

5.6� · 5.6�), the ocean and ocean biogeochemistry on an

Arakawa E-grid (effectively 4.0� · 4.0�).

3 Results

3.1 Land surface parametrization

The climatological land surface parameters from the

control run (CTRL+) will be compared with the original

ECHAM3 input (as used for the ACTRL– and AINS–

experiments). The ECHAM3 input fields were mainly de-

rived from satellite measurements, depicting the situation

as influenced by man. The vegetation and land surface as

modelled from the dynamic vegetation model do not take

human influence (e.g. deforestation, land use) into account.

It describes a ‘present-potential’ vegetation.

The simulated vegetation pattern for present-potential

conditions was described in Schurgers et al. (2006), and

shows in general a good agreement with what is considered

as present-potential vegetation. The Amazon region is

dominated by Savanna due to underestimated precipitation

rates in the atmosphere model, and the high latitudes in

Europe and Asia are too cold in the control run compared

to observations, resulting in an anomalous southward shift

of the vegetation zones.

Vegetation cover, as well as surface background albedo

is simulated with an annual cycle. Figure 1 compares the

yearly average surface conditions from the control run

(vegetation and tree cover fraction and background albedo)

with the yearly values of the original ECHAM3 parame-

trization. For both vegetation and tree cover fraction,

model results differ substantially from the original input.

For the vegetation cover in Fig. 1b, it should be noted that

the original ECHAM3 model does not consider a yearly

cycle for the vegetation cover, whereas the newly coupled

version does, and that vegetation cover is corrected with a

dependence on soil moisture content in the ECHAM3

parametrization, which was taken into account for Fig. 1a.

The simulated vegetation cover shown here is the maxi-

mum cover that is obtained throughout the year. Large

differences occur due to the presence of human influence in

the ECHAM3 parametrization, which was not simulated

with the model.

Although vegetation and tree cover differ substantially,

background albedo changes only moderately for most re-

gions with the newly introduced parametrization (Fig. 1c).

Large differences occur in the highest latitudes, where the

original parametrization shows high albedo values,

whereas the modelled land surface shows particularly low

albedoes, due to the presence of dark soils. The original

satellite-derived parametrization could be biased here due

to snow cover influence, which should not be taken into

account in the background albedo, and the modelled values

could be too low, because they are based on bare soils,

whereas vegetation exists here, which is not simulated by

the model. For the rest of the earth, the albedoes match

quite well. Over tropical forest, the modelled albedoes are

slightly lower than from the original parametrization, the

temperate and boreal regions show good agreement, as well

as the desert regions in North Africa and Southern Asia.

The control runs with and without interactive land sur-

face vary only slightly in climate. Global surface air tem-

perature is 286.2 K for both control runs (ACTRL– and

ACTRL+), with a standard deviation of 0.27 K for the

experiment with fixed land surface (ACTRL–) and a stan-

dard deviation of 0.18 K for the experiment with interac-

tive land surface (ACTRL+). Local changes in annual

temperature between the control run with interactive land

surface (ACTRL+) and the control run with fixed land

surface (ACTRL–) reach from –2 K for Central Asia and

Northwest Africa to +3 K for Arabia, mainly caused by

changes in the background albedo (Fig. 1c). Relatively

Table 2 Overview of the

experiments
CTRL+ Control run with present-day insolation (10,000 years)

INS+ Insolation experiment (15,000 years)

ACTRL+ Control run with present-day insolation, with interactive land surface

ACTRL– Control run with present-day insolation, with prescribed (present-day) land surface

AINS+ Insolation experiment, with interactive land surface (accelerated)

AINS– Insolation experiment, with prescribed land surface (accelerated)

AINS+A– Insolation experiment, with interactive land surface, but with prescribed

background albedo (accelerated)

AINS–F+ Insolation experiment, with prescribed land surface, but with interactive tree fraction

(accelerated)
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large differences are simulated near Antarctica, however

these differences are smaller than two standard deviations

of the control run.

The effect of the newly introduced land surface coupling

on precipitation is relatively small. The main exception is

the monsoon over India and Southeast Asia, which expands

slightly northward, thereby extending the land surface area

that is affected. A slight decrease in precipitation is sim-

ulated over Northern Africa.

3.2 Climate change

The total annual amount of incoming solar radiation at the

top of the atmosphere is only slightly higher under Eemian

conditions than under present-day conditions, with a small

change over the period from 128 to 113 ky BP (0.11–

0.13 PW more than present, Fig. 2a). The large changes

that occur in the climate over this period are caused by

changes in the spatial and temporal distribution of the

radiation (Fig. 2b, c). In the following we discuss anoma-

lies of selected time slices as well as time series from the

insolation experiments to the respective control run.

For the early Eemian, the coupled experiment (INS+), as

well as the accelerated coupled experiment (AINS+), sim-

ulate higher (more than 1 K) annual mean surface tem-

peratures on the northern hemisphere. From approximately

125 ky BP till 115 ky BP a gradual cooling of the northern

hemisphere earth surface of nearly 1.5 K is simulated

(Fig. 3). The southern hemisphere shows a very moderate

warming trend during the first 5,000 years of the simula-

tion. During the last 5,000 years of the insolation experi-

ments a moderate cooling trend is obvious. The variability

here is much higher than in the northern hemisphere for

both the insolation runs and the control run (standard

deviations for the control run CTRL+ are 0.15 K for the

northern hemisphere and 0.42 K for the southern hemi-

sphere). This high century scale variability is caused by

variations in the convection in the Weddell Sea and Ross

a

b

c

Fig. 1 Land surface parameters

in ECHAM3 (left) and average

of the control run (CTRL+) with

the new parametrization (right).
a Vegetation cover (in

ECHAM3 corrected for soil

wetness, for the CTRL+

experiment average growing

season vegetation cover is

shown), b tree cover, c surface

background albedo (for the

CTRL+ experiment the yearly

average is shown)
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Sea (see Mikolajewicz et al. 2007). For the accelerated

experiments, the variability seems to be higher in the

running means, especially in the southern hemisphere,

which is a result of averaging over fewer model years due

to the acceleration.

The higher surface temperatures shown in the northern

hemisphere for the first half of the experiment are mainly

taking place during summer, in consistence with the inso-

lation forcing (Fig. 4a). Annual mean surface temperature

anomalies in the insolation experiment INS+ (compared to

the control run CTRL+) are larger over the land surface than

over the ocean, with a strong positive anomaly for the entire

northern hemisphere. The northern hemisphere monsoon

regions (North Africa, Southeast Asia) are remarkable

exceptions, with a cooling for the period 127–125 ky BP of

up to 5 K during summer (Fig. 4a) and up to 4 K in the

annual mean (Fig. 5a). The monsoon circulation differs

here considerably from the control run due to an enhance-

ment of rising air over the land surface and an enhancement

of sinking air over the ocean compared to present, resulting

in a huge precipitation increase for Northwest Africa

(Fig. 5b). The negative temperature anomaly and positive

precipitation anomaly for the beginning of the Eemian

compared to the control run are closely related: increased

cloud cover (Fig. 4b) decreases the incoming radiation and

increased evaporation causes an additional latent heat loss.

To isolate the transient insolation signal, the empirical

orthogonal functions (EOFs, Preisendorfer 1988) from the

INS+ experiment were calculated for surface temperature

and precipitation. Hundred year mean anomalies to the

control run CTRL+ served as input for the analysis. The

first EOFs of temperature and precipitation explain each

more than 40% of the total variance in the data set.

The first principal component time series (Fig. 6a) of

both temperature and precipitation show a clear insolation

signal, following the decrease of incoming radiation in the

northern hemisphere mainly caused by changes in the

earth’s precession. The matching EOF pattern for surface

temperatures shows the northern hemisphere warming with

maximal amplitude close to the Arctic ocean and the strong

cooling in the monsoon areas of Northwest Africa and

Southeast Asia. The first EOF of precipitation describes the

dipole pattern over the tropical North Atlantic with de-

crease of precipitation in the west and enhanced precipi-

tation over the Western Sahara. The second EOF of

precipitation (explaining 8.3% of the total variance) largely

describes the non-linearity in the precipitation response.

Over the Sahara it slightly amplifies the precipitation dur-
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Fig. 2 Total incoming solar radiation at the top of the atmosphere
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ing the early Eemian, and it strongly reduces the effect of

the first EOF around 121 ky BP. This behaviour becomes

obvious from the corresponding principal component time

series. The other EOFs capture only natural variability of

the model, and do not show any insolation signal.

For 116–114 ky BP, the amplitude of the temperature

anomalies (relative to the control run) are smaller (Fig. 4a).

During summer, lower temperatures compared to the

control run were simulated over the northern hemisphere

land surface up to 4 K, with slightly higher temperatures

and a slightly higher cloud cover (Fig. 4b) over the Sahel

zone, which is the opposite effect of that discussed for 127–

125 ky BP.

The CO2 concentration increases during the coupled

experiment INS+, from around 270 ppm for the beginning

(128 ky BP) to around 290 ppm around 116 ky BP. This

increase is mainly related to a decrease of terrestrial carbon

storage (Schurgers et al. 2006). For the accelerated

experiments, the increase in CO2 concentration is smaller,

and the changes are delayed compared to the unaccelerated

experiment. However, the carbon storage in the accelerated

experiments cannot be interpreted directly, as the acceler-

ation caused the insolation changes to happen on time

scales comparable to those of deep ocean ventilation.

3.3 Land surface changes

The main features of the changes in climate in the un-

accelerated experiment are simulated for the accelerated

experiments with and without land surface coupling as

well, however the magnitudes of the simulated effects

differ. In general, there is much more similarity between

the two experiments with interactive land surface (INS+

and AINS+) than between the two accelerated experiment

(AINS+ and AINS–). The latter two experiments show

remarkable differences, both in simulated vegetation and

in simulated climate (Fig. 5). The temperature pattern as

shown for the INS+ experiment in summer for the period

127–125 ky BP (Fig. 4a) dominates the yearly average

for the two accelerated experiments as well, but both the

warming in the high latitudes of the northern hemisphere

and the cooling in the monsoon area compared to the

control run, as described above, are larger for the

experiment with interactive land surface (AINS+) than for

the experiment with prescribed land surface (AINS–,

Fig. 5a). A similar amplification, both of the magnitude

and of the spatial extent, can be observed for precipita-

tion (Fig. 5b).

Changes in the surface albedo are considered to be the

main cause of these amplifications. Figure 5c shows the

albedo changes compared to the respective control runs.

For the AINS– experiment, background albedo was pre-

scribed, so changes in surface albedo are only caused by

changes in the snow cover and changes in sea ice cover.

Over land, minor changes in surface albedo can be ob-

served for the high latitudes. However, if the changes in

vegetation cover are allowed to influence the albedo, as in

the interactive experiment (AINS+), large areas with a

a

b

Fig. 4 a Surface air

temperature anomaly (K) and b
cloud cover anomaly (–) for

summer months (JJA) of

127–125 ky BP (left) and

116–114 ky BP (right) of the

coupled experiments INS+

relative to the climate of the

control run CTRL+
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decreased albedo compared to the control run (ACTRL+)

can be observed for the high latitudes, as well as for

Northwest Africa. These changes are related to changes in

the vegetation cover (Fig. 5d), which themselves are often

amplified by the coupling as well. Positive feedbacks be-

tween vegetation and climate cause this amplification

of the changes due to changes in insolation in the high

latitudes of the northern hemisphere and in the monsoon

areas over North Africa and Southeast Asia.

These local changes in the land albedo, and to a lesser

extent changes in the vegetation cover, cause changes in

the energy balance of the earth, not only in the areas that

are directly subject to these changes, but in other parts of

the earth as well, as discussed below.

Fig. 5 127–125 ky BP annual anomalies of a surface air temperature

(K), b precipitation (mm year–1), c surface albedo (–) and d average

vegetation cover (–), for the experiment with interactive land surface

(INS+–CTRL+, left) and the accelerated experiments with interactive

land surface (AINS+–ACTRL+, middle) and fixed land surface

(AINS––ACTRL–, right)
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3.3.1 High latitude boreal forest and tundra

Over the high latitudes in the northern hemisphere, boreal

forests cover large areas up to the Arctic Ocean in the early

Eemian (Fig. 5d), extending further north than the boreal

forests in the control simulations. Over the time span of the

transient experiment, they show a gradual decrease in cover

north of 60�N (Fig. 7a), which can be interpreted as a

southward retreat of the treeline for most of the northern

hemisphere regions. Until 120 ky BP, temperate forests are

present as well in higher latitudes, but they show a sub-

stantial southward retreat afterwards. Grasses stay constant

or increase slightly for some boreal areas, occupying the

area that is abandoned by boreal trees.

For all insolation experiments, the land surface between

60� and 90�N is simulated to be warmer than for the control

runs between 128 and 122 ky BP (Fig. 7c), causing these

changes in vegetation. For the experiment with fixed land

surface (AINS–), a maximum difference between insolation

run and control run of 1.5 K is simulated, which is due to

an increase in incoming shortwave radiation, and which is

only very slightly enhanced by a snowcover-induced

albedo decrease (Fig. 7b). This effect is enhanced in the

experiments with interactive land surface (INS+ and

AINS+), because changes in tree fraction (Fig. 7a) and

background albedo cause a decrease in surface albedo

compared to the control runs (CTRL+ and ACTRL+,

Fig. 7b). A positive temperature anomaly of more than 3 K

was simulated for the early Eemian.

From 118 ky BP onwards, the opposite effect can be

observed, with enhanced albedo increase and surface

temperature decrease due to land surface changes. Thus

vegetation changes at high northern latitudes enhance the

simulated climate changes by almost a factor of 2. Two

a
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corresponding EOF patterns.
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with 100-year averages. The

climate pattern can be obtained

by the multiplication of the

value of the principal

component time series and the

respective EOF pattern,

summed over all EOFs
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explanations are important for the decrease of surface al-

bedo for the period 128–120 ky BP: (1) the albedo for

forest is lower than for grasses, and (2) the albedo for a

snow-covered forest is lower than for a snow-covered

tundra, due to a more irregular covering of the surface. The

additional experiment AINS–F+, in which background al-

bedo is prescribed according to the present-day situation

(Fig. 1b), but tree fraction is used interactively, can help

separating the two effects. The surface albedo is calculated

from the background albedo and the snow albedo in the

atmosphere model, and tree fraction is used to calculate the

latter. In the AINS–F+ experiment, surface albedo changes

are caused only by changes in the tree fraction and thus

snow albedo. The albedo of vegetation that was not cov-

ered by snow was prescribed according to the present-day

situation.

The annual cycle of albedo (Fig. 8a) changes substan-

tially between the control runs ACTRL– and ACTRL+ and

the insolation experiments AINS– and AINS+. The differ-

ence between 126 ky BP in the AINS– experiment and its

control run (ACTRL–) is caused solely by changes in the

snow cover: in spring snow melt occurs earlier and faster,

resulting in a larger snow-free area during summer. This

difference is enhanced with the interactive land surface:

land surface albedo is both in summer and in winter below

the control run values for 126 ky BP in the AINS+ experi-

ment.

The annual cycle (Fig. 8a) for albedo in the AINS–F+

experiment is similar to the experiment with interactive

land surface (AINS+) during winter and spring, and similar

to the experiment with fixed land surface (AINS–) during

summer. Changes in winter are larger than changes in

summer. However, because the incoming shortwave radi-

ation is much higher during summer, the summer albedo

changes are in general of more importance. Figure 8b

shows that the seasonal cycle of absorbed solar radiation

for the INS–F+ experiment differs mostly from the AINS–

experiment in spring and early summer. The yearly total

absorbed solar radiation for the land surface between 60�
and 90�N is 2.58 · 1022 J for the AINS–, 2.85 · 1022 J for

the AINS+ and 2.76 · 1022 J for the AINS–F+ experiment.

For the control runs this is much lower: 2.42 · 1022 J

for the ACTRL– experiment, and 2.37 · 1022 J for the

ACTRL+ experiment. This sets the increase in absorbed

shortwave radiation due to tree fraction induced snow

albedo changes to two-thirds of the total yearly increase due

to land surface changes, leaving one-third for vegetation

albedo changes and possible synergetic effects.
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air temperature (c) for the land surface 60�–90�N (excluding ice

sheets). Shown are 0.8 ky running means from the unaccelerated

experiments (CTRL+ and INS+), the control runs (ACTRL– and
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diagnostical purposes only and are not influencing the surface

properties as seen by the atmosphere
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3.3.2 Sahara desert

During the first half of the coupled experiment (INS+),

Northwest Africa, including the Sahara region, is covered

with vegetation (Fig. 9). Major changes in the vegetation

pattern occur here during the course of the experiment: The

cover of evergreen trees, both tropical and temperate,

present in the area between 5� and 15�N at the beginning,

reduce, as well as the cover of herbaceous plants. Between

15� and 30�N, the cover of herbaceous plants reduces

clearly during the experiment, and evergreen trees reduce

slightly as well. Around 122 ky BP an almost abrupt

transition of the Sahara vegetation between 15� and 30�N

takes place towards drier conditions with less vegetation.

This retreat of the vegetation causes the Sahara region to

become a desert (Fig. 9).

Enhanced vegetation cover accompanied by an increase

in precipitation (relative to the respective control runs), is

simulated for the period 128–120 ky BP in all insolation

experiments. The diagnostic simulation of vegetation for

the uncoupled transient run (AINS–) shows a clear increase

of both vegetation and precipitation compared to all control

runs (CTRL+, ACTRL– and ACTRL+, Fig. 10). Changes in

the insolation due to changes in the earth’s orbit cause a

heating of the land surface in the subtropical and temperate

regions in summer compared to present, and thereby an

increased temperature gradient between the large land

masses and the ocean, thereby enhancing the atmospheric

moisture transport of the monsoons. The positive feedbacks

between presence of vegetation, land surface albedo and

precipitation cause an obvious amplification of this effect

by approximately a factor of 3 for the early Eemian in the

coupled transient runs (INS+ and AINS+). A similar

amplification was simulated for India, although the

magnitude is smaller due to smaller differences between

vegetation and soil albedo.

The patterns of winds at 850 hPa and vertically inte-

grated atmospheric moisture content of the atmosphere for

the summer months for 127–125 ky BP are shown in

Fig. 11 for the monsoon area over North Africa and India.

There are clear differences between the experiment with

prescribed (AINS–) and the experiment with interactive

(AINS+) land surface: Over West Africa the southwesterly

winds coming from the Atlantic Ocean are stronger in case

of an interactive land surface, thereby advecting more

moisture into the Western Sahara region. The continental

winds coming from the north are clearly weaker. This re-

sults in an increase in atmospheric moisture content,

especially over large parts of Western Africa.

The positive feedback between vegetation and precipi-

tation is supposed to be mainly driven by changes in al-

bedo. Charney (1975) presented a mechanism which links a

decrease in albedo to an increase in rising air and in con-

vection and thereby an increase in precipitation, related to

an increase of energy near the surface of the atmosphere

from enhanced sensible and latent heat loss of the surface.

According to Eltahir (1996), Eltahir and Gong (1996) and

Braconnot et al. (1999) this energy increase drives the in-

Fig. 9 Time evolution of the zonal mean vegetation cover for

Northwest Africa (land surface 10�E–20�W) for the Eemian

insolation experiment (INS+). Shown are 10-year running means
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Fig. 10 Annual mean vegetation cover (a), surface albedo (b) and

precipitation(c) for the Sahara region (10�E–20�W, 10�–30�N).

Shown are 0.8 ky running means from the unaccelerated experiments

(CTRL+ and INS+), the control runs (ACTRL– and ACTRL+) and the

accelerated insolation experiments (AINS– and AINS+). Vegetation

covers from ACTRL– and AINS– are simulated for diagnostical

purposes only and are not influencing the surface properties as seen

by the atmosphere
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creased moisture transport from the ocean into Northern

Africa, which drives the precipitation increase. It is hard to

distinguish between them, because both effects are in

principle resulting in an enhancement of the monsoon

circulation. Both effects are caused by the change in al-

bedo, as shown in Fig. 10b, and result in the modified

circulation pattern in Fig. 11. Besides this albedo change,

the hydrological cycle is further amplified by a recycling of

water: the presence of vegetation enhances evaporation and

thereby precipitation again. In Northwest Africa, more than

half of the precipitation between 15� and 25�N that occurs

during the summer monsoon (Fig. 12e) is evaporated

again.

To verify the importance of the land surface albedo, the

additional experiment AINS+A– was performed. In this

experiment, background albedo was prescribed, but all

other land surface parameters were allowed to vary with

the simulated vegetation changes.

In Fig. 12, the AINS+A– experiment is compared with

the AINS+ and AINS– experiments. The intensification of

the monsoon for the period around 126 ky BP compared to

present is shown clearly, both the uncoupled and the cou-

pled experiments show a northward expansion of the pre-

cipitation pattern in summer, and in general higher

precipitation rates. The simulated patterns in the AINS+A–

experiment are basically the same as in the experiment

without interactive land surface (AINS–, compare Fig. 12c,

d, e), whereas the precipitation in the experiment with a

fully interactive land surface (AINS+) expands much fur-

ther northward. These results confirm that background al-

bedo, the only parameter that differs between these

experiments, is the main feedback factor for the enhance-

ment of Sahara rainfall due to dynamic vegetation changes

during the early Eemian.

3.4 Effects of land surface changes on the global

energy balance

Figure 13 shows an overview of the global energy bal-

ance in the control run, and the anomalies for 126 and

115 ky BP. As was discussed above, the globally and

annually integrated incoming radiation changes only

slightly between control run, 126 and 115 ky BP, with the

anomalies for 126 and 115 ky BP being quite similar.

However, the changes in the spatial and temporal distri-

bution cause larger anomalies for other components of the

energy balance. For most budgets the anomalies in the

insolation experiment differ statistically significantly from

the control run (Fig. 13). These differences are up to one

order of magnitude larger than the changes in annually

integrated global incoming radiation, which indicates that

these spatial and temporal changes are of great impor-

tance.

For 126 ky BP, total cloud cover is higher, especially in

the monsoon areas of the northern hemisphere (Fig. 4b),

causing the solar radiation reflected and absorbed by the

atmosphere to increase, and the amount of solar radiation

reaching the earth surface to decrease. This effect is

stronger over land than over the oceans. Due to lower

albedoes of the ocean (caused by a decrease of sea ice

cover) and the land surface (caused by the ‘greening’ of the

Sahara region and the extension of boreal forests in high

latitudes), the amount of solar radiation reflected by the

surface decreases even more than the decrease of incom-

ing shortwave radiation, especially for the land surface

(–1.1 W m–2). The negative albedo anomalies for 126 ky

BP cause a slight increase of absorbed shortwave radiation

at the surface for land and ocean, despite the smaller

a

b

c

Fig. 11 Average summer (JJA) winds at pressure level 850 hPa

(arrows, indicated arrow is 10 m s–1) and average summer integrated

atmospheric moisture content (kg m–2, colours) for the uncoupled

control run (ACTRL–) (a) and for 127–125 ky BP (b) with fixed land

surface (AINS–) and with interactive land surface (AINS+) (c). Shown

are the African and Indian monsoon regions
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incoming flux. For 126 ky BP, the outgoing shortwave

radiation at the top of the atmosphere shows a clear posi-

tive anomaly in the monsoon area over Southeast Asia,

Northern Africa and the Arabian Sea compared to present,

where cloud cover increases (see Fig. 4b), and a slight

negative anomaly compared to present in the high latitudes

of the northern hemisphere, where the effective albedo

decreases due to land surface changes.

The high cloud cover for 126 ky BP causes as well big

changes in the longwave radiation at the surface: down-

ward longwave radiation increases by 2.5 W m–2 over land

and by 2.0 W m–2 over the ocean, which is partially

counterbalanced by an increase of outgoing longwave

radiation due to increased temperatures of the surface

(+1.4 W m–2 over land, +1.7 W m–2 over the ocean). Be-

cause cloud cover changes are much smaller for 115 ky

BP, the anomalies in the energy fluxes mentioned above

are all much smaller. Due to a slight cooling for 115 ky BP

(Fig. 4a), the incoming and outgoing thermal radiation at

the surface decrease slightly for 115 ky BP, with in general

stronger effects for the land than for the ocean, caused by

larger temperature anomalies.

For 126 ky BP, the fluxes of latent and sensible heat

show considerable changes compared to the control run,

mainly for the land surface. Although the absolute changes

are comparable to those of other fluxes, the relative change

of especially latent heat over the land surface is very large.

Due to higher temperatures, and an increase of vegetation

cover and soil wetness mainly in the Sahara region,

evaporation increases drastically, causing an increase in

latent heat loss for the land surface (+1.6 W m–2 or

+13.8%) compared to the control run. This is only to a

small part counterbalanced by a decrease in sensible heat

loss (–0.2 W m–2). Latent heat loss is the main factor

compensating the imbalance in longwave radiation at the

surface. The main changes in latent as well as sensible heat

loss take place in the tropics (Fig. 13), with a dominant role

for North Africa.

The effects on the incoming radiation at the surface are

in general much lower for the experiment without land

surface coupling (AINS–) than for the experiment with land

surface coupling (AINS+). Land surface changes are a

significant amplifier of the energy balance effects due to

changes in insolation for this time period, even on a global

scale.

4 Conclusions and discussion

A parametrization for land surface properties was pre-

sented, which describes the changes in land surface prop-

erties in dependence of the simulated vegetation. Transient

c

d

e

a

b

Fig. 12 Zonally averaged

annual cycle of precipitation on

land (mm month–1) for the

Western Sahara region (10�E–

20�W), for the control

experiments (left) and for the

accelerated insolation

experiments (right) for

127–125 ky BP. The top panels
show the experiments with fixed

land surface, the bottom panels
show the experiments with fully

interactive land surface, and the

middle panel shows the

experiment with interactive land

surface but fixed background

albedo
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experiments covering the entire last interglacial were per-

formed with a complex earth system model. Comparable

experiments were so far only performed with intermediate

complexity models.

The newly calculated vegetation and tree fraction differ

substantially from the original input as used for the

ECHAM3 atmosphere general circulation model. This bias

is related to the difference between the observed vegetation

as was used for ECHAM3 and the present-potential vege-

tation as modelled in this earth system model. However,

the control run with interactive land surface did not differ

widely in albedo values and climate from the control run

with prescribed ECHAM3 parameters.

Climate change during the Eemian was forced by

changes in the spatial and temporal patterns of incoming

solar radiation. It caused clear changes in the land surface

cover, especially in the high latitudes of the northern

hemisphere, and in the monsoon regions in the subtropics

of the northern hemisphere.

For the period from 128 to 120 ky BP, the simulated

tree fraction in the high latitudes is larger than in the

control run, with a maximum around 126 ky BP and a

gradual decrease afterwards. Due to the positive feedback

between temperature, forest growth and albedo, the de-

crease of forest area during the insolation experiments

causes an increase of the surface albedo and enhances the

temperature decrease in the high latitudes. A comparison

between experiments with fixed land surface and experi-

ments with interactive land surface shows that roughly

two-thirds of this enhancement are due to the effect of

forest presence on snow albedo, and one-third is due to

the difference in background albedo between trees and

grasses and due to synergetic effects between these two

processes.

The enhanced monsoon circulation between 128 and

122 ky BP compared to the present situation over North

Africa and Southeast Asia causes an increase in transport

of water vapour to these regions. The enhanced vegetation

growth and increase in soil moisture amplify this effect.

The changes in the surface albedo are by far the most

important parameter for this positive feedback between

climate and land surface.

Overall, these changes in the land surface at high

northern latitudes and in the northern hemisphere monsoon

belt (in both cases related to changes in the surface albedo),

have global implications, and tend to intensify climate

change as induced by changes in the earth’s orbit. This

intensification was simulated for key climate factors, such

as temperature and precipitation. Our simulations show no

areas with a clear negative feedback on land surface al-

bedo. The amplification due to albedo changes was simu-

lated for the Eemian before by Kubatzki et al. (2000) and

Crucifix and Loutre (2002). Together with albedo changes

from ice sheet and sea ice changes, land surface albedo

Fig. 13 Overview of the global

energy balance for the control

run CTRL+ and anomalies for

127–125 ky BP (upper value)

and 116–114 ky BP (lower
value) from the INS+

experiment to the control run.

All fluxes are in W m–2, the

relative changes are given for

127–125 and 116–114 ky BP as

well. Anomalies that are not

significantly different from the

control run (a = 0.01) are

printed in italics. Positive

numbers indicate an

enhancement in the direction

of the arrow
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could play a major role in the difference between glacial

and interglacial climate, and might be an important factor

in triggering the transition from an interglacial to a glacial,

as was suggested before by de Noblet et al. (1996), Gal-

limore and Kutzbach (1996) and Yoshimori et al. (2002).

Calov et al. (2005) however showed for the CLIMBER–2

model that vegetation dynamics are amplifying the feed-

back, but that changes in insolation, together with the

feedback between ice cover, surface albedo and tempera-

ture, are capable of starting glaciation without vegetation

dynamics, ocean dynamics or CO2 decrease as essential

trigger.

Probably the largest caveat of the experiment setup for a

realistic reconstruction of Eemian climate is the absence of

dynamical continental ice sheets. Over the time covered by

the experiments (128–113 ky BP), the ice sheets are known

to have changed (Tarasov and Peltier 2003), with a clear

onset of glaciation towards the end of the covered period.

Experiments with the ice sheet model SICOPOLIS (Greve

1997) are planned with an improved version of the coupled

earth system model as presented in Winguth et al. (2005)

and Mikolajewicz et al. (2007). Ice sheet changes are ex-

pected to enhance the albedo effect in high latitudes. In this

way, the albedo changes due to ice sheets and vegetation

changes might be an important factor for the onset of

glaciation.

The acceleration of eight times, as used in the acceler-

ated experiments, seems to be reasonable for assessing the

effect of biogeophysical land surface changes, and much

smaller differences were simulated between the experi-

ments with and without acceleration of the insolation

changes (AINS+ and INS+) than between the experiments

with and without interactive land surface (AINS+ and

AINS–). This indicates that the acceleration effect is much

smaller than the effect of an interactive land surface.

However, the use of the acceleration technique would not

be appropriate for slower processes, e.g. carbon storage in

soils or in the ocean. The acceleration would cause an

artificial delay in the response, thereby mixing this delayed

response with the timely signal of faster processes. For

these purposes only unaccelerated experiments should be

used.
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