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Abstract

In this paper, we examine the orbital signal in Earth’s climate with a coupled model of intermediate complexity (ECBilt).

The orbital influence on climate is studied by isolating the obliquity and precession signal in several time-slice experiments.

Focus is on monsoonal systems with emphasis on the African summer monsoon. The model shows that both the precession and

the obliquity signal in the African summer monsoon consists of an intensified precipitation maximum and further northward

extension during minimum precession and maximum obliquity than during maximum precession and minimum obliquity. In

contrast to obliquity, precession also influences the seasonal timing of the occurrence of the maximum precipitation. The

response of the African monsoon to orbital-induced insolation forcing can be divided into a response to insolation forcing at

high northern latitudes and a response to insolation forcing at low latitudes, whereby the former dominates. The results also

indicate that the amplitude of the precipitation response to obliquity depends on precession, while the precipitation response to

precession is independent of obliquity. Our model experiments provide an explanation for the precession and obliquity signals

in sedimentary records of the Mediterranean (e.g., Lourens et al. [Paleoceanography 11 (1996) 391, Nature 409 (2001) 1029]),

through monsoon-induced variations in Nile river outflow and northern Africa aridity.
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1. Introduction

The deposition of successive sapropels (organic-

rich black layers) in the eastern Mediterranean Sea has

been related to astronomical forcing of the climate.

Individual sapropels are correlated with strong North-

ern Hemisphere (NH) summer insolation which is

associated with minimum peaks in the orbital preces-

sion index (Rossignol-Strick, 1983; Hilgen, 1991).

The orbital precession index is defined as esinx̃ where

e is the eccentricity of the Earth orbit and x̃ is the

longitude of the perihelion. Rossignol-Strick (1983)

first showed that a sapropel is formed every time that

the boreal summer insolation produces an African

monsoon index above a certain threshold (i.e., a

strong African monsoon). A higher insolation leads

to an enhanced temperature contrast between land and

ocean which leads, in its turn, to a larger land–ocean

pressure difference and thus to an intensified low-
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level monsoonal flow. The heavy discharge of the

river Nile which is associated with strong monsoons,

could result in the forming of Mediterranean sapro-

pels.

Tropical insolation is precession dominated.

Besides the sapropels, this is also reflected in other

paleoclimatic data showing strong precessional com-

ponents in the boreal summer monsoons. Examples

are records of abundance of planktic foraminifera

from the Arabian Sea indicating coastal upwelling

strength which is related to the strength of the south-

west Indian monsoon surface wind fields (Prell,

1984), or the occurrence of eolian freshwater diatoms

in equatorial Atlantic deep-sea sediments, indicating

periods of aridity in tropical Africa (Pokras and Mix,

1987).

However, Lourens et al. (1996, 2001) found alter-

nating thick/thin sapropels in the Mediterranean Sea

reflecting a pronounced obliquity component,

whereby thick (thin) sapropels correspond to obliquity

maxima (minima). This suggests that apart from a

precessional component, also an obliquity signal is

present in the strength of the African monsoon.

Several model studies found clear orbital signals in

the monsoonal systems. A large number of these

studies simulate a combined precession and obliquity

signal, where precession dominates obliquity effects.

For example, model simulations show that on the NH

the summer monsoon circulation strengthened after

the Last Glacial Maximum (f 18,000 years Before

Present (18 ka BP)), attaining its maximum in the

early Holocene (f 9 ka BP) and then weakening to its

modern-day strength (Kutzbach and Street-Perrott,

1985). This signal coincides with the NH summer

insolation which also increased after 18 ka BP with a

maximum at 9 ka BP. Other studies confirmed the

enhanced monsoonal strength at 9 ka BP (Kutzbach,

1981; Kutzbach and Otto-Bliesner, 1982). Just a few

studies separate the precession and obliquity signal

and most of these studies use an Energy Balance

Model (EBM) (Suarez and Held, 1979; Harvey,

1989; Short et al., 1991). However, these studies only

give an indirect indication of obliquity and precession

signals in the monsoon by signals in the tropical

temperature (Short et al., 1991).

Both a precession and an obliquity signal in the

African monsoon has been found using several

generic radiation pattern with an Atmospheric General

Circulation Model (AGCM) in permanent July mode

(Prell and Kutzbach, 1987), a result which seems to be

confirmed by the sedimentary analysis of Lourens et

al. (1996, 2001). Remarkably, the largest insolation

amplitude that is associated with obliquity is found at

high latitudes.

Concerning the response of the monsoons to

obliquity and precession, a number of problems

remain: What is the physical mechanism with which

the obliquity signal can manifest itself in the African

monsoon strength? Or, alternatively, are changes of

monsoon intensity caused by solar radiation at high

latitudes, at low latitudes or at a combination of

latitudes? Do orbital variations influence the spatial

pattern and timing of the monsoons? Finally, does the

sensitivity of the monsoons to precession and obliq-

uity depend on the background climatic state, or,

alternatively, the prevailing orbital configuration?

To address these questions, we examined both the

obliquity and precession signal in the climate with

focus on the African summer monsoon using a model

of intermediate complexity (ECBilt). As opposed to

Prell and Kutzbach (1987), we examine the orbital

influences on the seasonal cycle of the African mon-

soon and we use a more extensive set of orbital

parameters. Furthermore, we distinguish the orbital

influences originating from higher latitudes and from

lower latitudes.

The model and experimental set-up used for the

simulations are described in Section 2. Section 3 gives

some global results concerning orbital influences on

temperature, precipitation and circulation, while in

Section 4 the African monsoon will be discussed.

Section 5 presents additional experiments providing

some insights into the mechanisms of the African

monsoon. The study is concluded and discussed in

Section 6.

2. The model and experimental set-up

ECBilt (Opsteegh et al., 1998) is a global fully

coupled atmosphere/ocean/sea-ice climate model of

intermediate complexity. The horizontal resolution is

about 500 km in mid-latitudes for both the ocean and

the atmosphere (spectral T21 for the atmosphere). The

vertical resolution is three layers for the atmosphere

and 12 layers for the ocean. The time step for the
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atmosphere is 4 h and for the ocean 1 day. No flux

corrections are used. The dynamics of the atmosphere

is based on quasi-geostrophic equations but ageo-

strophic components are included as a (diagnostically

computed) time- and spatially varying potential vor-

ticity forcing. Due to the ageostrophic forcing the

Hadley circulation is simulated qualitatively correct

but it is still too weak. The land surface scheme

consists of a bucket model for the soil moisture and

a thermodynamic snow model. The ocean has a flat

bottom and the dynamics are based on primitive

equations. Finally, the sea-ice model is a thermody-

namic model with no ice dynamics.

The model is very suitable for performing several

(sensitivity) simulations and for long paleoclimate

simulations due to its computational efficiency (Van

der Schrier et al., 2002; Weber and Oerlemans, 2003).

Compared to observations, the present-day mean

climate is simulated reasonably well. In particular,

both the strength and spatial pattern of the mean

annual cycle of the African summer monsoon precip-

itation are simulated quite well compared to the

NCEP/NCAR reanalysis (Kistler et al., 2001). For

example, the precipitation averaged over the monsoon

region (15jW–30jE, 0–20jN) shows a maximum in

August in ECBilt (f 5.4 mm/day) and in the NCEP/

NCAR reanalysis (f 4.8 mm/day). The annual vari-

ability is underestimated in the model which is mainly

due to the quasi-geostrophic equations. However, in

the present study, only the mean pattern and strength

of the monsoon are studied. Weber (2001) compared a

simulation for 6 ka BP performed by ECBilt with

experiments performed by models within the Paleo

Modeling Intercomparison Project (PMIP). This com-

parison puts ECBilt in the middle (for the African

monsoon) to lower (for the Asian monsoon) range of

the PMIP results concerning the sensitivity of mon-

soonal precipitation to insolation changes (Joussaume

et al., 1999; Braconnot et al., 2002b).

In order to investigate the obliquity and the pre-

cession signal in the climate, six sensitivity experi-

ments with different orbital configurations have been

performed:

1. Minimum precession with minimum obliquity or

tilt (P�T� ),

2. Maximum precession with minimum obliquity

(P + T� ),

3. Minimum precession with maximum obliquity

(P�T+),

4. Maximum precession with maximum obliquity

(P + T+),

5. Circular Earth orbit (i.e., eccentricity = 0) with

minimum obliquity (P0T� ),

6. Circular Earth orbit with maximum obliquity

(P0T+).

We took extreme values of the orbital parameters

occurring in the last 1,000,000 years (1 Ma). The

values of these orbital parameters and the correspond-

ing insolation were calculated by the method of

Berger (1978), see Table 1 for a survey. Extreme

values of the precession index esinx̃ rather than

extreme values of x̃ are considered, because preces-

sion is modulated by eccentricity. Therefore, it is

necessary to include eccentricity. We use the terms

‘‘minimum’’ and ‘‘maximum’’ precession referring to

the minimum and maximum values of esinx̃, respec-

tively. Note from Table 1 that the eccentricities of the

maximum and minimum precession are not equal.

However, the difference is very small, which conse-

quently also applies to the difference in global mean

annual insolation.

For each experiment, the model was run for a

period of 500 years, with present-day conditions as

initial state. The first 400 years of the simulation were

regarded as a spin-up period. After 400 years, the

upper and mid-layers of the ocean were in equili-

brium. The deep layers still showed trends. These

Table 1

Orbital parameters used for the six sensitivity experiments

Orbital

parameter

Tilt

(deg)

esinx̃ e x̃ (deg) Occurrence

(ka BP)

P + 0.058 0.058 86.5 970

P� � 0.055 0.056 264.0 959

T+ 24.45 213

T� 22.08 232

P0 0.0 0.0 – –

P+, P�, T+ and T� are maximum precession, minimum

precession, maximum tilt and minimum tilt, respectively. A

precession maximum (minimum) means winter (summer) solstice

in perihelion. The tilt is defined as the angle between the ecliptic

and the equator, e is the eccentricity of the orbit of the Earth and x̃
is the angle between the vernal equinox and perihelion (measured

clockwise). P0 is the simulation with a circular Earth orbit. The time

of occurrence is given in 1000 years Before Present.
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deep-ocean trends are comparable in amplitude to

those found in the control run. The only forcing is

the insolation changes due to the orbital parameters

which were kept constant during the simulations. All

other boundary conditions (like orography, concen-

tration of trace gases and surface characteristics (e.g.,

albedo, roughness)) were kept to present-day values.

We will primarily consider four ‘basic’ experi-

ments: the precession signal with a minimum obliq-

uity and the obliquity signal with a circular Earth

orbit. The latter is used to examine the obliquity signal

because during a circular Earth orbit there is no

influence of precession (i.e., esinx̃ = 0 for each x̃).

The other experiments will be discussed when there

are significant differences with the basic precession

and obliquity experiments.

3. Global results

In this section, we present the global differences

between minimum and maximum precession, and

minimum and maximum obliquities in December–

January–February (DJF) and June– July–August

(JJA). The results are averaged over the last 100 years

of the 500-year simulations. A local, two-sided Stu-

dent’s t-test is used to determine statistical significance.

Fig. 1A shows the incoming insolation differences

at the top of the atmosphere caused by precession

changes. In boreal spring and summer the minimum

precession insolation is much larger than the maxi-

mum precession insolation, with the largest differences

on the NH. This is caused by the summer solstice in

perihelion and by the high eccentricity. In boreal

winter the maximum precession insolation is larger

with the largest differences on the Southern Hemi-

sphere (SH). This means that precession enhances the

seasonality on the NH and weakens it on the SH.

Insolation changes caused by obliquity show a

very clear asymmetrical pattern with respect to the

equator with more (less) boreal summer (winter)

insolation during maximum obliquity on the NH

(Fig. 1B). This figure also shows that the insolation

at low latitudes is barely influenced by obliquity and

that obliquity enhances the contrast between the hemi-

spheres during summer and winter.

Fig. 2A–D shows that in DJF and JJA, the

obliquity- and precession-induced differences of the

surface air temperature (SAT) are largest over the

landmasses and smallest over the oceans. The latter

is caused by the damping effects of the oceans due to

their large thermal inertia. In general, the SAT-

response is proportional to the forcing. The positive

precession and obliquity signal over the Labrador Sea

in DJF is related to sea-ice effects. The relatively

small SAT-response over the tropical regions in JJA

(even negative for obliquity, Fig. 2D) is related to the

monsoon response, which will be discussed below.

Changes in SAT, precipitation and circulation due

to changes in precession are similar whether obliquity

is set to minimum values (i.e., P�T� and P + T� )

or to maximum values (P�T+ and P +T+). This also

applies to the obliquity signal when precession is set

to maximum values (i.e., P + T+ and P +T� ) or to a

circular Earth orbit (i.e., P0T+ and P0T� ). However,

over the NH landmasses in JJA the SAT-response to

the obliquity signal during minimum precession is

much larger (not shown), although the insolation

differences are very similar compared to the other

obliquity experiments. The pattern of the obliquity-

induced SAT-differences during minimum precession

is similar to the pattern shown in Fig. 2D but the

maximum differences are about 4–5jC over central

Asia and over Europe and 3jC over North America.

This can be explained by strong evaporation in late

spring and early summer due to the relatively high

temperatures during minimum precession, causing

very low soil moisture in summer. Therefore, the

additional insolation due to a maximum obliquity

only heats the atmosphere, rather than both increasing

the evaporation and heating the atmosphere.

Both precession and obliquity results show that the

temperature response to insolation changes is linear in

ECBilt, except for certain regions like the Labrador

Sea and the tropics. Apart from these regions, the

temperature response of ECBilt is consistent with the

response of an EBM using similar orbital parameters

(Short et al., 1991).

In JJA, the precession signal in the precipitation

shows a much stronger Asian and African monsoon

during minimum precession (Fig. 3A). Also over

eastern North America and over northern South

America, the precipitation is stronger during mini-

mum precession. The increased precipitation over the

monsoon regions is at the expense of the precipitation

over the oceans. The obliquity signal (Fig. 3B) con-
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sists of an intensified African and Asian monsoon and

stronger precipitation over eastern North America

during maximum obliquity, while over northern South

America the response is negative. Heating (cooling) of

land relative to the ocean apparently causes stronger

(weaker) monsoonal circulation and associated pre-

Fig. 1. Monthly incoming insolation differences in W/m2 at the top of the atmosphere. See Table 1 for an explanation of the symbols. (A)

Minimum precession minus maximum precession. Contour interval is 20 W/m2. (B) Maximum obliquity minus minimum obliquity. Contour

interval is 5 W/m2.
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Fig. 2. Seasonal differences of the surface air temperature (SAT) in degrees Celsius. See Table 1 for an explanation of the symbols. (A) December–January–February (DJF)

precession signal. (B) Obliquity signal for DJF. (C) June–July–August (JJA) precession signal. (D) Obliquity signal for JJA. Shaded areas are significant at the 99% level, calculated

by a local, two-sided Student’s t-test. Contour interval is 1jC for (A) and (C), and 0.5jC for (B) and (D).
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Fig. 3. Same as Fig. 2A–D but now for the precipitation in mm/day. The 99% significance level is approximately at + 0.1 and � 0.1 mm/day for all figures.
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cipitation. The enhanced African monsoon causes the

relatively weak or negative signal in the SAT (Fig. 2C

and D) because the shortwave radiation is used for

enhanced evaporation instead of heating the atmos-

phere.

In DJF, the precession signal in the precipitation

(Fig. 3C) consists of more precipitation over the

(subtropical) oceans and less precipitation over the

SH monsoon regions during minimum precession. A

strong precession signal in the South American mon-

soon was also found in paleoclimatic data (Martin et

al., 1997; Baker et al., 2001). Contrary to precession,

obliquity hardly influences the SH monsoons (cf. Fig.

3C and D). Apparently, obliquity-induced insolation

differences are too small to influence austral summer

monsoonal precipitation.

As with SAT, the obliquity signal in JJA precip-

itation is different for minimum precession compared

to a circular Earth orbit and maximum precession. The

response in the African and Asian monsoon is smaller

than in the other experiments. This feature will be

discussed further in Section 4 where we focus on the

African monsoon.

Prell and Kutzbach (1987) used an AGCM to

compute the sensitivity of the African and Asian

monsoon to changes in the NH insolation in (a

perpetual) July. They found a sensitivity of 5 for the

African monsoon to obliquity- and precession-

induced NH insolation forcing, i.e., a 1% increase in

NH solar radiation produces a 5% increase in equa-

torial North African precipitation. This sensitivity

coefficient is comparable to that found in ECBilt.

4. African summer monsoon

The precession-induced zonal mean precipitation

differences over North Africa (i.e., zonally averaged

over land gridboxes between 10jWand 40jE) show a

much stronger maximum during minimum precession

compared to maximum precession (i.e., 9 vs. f 6

mm/day, Fig. 4A,B), with a further northward exten-

sion of the precipitation during minimum precession.

Fig. 4C shows that the precession-induced differences

are largest around 20jN and that the largest differ-

ences occur 1–2 months after the maximum differ-

ence in insolation (Fig. 1A). Comparing precession

simulations with a minimum precession, a circular

Earth orbit and a maximum precession (Fig. 4A, E

and B, respectively) reveals that the maximum pre-

cipitation shifts from July–August, to August and

August–September.

In general, obliquity-induced precipitation differ-

ences (Fig. 4D,E) show the same pattern as preces-

sion. During maximum obliquity, the precipitation

extends slightly further northward and its maximum

is stronger and located further south with respect to

minimum obliquity. The latitudinal displacement of

the maximum explains the tripole structure seen in

Fig. 3B (see also Fig. 4F). Unlike precession, the

obliquity signal does not change the time of occur-

rence of the maximum precipitation. This also applies

to other parameters (e.g., temperature, specific humid-

ity and low-level circulation). The difference pattern

(Fig. 4F) shows the largest difference around 20jN
and 8jN and it occurs 1–2 months after the maximum

difference of the insolation (Fig. 1B).

In order to explain the simulated obliquity and

precession signal in the African monsoon, we have

examined the specific and relative humidity, surface

temperature fields and the large-scale circulation

(velocity potential, low-level winds and moisture

transport). The vertically averaged specific humidity

is larger for minimum precession with the maximum

difference north of 20jN (Fig. 5A), while the relative

humidity is also increased (Fig. 5C). The increased

specific humidity is mainly due to increased temper-

atures (Fig. 2C) but the increased relative humidity

indicates that temperature does not explain the total

specific humidity response. The obliquity signal con-

sists of increased specific humidity north of 20jN
during maximum obliquity (Fig. 5B), with the temper-

ature either lower or slightly higher over that region

(Fig. 2D), resulting in increased relative humidity

(Fig. 5D).

Fig. 6A shows the JJA wind vector during mini-

mum precession, together with the difference in wind

amplitude between minimum and maximum preces-

sion. The precession forcing does not significantly

change the direction of the wind. The westerly winds

around 15jN over southern north Africa and the

tropical Atlantic Ocean are much stronger during

minimum precession. This is consistent with an

intensified convergence region (centered at 30jN,
80jE; Tibet) and the associated stronger zonal gra-

dient in the velocity potential. The enhanced west-
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Fig. 4. Zonally averaged (10jW–40jE) precipitation (in mm/day) as a function of latitude and month. (A) Minimum precession with minimum

obliquity. (B) Maximum precession with minimum obliquity. (C) Difference between (A) and (B), i.e., the response to the precession forcing.

(D) Circular Earth orbit with maximum obliquity. (E) Circular Earth orbit with minimum obliquity. (F) Difference between (D) and (E), i.e. the

response to the obliquity forcing.
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erlies transport much more moisture to the African

continent, which leads to enhanced precipitation. The

zonally averaged zonal component of the wind over

northwestern Africa (10jW–15jE, not shown)

reveals that the maximum wind occurs in June/July

during minimum precession and in July/August dur-

ing maximum precession. This is consistent with the

timing of the maximum strength of the convergence

center over Tibet. Over the Sahara, the northeastern/

eastern winds are comparable or even weaker during

minimum precession (Fig. 6A). However, the trans-

port of moisture to the south by these weaker winds is

still larger due to the large increase in specific

humidity (Fig. 5A). Over the Atlantic Ocean the

winds associated with the Azores High (AH) are

stronger during minimum precession, related to a

slightly stronger AH (f 1 hPa). However, the wind

over the African continent is not strongly influenced

by changes in the AH.

The response of the wind to the obliquity signal

(Fig. 6B) consists of enhanced westerlies around

15jN during maximum obliquity. Again, the direction

of the wind has not significantly changed. Over the

northern Sahara, the wind during maximum obliquity

is slightly weaker than during minimum obliquity.

However, there is still an enhanced transport of

moisture into the northern monsoon region due to

the increased specific humidity (Fig. 5B). This

enhanced moisture transport causes the increased

precipitation over the northern monsoon region during

maximum obliquity (Fig. 4F). Due to a northward

displacement of the AH, the wind is stronger (weaker)

over the northern (southern) region of the AH during

maximum obliquity (Fig. 6B).

Fig. 5. Same as Fig. 4 but now the response of the specific humidity (g/kg) to (A) the precession forcing and (B) the obliquity forcing. The

response of the relative humidity (in %) to (C) the precession forcing and (D) the obliquity forcing.
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Fig. 6. (A) The wind vector in JJA (m/s) at 800 hPa (arrows) during minimum precession together with the difference (minimum precession minus maximum precession) in wind

amplitude (m/s, shaded). (B) Same as (A) but now for maximum obliquity (wind vector; arrows) and the maximum obliquity minus minimum obliquity difference (shaded). (C) Wind

vector for the additional precession simulation (see Table 2) and the wind amplitude response to the local precession signal (shaded, see Table 2). (D) Wind vector is similar to (C)

together with the wind amplitude response to the remote precession signal (shaded, see Table 2). See also the text for more information. The 99% significance level is approximately

at + 0.15 and � 0.15 m/s for all figures. Note that the scale in (A) differs from (B)– (D).
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As noted earlier in Section 3, the obliquity signal

with minimum precession differs in some aspects

from those with a circular Earth orbit and maximum

precession. The obliquity-related JJA precipitation

signal over Africa is smaller for a minimum preces-

sion than in the other experiments. In particular,

around 20jN the differences are about 1.5 to 2 mm/

day while south of 20jN the differences are absent.

This can be understood as follows. For minimum

precession, the obliquity forcing is added to a strong

insolation in early summer. This results in low soil

moisture in summer and a relatively large signal in

SAT. At the same time, the rising branch of the large-

scale circulation cell over the African–Asian conti-

nent becomes relatively dry and latent heating is

reduced. This results in a relatively weak signal in

the velocity potential over Asia and a weak response

in the zonal wind over northern Africa. Therefore, the

precipitation signal is very weak in the southern and

central monsoon region. The northern branch is not

affected, as the pattern and amplitude of the specific

humidity response is similar to that found in the basic

experiment. For a circular Earth orbit and maximum

precession, the obliquity forcing is added to a smaller

insolation. In these cases, the humidity supply for the

large-scale circulation is not limited.

5. Local and remote forcing

The obliquity and precession signals in the simu-

lated African summer monsoon give rise to the ques-

tion whether changes of monsoon intensity are caused

by solar radiation changes at high latitudes, at low

latitudes, or at a combination of latitudes. In order to

examine this issue further, additional simulations have

been performed. First we separate the precession

signal into a remote effect (i.e., due to the influence

of insolation changes north of 30jN) and a local effect
(i.e., due to the influence of insolation changes south

of 30jN). The local precession signal ‘Plocal’ and the

remote precession signal ‘Premote’ can be obtained by

subtracting an additional experiment ‘Paddit’ and ear-

lier defined precession experiments, see Table 2. The

additional experiment uses an insolation forcing with

a minimum precession north of 30jN and a circular

Earth orbit south of 30jN, with a maximum obliquity

at all latitudes. This set-up does not separate the

influence of insolation changes over North Africa

(0–30jN) and over the Southern Hemisphere. How-

ever, in ECBilt there is a very small transport of air

across the equator (see, for example, Fig. 6A) which is

mainly due to the quasi-geostrophic approximation.

Therefore, in ECBilt insolation changes in the South-

ern Hemisphere barely influence the African mon-

soon. The pattern of the insolation forcing for both the

remote and the local signal can be derived from Fig.

1A, but the amplitude of the difference is about 50%

smaller.

The pattern and amplitude of the precipitation

differences induced by the remote forcing (Fig. 7A)

is similar to the obliquity-induced differences (Fig.

4F) except that the differences occur 1–2 months

earlier. Furthermore, precipitation maxima occur in

July during the additional precession simulation and

in August during the circular Earth orbit simulation

(not shown). The remote influence is most important

at subtropical latitudes (20jN–30jN). The largest

differences caused by the local precession forcing

are located around 15jN (Fig. 7B). The local forcing

does not change the timing of the precipitation max-

ima, which occur both in July (not shown). Compar-

ing the local and remote influence, it can be concluded

that the relative importance of each depends strongly

Table 2

Orbital configurations used for the additional experiments

Paddit South of 30jN: Circular Earth orbit

and maximum obliquity

North of 30jN: Minimum precession

and maximum obliquity

Premote Remote precession signal (north of 30jN),
i.e. Paddit minus P0T +

Plocal Local precession signal (south of 30jN),
i.e. P�T+ minus Paddit

Taddit30 South of 30jN: Circular Earth orbit

and minimum obliquity

North of 30jN: Circular Earth orbit

and maximum obliquity

Taddit50 South of 50jN: Circular Earth orbit

and minimum obliquity

North of 50jN: Circular Earth orbit

and maximum obliquity

Tremote30 Remote obliquity signal (north of 30jN),
i.e. Taddit30 minus P0T�

Tremote50 Remote obliquity signal (north of 50jN),
i.e. Taddit50 minus P0T�

Paddit is the additional precession simulation. Taddit30 and Taddit50 are

additional obliquity simulations.
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Fig. 7. Same as Fig. 4 but now the response of the precipitation (mm/day) to (A) the remote precession signal and (B) the local precession signal.

The response of the relative humidity (in %) to (C) the remote precession signal and (D) the local precession signal. The response of the

precipitation (mm/day) to (E) the remote obliquity response (north of 30jN) and (F) the remote obliquity response (north of 30jN). See for more

information the text and Table 2.
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on latitude. The total difference pattern of the precip-

itation (i.e., local + remote forcings, not shown) is

similar to the pattern shown in Fig. 4C, except that

the amplitude is about 50% smaller in agreement with

the insolation differences.

The response of the specific humidity to the remote

precession signal (not shown) consists of increased

specific humidity (f 4 g/kg) over latitudes around

25jN, similar to the obliquity signal (Fig. 5B). The

relative humidity is higher (Fig. 7C), while the tem-

perature is slightly increased (not shown). Examining

the vertically averaged moisture transport reveals that

the remote signal induces a stronger southward mois-

ture transport into northern Africa resulting in higher

specific and relative humidities over northern Africa.

The local precession signal in the specific humidity

consists of higher values over the entire monsoon

region. However, this increase is fully explained by

higher temperatures. The relative humidity is even

lower (Fig. 7D).

Fig. 6C,D shows that in JJA the enhanced west-

erlies from the Atlantic Ocean into Africa is a local

(Fig. 6C) as well as a remote signal (Fig. 6D). It is not

possible to strictly separate the remote and local signal

in the large-scale circulation. However, there are some

distinctive features. The remotely induced wind

response is located further northward and extends into

the Asian landmass, while the local signal is restricted

to the area south of 30jN. The remote signal is

primarily due to the deepening of the large-scale

convergence over Asia, while the local signal is a

combination of enhanced convergence and the

increased heating contrast between the African con-

tinent and the adjacent Atlantic Ocean. The zonally

averaged zonal wind over northwestern Africa

(10jW–15jE, not shown) shows a temporal shift in

the wind maxima in Premote (in June during the addi-

tional run and in July during the simulation with the

circular Earth orbit) while there is no sign of a shift in

Plocal (both in June). The wind maxima in Premote are

concurrent with maxima in the strength of the Asian

convergence center. During minimum precession the

insolation at high northern latitudes rapidly decreases

after its maximum in June, while the maximum

precession insolation decreases more slowly (not

shown). This results in higher insolation during max-

imum precession with respect to minimum precession

at high latitudes in August–September (Fig. 1A),

causing a shift in the timing of maximum strength

of the Asian convergence zone. This, in turn, shifts the

timing of the monsoonal circulation and the associated

precipitation. Obliquity changes do not change the

seasonal pattern of insolation (Fig. 1B) and therefore

no obliquity-induced temporal shift in the precipita-

tion is found.

From this additional experiment it follows that the

precession signal in precipitation can be separated in a

remote and a local signal. The remote precession

signal is very similar to the total obliquity signal (cf.

Figs. 7A and 4F). The earlier occurrence of the

precipitation maximum for minimum precession is

found to be a remote signal.

From the results described above it can be con-

cluded that the obliquity signal in the African mon-

soon originates from insolation changes at mid- to

high latitudes. In order to confirm this hypothesis, we

performed an additional obliquity simulation, Taddit30,

see Table 2. From this experiment, we obtain the

response to the obliquity-induced insolation forcing

north of 30jN (Tremote30, see Table 2). Any effects of

the (small amplitude) obliquity forcing at low latitudes

are turned off in this additional experiment. The

results (Fig. 7E) reveal that the remote forcing north

of 30jN accounts for 80–90% of the total signal (cf.

Figs. 7E and 4F). To emphasize the role of high

latitudes, we repeated this experiment with obliquity

forcing restricted to latitudes north of 50jN (Taddit50
and Tremote50, see Table 2). The results (Fig. 7F) show

that obliquity forcing north of 50jN explains still 60–

70% of the total signal (cf. Figs. 7F and 4F). This is

partly caused by the insolation-induced increased

temperature at high latitudes, resulting in increased

specific humidity. This moisture is transported south-

wards to lower latitudes. A second mechanism for

transporting the obliquity signal from high latitudes to

lower latitudes is the insolation-induced pressure

change at high latitudes. This influences the large-

scale circulation and the pressure over central Asia,

resulting in a stronger large-scale convergence.

6. Conclusions and discussion

The present study shows that the African summer

monsoon is influenced both by obliquity and preces-

sion. During either maximum obliquity or minimum
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precession the monsoonal precipitation is enhanced

and the precipitation extends further northward than

during minimum obliquity and maximum precession,

respectively. Both the obliquity and the precession

signal consist of remote influences (i.e., insolation

changes north of 30jN), while the precession signal

also consists of a local signal (i.e., insolation changes

south of 30jN). The influence of obliquity and the

remote influence of precession on African precipita-

tion can be traced back to similar mechanisms. One of

the remote mechanisms is stronger wind from the

Atlantic Ocean into southern north Africa forced by a

deepening of the convergence zone over southern

Asia resulting from an increase of summer insolation

at high latitudes. Another remote mechanism is pen-

etration of moist air from high latitudes southwards

into the northern monsoon region. This is related to

the increased ability of the atmosphere to contain

water vapour due to the higher temperatures at high

latitudes. An additional (local) mechanism of the

precession signal is the stronger heating contrast

between North Africa and the adjacent Atlantic Ocean

which also enhances the low-level monsoonal circu-

lation, bringing relatively moist air to the African

continent. Concluding, changes in the monsoon inten-

sity are caused by solar radiation changes at high and

at low latitudes.

The time of occurrence of the maximum monsoo-

nal precipitation is influenced by precession but not

by obliquity. The insolation maximum shifts through

the summer months due to precession, which results

in shifts in the maximum strength of the Asian

convergence zone and the associated westerlies over

northern Africa. Thus, the timing of the precession

signal in the African monsoon is primarily a remote

effect.

It was found that the precession signal in the

African monsoon does not depend on obliquity, while

the amplitude of the obliquity signal depends on the

prevailing precession. In particular, in the model the

obliquity signal is weaker during minimum precession

than during maximum precession and a circular Earth

orbit. It is a challenge for paleoclimatic studies

whether this dependence can also be found in paleo-

climatic data, especially for large eccentricity values.

Some important mechanisms for the African sum-

mer monsoon are not taken into account in ECBilt.

For example, several Holocene studies for 6 ka BP

found that the mutual interaction between vegetation

and the atmosphere amplifies the response of the

hydrological cycle (Kutzbach et al., 1996; Broström

et al., 1998; Ganopolski et al., 1998; Braconnot et al.,

1999). Including this mechanism would cause an

enhanced sensitivity of the African summer monsoon

to obliquity and precession compared to the present

results. Another caveat is the use of a simple bucket

model, which could cause the dependence of the

obliquity signal on the prevailing precession. The

very low Asian soil moisture in summer during

minimum precession is probably at least in part due

to the high sensitivity of the bucket model to temper-

ature changes. Further research with a GCM with a

more advanced soil moisture scheme and higher

spatial resolution is needed to clarify this point.

The stronger northward extension of the monsoo-

nal precipitation during minimum precession and

maximum obliquity consists of only one latitudinal

model gridpoint. However, this northward shift has

also been found in several generally higher-resolution

simulations for 6 ka BP (Braconnot et al., 2002a), and

to a stronger extent for 126 ka BP (de Noblet et al.,

1996). The orbital-induced northward shift of the

African monsoon thus seems to be a realistic feature,

which would be enhanced when vegetation is taken

into account (e.g., Kutzbach et al., 1996).

Park and Oglesby (1991) performed several runs

with an AGCM to study the obliquity and precession

influences for the Mid-Cretaceous (100 Ma BP).

Although a direct comparison with our results is

difficult due to the different geography and topogra-

phy, some basic features are similar. They noted that

the precession signal for most model variables and

model regions is stronger than the obliquity signal,

even at high latitudes. However, they also found a

significant obliquity signal in the hydrological cycle

(evaporation minus precipitation) over the equatorial

South Atlantic and proto-West Africa (centered

around 10jS and 40jW) in a perpetual July. This

signal is caused by the circulation changes associated

with the impact of obliquity on the southern winter-

time pressure maximum.

The results of the present model study are consis-

tent with paleoclimatic data (Pokras and Mix, 1987;

Lourens et al., 1996). These studies found a strong

precessional component in the strength of the African

monsoon. In addition, the obliquity signal found in the
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present simulations provides an explanation for the

obliquity-related signals in the sedimentary records of

the Mediterranean (e.g., Lourens et al., 1996, 2001),

through monsoon-induced variations in Nile river

outflow and northern Africa aridity.

We have shown that remote forcing (precession

and obliquity) and local forcing (precession) both

affect the strength of the African summer monsoon.

As the phasing of precession does not depend on the

latitude, this validates the use of the traditional 65jN
Milankovitch insolation curve as a target for tuning

sedimentary cycles in the Mediterranean. It is inter-

esting that we find an obliquity signal in the African

summer monsoon without the (amplifying) role of

glacial ice sheets. This is in agreement with the

presence of obliquity signals in the Mediterranean

sedimentary records of early Pliocene age (Lourens

et al., 1996) and late Miocene age (Hilgen et al.,

1995), which are formed well before the onset of the

late Pliocene and Pleistocene glacial cycles.
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