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Abstract

Climate variability at sub-Milankovitch periods (between 2 and 15 kyr) is studied in
a set of transient simulations with a coupled atmosphere/ocean/vegetation model of
intermediate complexity (Climber-2). Focus is on the region influenced by the African
and Asian summer monsoon. Pronounced variations at sub-Milankovitch periods of5

about 10 kyr (Asia and Africa) and about 5 kyr (Asia) are found in the monsoonal runoff
in response to the precessional forcing. This is caused by the dynamic response of the
vegetation. For low summer insolation (precession maximum) precipitation is low and
desert expands at the expense of grass, while for high insolation (precession minimum)
precipitation is high and the tree fraction increases thus reducing the grass fraction.10

This induces sub-Milankovitch variations in the grass fraction and associated variations
in the water holding capacity of the soil. No sub-Milankovitch variability occurs in the
runoff when vegetation is kept fixed. The high-latitude vegetation coverage also exhibits
sub-Milankovitch variability under both obliquity as well as precessional forcing. We
hypothesize that sub-Milankovitch variations found in terrestrial and marine records15

are related to variations in vegetation, soil characteristics and runoff influencing ocean
salinity and circulation.

1 Introduction

Evidence for climate variability on sub-Milankovitch timescales (here defined as >2 kyr
(2000 years) and <15 kyr) is found in climate proxy. These sub-Milankovitch signals20

are recorded in both marine and terrestrial records from different parts of the world,
i.e. at high latitudes in the Atlantic Ocean (Hagelberg et al., 1994), in Spain (Rodŕıguez-
Tovar and Pardo-Igúzquiza, 2003), in the Mediterranean Sea (Larrasoaña et al., 2003;
Steenbrink et al., 2003; Becker et al., 2005), in the equatorial Pacific Ocean (Hagelberg
et al., 1994), in marine sediments influenced by the strength of the African monsoon25

(Pokras and Mix, 1987; Hagelberg et al., 1994; McIntyre and Molfino, 1996) and by the
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strength of the Asian monsoon (Pestiaux et al., 1988; Naidu, 1998).
For most climatic parameters the presence of signals in the Milankovitch frequency

band (i.e., eccentricity (100 kyr and 400 kyr), precession (23 kyr and 19 kyr) and obliq-
uity (41 kyr)) can mostly be explained by a linear response of the climate system to
the orbital forcing (Imbrie et al., 1992; Jackson and Broccoli, 2003). In contrast, the5

variability at sub-Milankovitch scales cannot be explained by a linear response be-
cause there is no known forcing at these timescales. In general, the occurrence of
these sub-Milankovitch signals are explained by a nonlinear response of the climate
to the orbital forcing. This nonlinear behaviour is expressed as sub-harmonics and
combination tones of the primary orbital signals. This is shown by Le Treut and Ghil10

(1983) who forced a simple nonlinear climatic oscillator with orbital frequencies. In the
response of the model they obtained periods near 10.5 and 5 kyr with clusters of val-
ues around these periods. These periods can be expressed as combination tones of
precession and obliquity. Indeed, in sedimentary records often periods around 10 kyr
(Pokras and Mix, 1987; Pestiaux et al., 1988; Hagelberg et al., 1994; McIntyre and15

Molfino, 1996; Rodŕıguez-Tovar and Pardo-Igúzquiza, 2003), around 5 kyr (Pokras and
Mix, 1987; Pestiaux et al., 1988; Ortiz et al., 1999) and sometimes also around 2.5 kyr
(Pestiaux et al., 1988) are found.

A complicating factor in the study of sub-Milankovitch signals is the partitioning be-
tween the internal variability of the climate system and the externally forced oscillations20

at sub-Milankovitch timescales (Le Treut and Ghil, 1983; Saltzman and Sutera, 1984).
Climate models are a suitable tool to distinguish between the externally forced and in-
ternal variability of the climate system. Furthermore, experiments with climate models
can also give some quantitative information about the amplitude of sub-Milankovitch
variability. Unfortunately, studying sub-Milankovitch variability with models requires25

long transient simulations leading to high computational costs. For this reason model
studies concerning sub-Milankovitch variability are not very numerous and they are
only possible with relatively simple models. Using a two-dimensional EBM (Energy
Balance Model), Short et al. (1991) found climatic variability at timescales of 10–12 kyr
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for the maximum summer temperature over equatorial Africa (see also Crowley et al.,
1992). Short et al. (1991) explained this by the twice overhead passage of the sun
for equatorial regions. This causes a movement of the maximum temperature from
spring to fall (and vice versa) and a signal at half of the precession period. The EBM
of Short et al. (1991) did not include a hydrological cycle, but they speculated that5

the summer monsoon would also exhibit a period of 10–12 kyr because the maximum
summer temperature would be an indication for the moisture availability to the monsoon
region. Transient simulations were also done with an Earth system model of Interme-
diate Complexity (EMIC, Claussen et al., 2002) which included an hydrological cycle
(Tuenter et al., 2005). They found at 15◦ N during maximum precession (i.e., when10

winter solstice occurs in perihelion) two maxima for the temperature (one in April and
a weaker one in November). However, during minimum precession (summer solstice
in perihelion) they obtained only one maximum for the summer temperature (in July).
Furthermore, both during minimum and maximum precession there is only one precip-
itation maximum (in July). This illustrates that the maximum summer temperature and15

the strength of the monsoon are not linearly related. As an associated result, Tuenter
et al. (2005) did not find sub-Milankovitch signals in the monsoonal precipitation. How-
ever, they found some variability at sub-Milankovitch timescales in the annual runoff
from the combined African and Asian monsoon.

In this paper the sub-Milankovitch variability as seen in model results described in20

Tuenter et al. (2005) is studied in more detail. Sub-Milankovitch signals at Northern
Hemisphere high and mid-latitudes will be briefly described, but focus is on the African
and Asian monsoon at low latitudes. This is because most data are obtained from
sediment records which are influenced by the strength of the monsoon (Pokras and
Mix, 1987; Pestiaux et al., 1988; Hagelberg et al., 1994; McIntyre and Molfino, 1996;25

Larrasoaña et al., 2003).
In Sect. 2 the model and experimental set-up are described. In Sect. 3 the model

results are discussed while in Sect. 4 the study will be summarized and discussed.
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2 The model and experimental set-up

We use the coupled model of intermediate complexity CLIMBER-2 (for CLIMate and
BiosphERe, version 3, Petoukhov et al., 2000). The model consists of an atmosphere
model, an ocean/sea-ice model and a land/vegetation model. This version of the model
contains no ice sheet model. No flux adjustments are used.5

The atmospheric model is a 2.5-dimensional statistical-dynamical model with a res-
olution of 10◦ in latitude and approximately 51◦ in longitude (Fig. 1). The model does
not resolve synoptic timescales but uses statistical characteristics associated with
ensemble-means of the system. The vertical structure of temperature and humidity
is prescribed. These vertical profiles are used for the computation of the 3-dimensional10

fields of the atmospheric circulation and the radiative fluxes. The vertical resolution for
the circulation, temperature and humidity is 10 levels and for the long-wave radiation
16 levels. The time step is one day.

The terrestrial vegetation model is VECODE (VEgetation COntinuous DEscription,
Brovkin et al. 1997). The model computes the fraction of the potential vegetation (i.e.,15

grass, trees and bare soil). This is a continuous function of the annual sum of positive
day-temperatures and the annual precipitation. There is no lag in the response of
the vegetation to the climate, i.e., at the end of each model year new fractions are
computed which are used for the following year. The computed vegetation changes
affect the land-surface albedo and the hydrological cycle. The time step of VECODE is20

one year.
The ocean model is based on the model of Stocker et al. (1992) and describes the

zonally averaged temperature, salinity and velocity for three separate basins (Atlantic,
Indian and Pacific oceans, Fig. 1). The three basins are connected by the Southern
Ocean through which mass, heat and salt are exchanged. The latitudinal resolution25

is 2.5◦ and the vertical resolution is 20 unequal levels. The time step is 5 days. The
ocean model includes a simple thermodynamic sea-ice model that computes the sea-
ice fraction and thickness for each grid box, with a simple treatment of advection and
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diffusion of sea-ice.
Results of CLIMBER-2 compare favorably with data of the present day climate

(Ganopolski et al., 1998b; Petoukhov et al., 2000). Results of sensitivity experiments
(like changes in CO2, vegetation cover and solar irradiance) performed with CLIMBER-
2 agree reasonably well with results of more comprehensive models (Ganopolski et al.,5

2001). The model is successful in simulating cold climates (Ganopolski et al., 1998b),
while Ganopolski et al. (1998a) and Kubatzki et al. (2000) have shown that the model is
also capable of simulating warm periods like the mid-Holocene and the last interglacial
maximum (6 kyr and 125 kyr Before Present (BP)), respectively. Finally, the model has
been used for transient simulations of the (African) monsoon with good agreement with10

paleoclimatic data (Claussen et al., 1999).
With CLIMBER-2 we performed 3 different transient simulations for the interval from

280 to 150 kyr BP. One to examine the climatic response to the precession forcing
alone, one to the obliquity forcing and one to the combined forcing. The orbital param-
eters used in this study were computed with the method described in Berger (1978).15

For the precession signal (P) the eccentricity and precession are shown in Fig. 2 while
obliquity (or tilt) was fixed at a minimum value (22.08 degrees), see also Table 1 . The
precession index is defined as e sin(π+ω̃) with e being the eccentricity of the Earth’s
orbit and ω̃ the angle between the vernal equinox and perihelion (measured counter
clockwise). From the definition of the precession parameter it can be derived that it is20

necessary to let eccentricity vary because it modulates precession. We will use the
terms “minimum” and “maximum” precession referring to the minimum and maximum
values of e sin(π+ω̃), respectively. We used the minimum obliquity of the epoch for the
precession simulation because the same value was already used in equilibrium exper-
iments (Tuenter et al., 2003). In that paper it was shown that the climate response to25

the precession forcing does not depend on the prevailing obliquity.
The climatic response to the obliquity signal (T) was studied by varying the tilt and

using a circular Earth orbit (i.e., eccentricity=0), see Fig. 2 and Table 1. A circular
Earth orbit is used because in this configuration there is no influence of precession
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(e sin(π+ω̃)=0 for each ω̃). It is useful to eliminate the precession signal because in
equilibrium experiments it was found that the response of the climate to the obliquity
forcing could depend on the prevailing precession (Tuenter et al., 2003). The third
simulation combines the precession and obliquity signal (PT, Table 1) by varying both
the obliquity parameter and the precession parameter.5

The 280–150 kyr BP interval was selected because it contains an eccentricity cycle
with a large amplitude (although it is not the most extreme eccentricity cycle of the last
1 million years) and the most extreme obliquity oscillations of the last 1 million years.

All experiments described above have been carried out with the coupled
atmosphere-ocean model and with the atmosphere-ocean-vegetation model. In the10

simulations with the atmosphere-ocean model the vegetation was prescribed accord-
ing to observed present day coverage and was kept constant during the simulations.
The results of the simulations with the atmosphere-ocean-vegetation model will be
denoted as PV, TV and PTV for the precession, obliquity and combined simulations,
respectively (Table 1).15

For all simulations the boundary conditions like orography, land-sea configuration,
ice sheets and concentration of trace gasses were kept constant. For the initial state
present day conditions were used for all simulations. The results will be shown as
averages over 100 years as the periods of the oscillations of the orbital parameters are
much larger than 100 years.20

3 Results

3.1 The African and Asian monsoon

In Tuenter et al. (2005) the African and Asian monsoon were combined because at
Milankovitch timescales they behave similarly. However, it will become clear that at
sub-Milankovitch timescales they behave differently and for that reason they will be25

discussed separately. The African monsoon is defined as the gridbox located in at-
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mospheric sector 2 and latitudes 10◦ N–20◦ N while the Asian monsoon is the gridbox
located in atmospheric sector 3 and latitudes 20◦ N–30◦ N (Fig. 1). At low latitudes the
precession signal is much stronger than the obliquity signal, although the obliquity sig-
nal is not negligible (Tuenter et al., 2005). Consequently, to a large extent experiments
PT and PTV show the same characteristics as experiments P and PV, respectively.5

Therefore we will focus on the results of experiments P and PV.
The monsoonal precipitation is stronger during minimum precession compared to

maximum precession (Fig. 3) which can be mainly attributed to the enhanced differen-
tial heating between land and ocean due to the stronger insolation in boreal summer.
Including an interactive vegetation model leads to a stronger response for both the10

African and the Asian monsoon. This can be explained by a stronger hydrological cy-
cle and larger albedo differences induced by vegetation (Broström et al., 1998; Doherty
et al., 2000; Tuenter et al., 2005).

The qualitative vegetation response to the precession forcing is similar for the African
and Asian monsoon (Fig. 3). During precession minima the tree fraction increases15

while during precession maxima the desert fraction increases. This can be attributed
to the stronger monsoonal rainfall during precession minima compared to precession
maxima. The increase of the desert fraction during precession maxima leads to the
occurrence of sub-Milankovitch periods next to the precession period (Fig. 4) which
also applies to the tree fraction (not shown). However, these sub-Milankovitch signals20

are caused by “clipping” (Hagelberg et al., 1994) that is introduced by the fact that the
vegetation fractions cannot be negative. The sharp transitions caused by the clipping
introduce energy into the power spectrum at the harmonic frequencies of precession
(Fig. 4). These harmonics are an artifact of clipping (Hagelberg et al., 1994). Due to the
alternating increase of the desert and tree fractions the grass fraction decreases both25

during precession minima and maxima (Fig. 3). This results in an additional period of
about 10 kyr (or a half-precessional period) for the grass fraction, next to the (weaker)
precession period (Fig. 4). The amplitude of the vegetation response to precession
is larger for the Asian monsoon then for the African monsoon, especially during pre-
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cession maxima (Fig. 3). When eccentricity is high, the entire Asian monsoon region
is even completely covered by desert during precession maxima. The larger desert
fraction for the Asian monsoon compared to the African monsoon can be explained by
the smaller amount of precipitation during precession maxima (Fig. 3) and by the lower
annual surface air temperature (not shown) for the Asian monsoon compared to the5

African monsoon.
During precession minima the runoff from the African and Asian monsoon is largest

in both experiment P and PV which is caused by the maximum precipitation (Fig. 3). In
experiment P the runoff is at a minimum during precession maxima which is in agree-
ment with the minimum precipitation. This results in a precession period with no other10

periods in the power spectrum of the runoff from experiment P (not shown). In exper-
iment PV the runoff from the African monsoon is at a (secondary) maximum during
precession maxima (Fig. 3). These secondary maxima cause an additional 10 kyr pe-
riod next to the precession period (Fig. 5). The runoff of the Asian monsoon is also at a
maximum during weak precession maxima (i.e., around 255 and 163 kyr BP) in experi-15

ment PV. However, during strong precession maxima the Asian monsoonal runoff is at
a minimum and several thousands of years before and after this minimum the runoff is
at a maximum (Fig. 3). This leads to a weak (but significant) ∼5 kyr period next to the
∼10 kyr and the precessional period in the runoff signal for the Asian monsoon (Fig. 5).

To explain the mechanism underlying the occurrence of the sub-Milankovitch variabil-20

ity in the runoff, we will focus on the period with the strongest minimum and maximum
precession, i.e., 217–190 kyr BP. The periodic behaviour of the runoff is similar in all
monsoon months but the largest amplitude occurs in July. For this reason we will only
show the results for July.

Starting with a minimum precession (at 220 kyr BP, Fig. 3) the total runoff from the25

African monsoon decreases due to a decrease in the precipitation (Fig. 6). Due to
this decrease of the precipitation the desert area grows at the expense of the grass
fraction. This causes an increase of the total runoff (despite the decreasing precip-
itation) because bare soil can hold less water than grass. At maximum precession
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(209 kyr BP) a secondary maximum in the runoff occurs due to the maximum extent
of the desert (Fig. 6). After maximum precession the precipitation increases causing a
decrease in the desert fraction and an increase in the grass fraction. This causes a de-
crease in the runoff because the expanding grass fraction can hold more ground water.
However, when precipitation further increases the runoff from the grass increases and5

together with the runoff from the trees this leads to a runoff maximum around minimum
precession at 198 kyr BP (Fig. 6).

A similar explanation as given for the African monsoon also applies to the Asian mon-
soon. As for the African monsoon the runoff increases around 213 kyr BP but now the
desert fraction reaches its maximum while the precipitation is still decreasing (Fig. 6).10

This leads to a minimum runoff concurrent with the minimum precipitation at maximum
precession (at ∼209 kyr BP). After maximum precession the runoff increases together
with the increasing precipitation until around 206.5 kyr BP. After that the grass fraction
starts to increase at the expense of desert area. This leads to a decrease of the runoff
due to the stronger water holding capability of grass compared to desert. Finally, due15

to the still increasing precipitation the runoff increases leading to a maximum around
minimum precession (198 kyr BP).

In the obliquity experiment TV also no sub-Milankovitch variability occurs in the mon-
soonal precipitation. In the vegetation fraction for the African and the Asian monsoon
the sub-Milankovitch variability is similar as in experiment PV, i.e., the grass fraction20

decreases due to an alternating increase in the desert fraction and in the tree fraction
(not shown). This leads to a period of about 20 kyr next to the period of 41 kyr. How-
ever, the amplitudes of the variations in the vegetation fractions are small in experiment
TV, i.e., changes of about 0.1. There is no sub-Milankovitch variability in the runoff for
both the African and Asian monsoon in experiment TV. This is because the vegetation25

variations are too small to induce sub-Milankovitch variability in the runoff.
The results of the combined experiment PTV are almost linear combinations of the

results of experiments PV and TV (Tuenter et al., 2005). This means that the vegeta-
tion and runoff for the African and Asian monsoon in experiment PTV is governed by
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experiment PV due to the small amplitude of experiment TV. This leads to similar sub-
Milankovitch variability in the vegetation and runoff as shown in Fig. 3 in experiment
PTV.

3.2 Sub-Milankovitch in other regions

Similar sub-Milankovitch variability in the vegetation as shown in Fig. 3 also exists for5

high- and mid-latitudinal regions for both obliquity and precession. Some examples are
the northern Asian continent (Fig. 7), northern Canada (atmospheric sector 7, 60◦ N–
70◦ N, not shown) in experiments PV and TV and the East Asian region (atmospheric
sector 4, 30◦ N–40◦ N) in experiment PV (not shown). For obliquity this introduces
a sub-Milankovitch period of about 20 kyr which is very close to the primary orbital10

periods of precession (19 and 23 kyr).
An example for which sub-Milankovitch variability in the vegetation does not only

introduce sub-Milankovitch variability in the runoff, but also in the Surface Air Tem-
perature (SAT) is given for the Sahara (Fig. 7). The secondary maxima and minima
in the Saharan SAT are caused by albedo changes induced by vegetation changes.15

This example also shows that secondary minima/maxima in a climate parameter can
occur during precession minima as well as during precession maxima as found for
the monsoonal runoff. Sub-Milankovitch variability in other climatic parameters (both
in the ocean and atmosphere) are also found. However, this variability is either very
small or it is caused by clipping (Crowley et al., 1992; Hagelberg et al., 1994), e.g. for20

snow fractions (Fig. 7) and sea-ice fractions (not shown). This clipping introduces arti-
ficial sub-Milankovitch variability at the harmonic frequencies of precession (Hagelberg
et al., 1994). Furthermore, it also transports energy into the power spectrum at the
modulating period of precession, i.e. eccentricity (Crowley et al., 1992).
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4 Summary and discussion

In this study, we investigated whether climate variability at sub-Milankovitch periods
(>2 kyr and <15 kyr) can be simulated in long (130 kyr) experiments with an EMIC
(Climber-2). Our approach was to study the climate response to the separate obliquity
and precession forcing. Furthermore, we also performed the simulations with and5

without an interactive vegetation model.
For the strength of the African and Asian monsoon no sub-Milankovitch variability

was found in any simulations. However, in the precession experiment with interactive
vegetation sub-Milankovitch variability in the vegetation and runoff in the monsoonal
regions is simulated. In the run with constant vegetation no sub-Milankovitch periods10

in the monsoonal runoff were found. The mechanism for sub-Milankovitch signals in
the vegetation is similar for the Asian and African monsoon regions: The grass fraction
decreases due to the increase of both the desert fraction (during maximum precession)
and the tree fraction (during minimum precession). This introduces a sub-Milankovitch
period of about 10 kyr for the grass fraction. The sub-Milankovitch signal in the mon-15

soonal runoff is caused by the different water holding capacity of trees, grass and
desert. The sub-Milankovitch period of the African monsoon (only ∼10 kyr) differs from
the Asian monsoon (∼10 kyr and ∼5 kyr) due to differences in the amplitudes of the
vegetation signal.

The mechanism for sub-Milankovitch variability in the vegetation at low latitudes can20

be also found at high and mid-latitudes. At high latitudes this is also possible for obliq-
uity leading to an additional period of ∼20 kyr which is close to the primary orbital peri-
ods of precession. With an example of the Sahara it was shown that sub-Milankovitch
variability in vegetation can not only induce sub-Milankovitch variability in runoff but
also in surface air temperature due to albedo changes. Finally, other examples of sub-25

Milankovitch variability were found but they were either small or they were caused by
clipping which causes artificial sub-Milankovitch periods (Hagelberg et al., 1994).

The difference between the African and Asian summer monsoon is caused by the
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fact that the desert fully covers the entire Asian monsoon region during strong preces-
sion maxima while it only partly covers the African monsoon region (Fig. 3). This can
be explained by the smaller amount of annual precipitation and the lower annual tem-
perature during precession maxima for the Asian monsoon compared to the African
monsoon. However, they strongly depend on the background climate which is mainly5

governed by the chosen value of obliquity (here 22.08 degrees), the atmospheric com-
position (pre-industrial values for carbon dioxide and methane) and the size of the ice
sheets (present-day ice sheets). Changing these boundary conditions could easily in-
duce other sub-Milankovitch variability, for instance a ∼5 kyr period in the runoff of the
African monsoon and/or no ∼5 kyr period for the Asian monsoon runoff. Consequently,10

the simulated sub-Milankovitch periods for the monsoonal runoff is only one possible
realization. These periods depend on the background climate that changes when the
boundary conditions change.

Including varying ice sheets is not necessary for simulating sub-Milankovitch vari-
ability in our model. This is in agreement with Ortiz et al. (1999) who found sub-15

Milankovitch variability in the Atlantic Ocean for the period prior to the onset of the
glacial cycles at ∼2.8 million years BP. However, this does not imply that ice sheets
cannot change the characteristics of sub-Milankovitch variability. For instance, Sun and
Huang (2006) found a half-precession cycle in the loess-soil sequence of the last inter-
glacial reflecting changes in the East Asian summer monsoon circulation. For the last20

glacial they did not find sub-Milankovitch variability due to the reduced influence of the
summer monsoon on their study area. Another example is the weak sub-Milankovitch
variability in a dust record from the eastern Mediterranean Sea from 3 million years
BP until the mid-Pleistocene transition (Larrasoaña et al., 2003). During and after
the mid-Pleistocene transition, when the amplitude of the Northern Hemisphere ice25

sheets changes increase, the sub-Milankovitch variability gets much stronger. This
suggests that the strength of sub-Milankovitch variability depends on the size of the
ice sheets. Transient simulations with climate models including an interactive ice sheet
model might show this influence of ice sheets on sub-Milankovitch variability.
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The sub-Milankovitch periods of about 10 and/or 5 kyr in the Asian and African region
are in agreement with proxy-based evidence. Sun and Huang (2006) suggest that
their periods in the northwestern Chinese Loess Plateau originate from half-precession
cycles in the insolation from low latitudes. Our results suggest that their signal could
also reflect local sub-Milankovitch periods in vegetation and/or runoff.5

Comparing the sub-Milankovitch variability from this study to marine signals is not
possible in a direct way, because Climber-2 includes a coarse zonally averaged ocean
model. This hinders the research of the influence of the monsoonal runoff on the At-
lantic and Indian Ocean. Sub-Milankovitch periods of ∼10 kyr and/or ∼5 kyr periods are
also found in marine records both in the Atlantic Ocean (Pokras and Mix, 1987; Hagel-10

berg et al., 1994; McIntyre and Molfino, 1996), in the Mediterranean Sea (Larrasoaña
et al., 2003; Becker et al., 2005) and in the Indian Ocean (Pestiaux et al., 1988; Naidu,
1998). In general, these authors explain their signals by variations in the strength of
the monsoon. Our results suggest that the signals can be explained by variations in the
monsoonal runoff rather than variations in the strength of the monsoon. The changing15

runoff induces variations in the salinity of the ocean which could cause a signal by itself
or through salinity induced circulation changes.
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Table 1. Orbital configuration and vegetation used for the 6 transient experiments as described
in Tuenter et al. (2005). P is the precession experiment with fixed vegetation, T is the obliq-
uity (Tilt) experiment with fixedvegetation and PT is the combined precession and obliquity
experiment with fixed vegetation. PV, TV, and PTV are the precession, obliquity and combined
experiments with interactive vegetation, respectively. PD stands for Present Day. The tilt is
defined as the angle between the ecliptic and the equator, e is the eccentricity of the orbit of
the Earth and ω̃ is the angle between the vernal equinox and perihelion (measured counter
clockwise).

Experiment Tilt (degrees) Precession (esin(π+ω̃)) Eccentricity Vegetation

P Fixed (22.08) Variable (Fig. 2) Variable (Fig. 2) Fixed (PD)
T Variable (Fig. 2) Fixed (0.0) Fixed (0.0) Fixed (PD)
PT Variable (Fig. 2) Variable (Fig. 2) Variable (Fig. 2) Fixed (PD)
PV Fixed (22.08) Variable (Fig. 2) Variable (Fig. 2) Interactive
TV Variable (Fig. 2) Fixed (0.0) Fixed (0.0) Interactive
PTV Variable (Fig. 2) Variable (Fig. 2) Variable (Fig. 2) Interactive
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Fig. 1. Representation of the Earth geography in CLIMBER-2.3. Horizontal dashed lines sep-
arate grid cells for the atmospheric grid (the latitudinal resolution for the ocean is 2.5◦). Vertical
dashed lines show only atmospheric grid cells. Atmospheric sectors are numbered in the cir-
cles. Black area indicates only the relative fractions of land and ocean in the atmospheric grid
cells. Solid vertical lines show the partition between the three ocean basins.
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Fig. 2. Orbital parameters for the period 280–150 ka BP: Eccentricity (short dashed), the pre-
cession parameter (solid) and obliquity (long dashed). The left vertical axis displays the values
for eccentricity and the precession parameter. The right axis shows the values for obliquity (in
degrees). The horizontal axis displays time (in 1000 years Before Present).
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Fig. 3. Precipitation (top panels) and runoff (bottom panels) averaged for June-September for
experiment PV (thick green line) and experiment P (thin blue line). Middle panels: Annual grass
fraction (thick green line), annual tree fraction (dashed red line) and annual desert fraction (thin,
dark yellow line) for experiment PV. The left panels are results for the African monsoon and the
right panels for the Asian monsoon. In all panels the precession parameter is plotted (dotted
line, arbitrary scale). The horizontal axes denote time in 1000 years Before Present).
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Fig. 4. Power spectrum of results from experiment PV for the desert fraction (upper panel) and
the grass fraction (lower panel) for the African monsoon. The pink, blue and green line indicate
the 99.5%, 99% and 95% confidence level, respectively. Power spectra were obtained by using
the CLEAN transformation of Roberts et al. (1987). For the determination of significance levels
associated with the frequency spectra of the CLEAN algorithm, we applied a Monte Carlo based
method developed by Heslop and Dekkers (2002), which was run as a MATLAB routine. The
CLEAN spectra were determined by adding 10% red noise (i.e., control parameter = 0.1), a
clean/gain factor of 0.1, 500 CLEAN Iterations, an interpolation step (dt) value of 100 year, and
1000 simulation iterations.
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Fig. 5. Power spectra of results from experiment PV for the June-September runoff for the
African monsoon (upper panel) and for the Asian monsoon (lower panel). Power spectra were
obtained by using the CLEAN transformation of Roberts et al. (1987). For the determination of
significance levels associated with the frequency spectra of the CLEAN algorithm, we applied
a Monte Carlo based method developed by Heslop and Dekkers (2002), which was run as a
MATLAB routine. The CLEAN spectra were determined by adding 10% red noise (i.e., control
parameter = 0.1), a clean/gain factor of 0.1, 500 CLEAN Iterations, an interpolation step (dt)
value of 100 year, and 1000 simulation iterations.
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Fig. 6. Top panels: Precipitation for July (solid green line) and the precession parameter (dotted
line, arbitrary scale). Middle panels: Annual grass fraction (thick green line), annual tree fraction
(dashed red line) and annual desert fraction (thin, dark yellow line) for experiment PV. Bottom
panels: Total runoff (thick black line), runoff originating from the grass area (thick green line),
from the tree area (dashed red line) and from the desert area (thin, dark yellow line), all for July.
All results are from experiment PV and the pictures on the left side are results for the African
monsoon and on the right side for the Asian monsoon. The horizontal axes denote time in 1000
years Before Present).
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Fig. 7. Top panels: Annual grass fraction (thick green line), annual tree fraction (dashed red
line) and the annual desert fraction ( thin, dark yellow line) for northern Russia (atmospheric
sector 3, 70◦ N–80◦ N) for experiment PV (left panel) and experiment TV (right panel). Bottom
left panel: Snow fraction averaged over June-July-August for Siberia (atmospheric sector 4,
60◦ N–70◦ N) for experiment PV (thick green line) and experiment P (thin blue line). Bottom
right panel: Anomalous runoff averaged over June-July-August (thick green line) and anoma-
lous surface air temperature averaged over December-January-February (dashed red line) for
the Sahara (atmospheric sector 2, 20◦ N–30◦ N) and for experiment PV. In all panels the pre-
cession parameter is plotted (dotted line, arbitrary scale) except for the top right panel where
the obliquity parameter is plotted (dotted line, arbitrary scale). The horizontal axes denote time
in 1000 years Before Present).
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