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Abstract

The Sahara was significantly greener 11-5 kya and during multiple earlier in-

terglacial periods. But the mechanisms related to the greening of the Sahara

remain uncertain as most climate models severely underestimate past wet con-

ditions over north Africa. The variations in the African monsoon related to

the greening of the Sahara are thought to be associated with the variations in

the inter-hemispheric differential heating of Earth, caused by orbital variations.

However, how orbital variations affect regional climate is not well understood.

Using recent theory that relates the position of the tropical rain belt to the at-

mospheric energy budget, we study the effect of orbital forcing during the mid-

Holocene on the African monsoon in simulations provided by the third phase of

the Paleo Model Intercomparison Project (PMIP3). We find that energy fluxes

in the African sector are related to orbital forcing in a complex manner. Con-

trary to generally accepted theory, orbital modulation of seasonal differential

heating alone is shown to be a weak driver of African monsoon variations. In-

stead, net atmospheric heating near the equator, which modulates the intensity

and extent of seasonal migrations of the tropical rain belt, is an important but

overlooked driver of African monsoon variations. A conceptual framework that

relates African monsoon variations to both equatorial and inter-hemispheric
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differential solar heating is presented.

Keywords: PMIP3, African Humid Period, Green Sahara, Atmospheric

energy budget, Energy Flux Equator, mid-Holocene

1. Introduction

Extensive geophysical data indicate that the Sahara was significantly wetter

and greener during the early and mid-Holocene (11-5 kya) and during multiple

earlier interglacial periods [1]. Yet most modern climate models underestimate

the past greening of the Sahara, suggesting critical physical processes are mis-5

represented in these models [2, 3]. The changes in the Saharan precipitation are

generally understood to be paced by variations in Earth’s orbital parameters,

which regulate the differential heating of the hemispheres that drives the sea-

sonal migrations of the tropical rain belt. However, the relation of the zonally

uniform changes in insolation caused by orbital variations to regional precipita-10

tion variations is not well understood [e.g., 4]. Here, using energetic constraints

on the position of the tropical rain belt, we provide a conceptual framework for

understanding the relation of orbital variations to different climatic states of the

African monsoon.

During the wet phase of the Sahara in the early and mid-Holocene, known15

as the African Humid Period (AHP), parts of the Sahara were vegetated, con-

tained permanent lakes, and sustained human populations in regions that are

uninhabitable in the present climate [1, 5]. In part, the AHP is coeval with

wet conditions in eastern Africa (the East African Humid Period [6, 7]), which,

like the AHP, are not well understood and not well captured by climate models20

[8, 7, 9]. The drying of the Sahara began around 6 kya. Is generally under-

stood to have occurred alongside cooling in the northern hemisphere (though

the extent and timing of the cooling trend remain unclear [10, 11, 8, 12]), as

evidenced by various proxies of Sahara and Sahel precipitation [11, 13] and by

archaeological findings [14]. The extent and distribution of the greening of the25

Sahara during the AHP remains a matter of some debate (see [15] for a review).
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Nevertheless, most modern climate models underestimate even the low end of

plausible greening estimates [16]; they are an order of magnitude short of esti-

mates at the upper end [17, 18]. While the mechanisms behind the discrepancies

between models and proxy data remain unclear, improved agreement between30

simulations and data in some models with vegetation and dust feedbacks sug-

gest surface feedbacks are important for reproducing the greening of the Sahara

[19, 20, 21, 22, 23, 24].

Due to the tendency of the tropical rain belt to migrate toward and inten-

sify in a differentially warming hemisphere [25, 26], the greening of the Sahara35

is generally attributed to Earth’s orbital precession, which modulates seasonal

differential heating. However, recent theory, modeling studies, and paleorecords

indicate that precession alone cannot explain the greening of the Sahara [3].

First, regional energy fluxes are not clearly related to the zonally-uniform heat-

ing associated with orbital variations [27, 28]. Second, modern climate models40

forced by early- to mid-Holocene insolation (with up to 7% precession-driven in-

crease in boreal summer insolation) tend to underestimate Saharan precipitation

relative to proxy reconstructions [16, 3], even when ocean and land feedbacks

are included [e.g., 29, 30]. Third, wet Saharan episodes are suggested to have

existed during intervals of relatively low boreal summer insolation [e.g., 31, 32].45

Here we examine how the regional precipitation and atmospheric energy

balance are affected by mid-Holocene orbital changes in models participating

in the third phase of the Paleo Model Intercomparison Project (PMIP3 [33]),

which is the most extensive modeling study of mid-Holocene conditions to date1.

Our analysis sheds light on the discrepancy between models and reconstructions50

of the greening of the Sahara and provides a regional perspective on how orbital

variations may drive African monsoon climate variations. In particular, our

1It is important to note, however, that PMIP3 models suffer from severe biases related

to misrepresentation of land surface feedbacks, which are critical for capturing monsoonal

climate variations. Therefore, while PMIP3 models represent the most extensively coordinated

simulation of mid-Holocene conditions to date, they are not free from known biases.
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Figure 1: Change in annual-mean precipitation over northern Africa between the mid-Holocene

(6 kya) and preindustrial conditions in PMIP3 models. (a) Ensemble-mean change in annual-

mean precipitation and the positions of the African ITCZ (solid) and EFE (dashed) in African

boreal summer (July–September) during the mid-Holocene (red) and preindustrial conditions

(blue). (b) Zonal average of the change in annual-mean precipitation over land (20◦W–

40◦E) for the ensemble mean (thick black) and individual models (colors). Upper and lower

estimates of the minimal change in precipitation required to sustain a Saharan steppe during

the mid-Holocene are shown shaded in green [34].

results suggest that, in addition to the commonly invoked differential heating

of the hemispheres, equatorial heating of the atmosphere is an important factor

controlling African monsoon variations.55

2. Data and Methods

2.1. Data

Our analysis is based on monthly data from 12 PMIP3 models (Fig. 1) and

uses simulations of mid-Holocene and preindustrial conditions. In models for

which an ensemble of runs exists, only the first realization of each experiment60

is analyzed. Seasonal and annual-mean climatologies are calculated from the

first available 100 years, interpolated to a 1◦ × 1◦ horizontal grid. The bound-

aries of the African sector are defined as 20◦W–40◦E. The sector-mean results

were found to be qualitatively insensitive to the exact definition of the western
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and eastern boundaries of the African sector, within a range of ∼10◦ of each65

boundary.

The land cover and dust concentrations in PMIP3 simulations are prescribed

to be the same as during preindustrial conditions. This limitation of PMIP3

models may account for the general dry bias in these models over Africa dur-

ing the mid-Holocene [23]. Specifically, several studies found that vegetation70

feedbacks and the recycling further north of moisture by increasing the area

covered by water bodies amplify the precipitation response to orbital forcing

[19, 21, 35, 22], which may then be further amplified by dust feedbacks [23, 24].

However, vegetation feedbacks were included in the earlier generation of PMIP

simulation (PMIP2) but were not found to significantly amplify the precipita-75

tion response [2]. More generally, these feedbacks were only partially successful

in producing the needed latitudinal shift in the rainbelt and in producing the

needed change in precipitation intensity.

In this study, rather than assessing the performance of the models, we ex-

amine the variation across models in an attempt to provide constraints on the80

relation between of orbital forcing and African monsoon variations [cf. 36].

This approach has its limitations, since PMIP models both underestimate the

range of climate variations [2] and, as mentioned above, misrepresent key physi-

cal processes. Nevertheless, we find that the variation across models is sufficient

for analyzing the general relation between the African monsoon and the atmo-85

spheric energy budget.

2.2. Insolation

The orbital forcing in the PMIP3 simulations is set to mid-Holocene condi-

tions (6 kya). Note, however, that boreal summer (defined here as the months

July–September) insolation and the greening of the Sahara peak much earlier,90

around 9 kya [11]. During the mid-Holocene, peak boreal summer insolation

was about 5% greater than today, primarily due to Earth’s precession —at

perihelion, the northern hemisphere faced the sun, rather than the southern

hemisphere as today. In addition, obliquity was 0.6◦ higher, and eccentricity
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was 12% larger. The insolation variations shown below are calculated following95

the methods described in [37].

2.3. Position Indices

In the zonal mean, the intertropical convergence zone (ITCZ), identified as

the latitude of peak tropical precipitation, approximately coincides with the lat-

itude where the zonal-mean northern and southern Hadley cells meet. However,100

regional manifestations of the ITCZ, for example, in the African sector, are not

clearly related to the Hadley circulation (see [38] for a review). Nevertheless, for

simplicity, we refer to the latitude of peak African precipitation as a ’regional

ITCZ’. Following [39], the latitude of peak zonal- or sector-mean precipitation

is estimated as105

φmax =

∫ 30◦N

30◦S
φ(cos(φ)P )30dφ∫ 30◦N

30◦S
(cos(φ)P )30dφ

(1)

where φ denotes latitude and P denotes precipitation. The 30◦S–30◦N inte-

gration boundaries and power of 30 were found to capture the position of the

precipitation maximum well, while reducing grid dependence (see [40] for a sen-

sitivity analysis of Eq. 1).

3. The energy flux equator110

The ITCZ marks the location of maximal surface mass convergence, and

therefore, by mass conservation, the location of the rising branch of the mean

meridional overturning circulation [26]. Since energy transport in the deep

tropics is dominated by the mean meridional overturning circulation, the ITCZ

also approximately marks the latitude of the atmospheric energy flux equator115

(EFE), where total atmospheric energy transport (AET) vanishes and diverges

(i.e., flows away from) [41, 26, 39].

To first order, the position of the EFE (φEFE) is proportional to cross-

equatorial AET (AET0, Fig. 2a) and inversely proportional to a measure of

equatorial heating I0 [42, 26, 27],120

φ
EFE

= −1

a

AET0

I0
. (2)
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Here a denotes Earth’s radius, the subscript ( )0 indicates equatorial values, and

φ
EFE

, AET0, and I0 can vary in longitude. I is defined as the meridional AET

divergence (see the Appendix for details). It is given by the combination of

vertical atmospheric net energy input (NEI), energy storage in the atmosphere

(ES), and zonal energy input (ZEI),125

I ≡

vertical

energy input︷︸︸︷
NEI −

energy storage︷︸︸︷
ES −

zonal energy input︷︸︸︷
ZEI . (3)

Here, NEI is given by the sum of net radiative input at the top of the atmosphere,

and net radiative, sensible, and latent heat fluxes at the surface; ES is given

by the rate of change over time of column-integrated atmospheric sensible and

latent heat, and ZEI is given by the zonal gradient of the column-integrated

moist static energy flux. See the Appendix and [39, 27] for the derivation of130

Eqs. (2) and (3) and for more details on the energetic quantities.

The relation of the meridionally varying AET to the EFE, AET0 and I0 are

depicted in Fig. 2. The sensitivity of the position of the EFE (and hence the

ITCZ) to variations in AET0 and I0 is depicted in Fig. 3. By assuming that

changes in the spatial distribution of tropical precipitation about its peak are135

small relative to the changes associated with meridional migrations of the rain

band, the EFE framework simplifies the analysis of variations in the tropical

rain belt to two key parameters: (1) cross-equatorial energy transport (AET0),

which is associated with inter-hemispheric differential heating, and (2) equato-

rial heating (I0).140

The net effect of orbital variations on the atmospheric energy budget is given

by the changes in the incoming solar radiation at the top of the atmosphere

and by the response of the climate system to these changes. The response is

composed of changes in the net radiative balance at the top of the atmosphere,

the surface energy budget, energy storage in the atmosphere, and zonal energy145

fluxes. It is therefore not clear a priori how, or if at all, orbital variations affect

changes in the zonal-mean or regional differential and equatorial heating, which

drive the shifts of the tropical rain belt.
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Figure 2: A depiction of atmospheric energy transport (AET) and its relation to the energy

flux equator (EFE), cross-equatorial AET and equatorial heating (I0, given by the slope of

the meridional component of AET at the equator).

Figure 4a shows the zonal-mean changes in insolation and in net atmospheric

energy input (which, in the zonal mean equals the meridional AET divergence I)150

between mid-Holocene and preindustrial conditions in PMIP3 models. The im-

portance of balancing climatic feedbacks is evident by the lack of a clear relation

between the orbital forcing (i.e., the change in insolation) and the net response.

Nevertheless, as expected, net atmospheric energy input in the northern hemi-

sphere increases on average. In addition, equatorial heating is slightly elevated155

on average. As shown in Fig. 4b, the increased differential heating of the north-

ern hemisphere is balanced by the increase in southward cross-equatorial energy

flux. This is seen as a negative shift in AET in the tropics, which decreases AET0

and shifts the zonal-mean EFE (and with it the ITCZ) northward. However,

both AET0 and the slope of AET near the equator (i.e., I0) vary between the160

mid-Holocene and preindustrial conditions. Therefore, from Eq. (2), changes in

both AET0 and I0 (i.e., in both differential and equatorial heating) may have

played a role in driving shifts in the locations of the African EFE and ITCZ

during the mid-Holocene.

As shown in Fig. 1a, the ensemble-mean shift of the boreal summer ITCZ165

over Africa, induced by mid-Holocene orbital forcing, goes along with a shift in
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Figure 3: The sensitivity of the position of the EFE (φEFE ) to increasing differential heating,

resulting in an anomalous cross-equatorial energy fluxes (AET0), and to increasing equatorial

heating (I0, the meridional AET divergence at the equator; the red and blue arrows indicate

longwave and shortwave radiation), according to Eq. (2). The EFE shifts toward the differen-

tially heated hemisphere. Since differential heating of the northern hemisphere is balanced by

southward energy fluxes across the equator, AET0 is negative in the depicted examples. In-

creased equatorial heating dampens the migration of the EFE toward the differentially heated

hemisphere. Therefore, in the depicted examples, the EFE is nearest to the equator in panel

c where AET0 is weakest and I0 is largest, and is farthest from the equator in panel b where

AET0 is strongest and I0 is weakest. In panels a and d the EFE is equally displaced because

the fractional changes in AET0 are balanced by the fractional changes in I0.

the regional EFE2, although the EFE and ITCZ do not exactly coincide. This

covariance of the ITCZ and EFE over Africa is also found in observations [27]

and simulations [43]. Therefore, variations in the position of the African ITCZ

can be quantitatively linked to variations in the atmospheric energy budget170

induced by, for example, orbital forcing, ocean variability, or regional feedbacks

2Here the latitude of the EFE is calculated as the latitude of zero crossing of AET. The

exact latitude of zero crossing is calculated using a linear interpolation of the two grid points

on either side of the zero crossing ([40]).
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Figure 4: Zonal-mean changes in the PMIP3 ensemble-mean atmospheric energy budget dur-

ing boreal summer (July–September) for mid-Holocene and preindustrial conditions. (a)

Changes in zonal-mean top-of-atmosphere (TOA) incoming solar radiation (black) and net

atmospheric energy input (NEI = I in the zonal mean; green, shading indicates ±1 standard

deviation of inter-model spread). (b) Zonal-mean AET during mid-Holocene (red) and prein-

dustrial conditions (blue). The intercept of AET at zero latitude is AET0, and its zero is the

EFE.

[26, 27]. In what follows, we examine how large regional shifts of the EFE and

ITCZ may arise.

4. Regional energetic constraints

As expected, a clear northward shift of the annual-mean precipitation over175

Africa is captured in the ensemble mean of PMIP3 models (Fig. 1a; see [44, 45]

for a detailed analysis). However, all models severely underestimate reconstruc-

tions of the minimal increase in precipitation required to sustain a Saharan

steppe: simulated changes do not exceed 100 mm year−1 in the mid Sahara, in

disagreement with evidence of widespread grasslands that require an increase180

of at least 200–300 mm year−1 [Fig. 1b; 34, 16] or lacustrine environments

[46]. Similarly, the simulated mean position of the African ITCZ during bo-
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Figure 5: Historic changes in boreal summer insolation. (a) Change from present-day condi-

tions in zonal-mean insolation since the last glacial maximum (LGM). (b,c) Fractional changes

(from present day) in differential and equatorial heating since the LGM and during the Qua-

ternary (past 2.5 million years). The insolation variations are calculated following the methods

described in [37].

real summer is shifted by about 1 degree, compared with a minimal shift of

about 5 degrees required to maintain a Saharan steppe (Fig. 1b; i.e., assuming

the changes in precipitation are caused primarily by changes in the position185

of the ITCZ, not its intensity or the duration of the wet season). Consistent

with reconstructions, most models simulate a wetter eastern Africa (see Fig.

S1 for specific models); however, the wetter conditions are not as extensive in

equatorial Africa as empirical estimates suggest [6, 7].

From Eq. (2), fractional changes in the position of the EFE (and hence the190
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ITCZ) are given by [26, 42, 47]

∆φ
EFE

φ̄
EFE

=

shifts caused by

differential heating︷ ︸︸ ︷
∆AET0

AET0

−

shifts caused by

equatorial heating︷︸︸︷
∆I0
Ī0

(4)

where ∆ denotes changes between mid-Holocene and preindustrial conditions

and the overbar denotes preindustrial conditions. The first term on the rhs of

Eq. (4) represents the fractional shift due to changes in cross-equatorial AET

induced by inter-hemispheric differential heating. The second term depends195

on the regional equatorial energy balance (i.e., equatorial heating), which is

generally independent of inter-hemispheric differential heating [27, 48, 47] (see

section 1 of the SI for a derivation of Eq. 4).

Neglecting the equatorial heating term and assuming regional variations in

AET0 follow the zonal mean, Eq. (4) suggests that the ∼5% increase in mid-200

Holocene boreal summer insolation (and similar decrease in the southern hemi-

sphere, Fig. 5a,b) leads to a ∼10% (∼1◦) shift of the ITCZ position — in

accordance with the simulated shifts. More generally, as shown in Fig. 5c, dur-

ing the Quaternary, changes in differential heating during boreal summer rarely

exceed more than 10% relative to preindustrial conditions. This implies that,205

in contrast to what is widely assumed, in the absence of amplifying feedbacks,

orbital differential heating is a weak driver of monsoon climate [e.g., 24, 4]. The

lack of regional feedbacks in the African sector likely accounts for the under-

estimated ITCZ shifts in PMIP3 models, in which identical surface conditions

are used in simulations of both the mid-Holocene and preindustrial conditions.210

However, the typical fractional changes in solar equatorial heating during the

Quaternary are of relatively larger magnitude than those in differential heat-

ing (Fig. 5c) and may therefore also be important for understanding poleward

shifts of the ITCZ. We therefore now turn to examine the potential effects of

variations in equatorial heating.215

As shown in Fig. 6, the contributions of regional energy storage and zonal

energy fluxes to the difference in meridional AET divergence (I) between the

mid-Holocene and preindustrial conditions are negligible. Therefore, fractional
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Figure 6: Change in atmospheric energy input during boreal summer (July–September) be-

tween mid-Holocene and preindustrial conditions in the African sector. (a) Total atmospheric

energy input (I, Eq. 3). (b) Net vertical atmospheric net energy input (NEI), composed of

top-of-atmosphere (TOA) net radiative input and surface energy fluxes into the atmosphere.

(c) Atmospheric energy storage (ES, the rate of decrease in column-integrated atmospheric

sensible and latent heat). (d) Zonal column-integrated energy fluxes (ZEI, the zonal gra-

dient of the atmospheric energy flux). Side panels show zonal means in the African sector

(20◦W–40◦E), with shaded confidence bounds of 1 standard deviation of intermodel spread.

changes in atmospheric energy input are dominated by the vertical component

(NEI0) near the equator, i.e.,220

I0 ≈ NEI0. (5)

Thus, by neglecting the regional dynamics associated with changes in zonal en-

ergy transport and energy storage, Eq. (4) simplifies considerably. Specifically,

fractional variations of NEI0 can be calculated or estimated from variations in

the top-of-atmosphere and surface equatorial energy budget, associated with,

for example, orbital forcing, surface radiative and heat fluxes, and cloud feed-225
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Figure 7: A comparison of zonal-mean vs. African sector-mean (20◦W–40◦E) fractional

changes between the mid-Holocene and preindustrial control conditions during boreal sum-

mer (July–September) in (a) cross-equatorial atmospheric energy transport (AET0) and (b)

equatorial atmospheric net vertical energy input (NEI0). The identity line is shown in gray.

Models are numbered as in Fig. 1.

backs. More generally, variations in NEI0 dominate the variations in equatorial

heating throughout the tropics in PMIP3 models (Fig. S2) and under present-

day conditions [48]. This suggests that the approximation (5) can be applied

more generally to seasonal and regional variations of the EFE and ITCZ also

outside the African sector. Next we examine the relation of differential and230

equatorial heating to zonal- and sector-mean shifts of the EFE and ITCZ in

PMIP3 models.
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5. Zonal- and sector-mean variations in PMIP3 models

A comparison of the zonal-mean and African sector-mean fractional changes

in AET0 and NEI0 is shown in Fig. 7. Even though regional cross-equatorial235

energy fluxes are not clearly related to the zonally-uniform orbital forcing, the

zonal-mean and sector-mean fractional changes in AET0 are strongly correlated

(Fig. 7a, R =0.81). As expected from orbital forcing, the mean fractional

change in the zonal-mean AET0 is 10%, compared with 15% in the African

sector. However, these changes vary significantly across models, with maximal240

and minimal changes of 33% and 2%. Unlike AET0, only a weak agreement

exists between sector- and zonal-mean fractional changes in NEI0 (R=0.49).

The variation across models in sector-mean NEI0 is also 5 times larger than in

the zonal mean. Both zonal- and sector-mean fractional changes in NEI0 are

generally positive. Therefore, from Eq. (4), NEI0 changes in PMIP3 models245

damp the poleward shift of the EFE and ITCZ.

The relations of fractional changes in the positions of the African boreal

summer EFE and ITCZ and fractional changes in African sector-mean AET0

and NEI0 are shown in Fig. 8. Consistent with Eq. (4), fractional changes in the

positions of both the EFE and ITCZ are positively correlated with fractional250

changes in AET0 (R=0.77 and 0.31∗, respectively; the asterisk indicates p-

values larger than 0.05.), and negatively but weakly3 correlated with fractional

changes in NEI0 (R=-0.34∗ and -0.48∗, respectively). The variance explained

by combining the fractional changes of both AET0 and NEI0 is 78% for the

regional EFE and 36% for the ITCZ. Furthermore, the African EFE and ITCZ255

positions are well correlated with eatch other (R=0.77). We therefore conclude

that both AET0 and NEI0 are important predictors of the positions of the EFE

and ITCZ in the African sector.

The above results suggest that an empirical model that relates climatic vari-

3Omitting the MPI-ESM-P model (model 3) strengthens the correlation of the ITCZ and

EFE with AET0 and weakens the relation with NEI0.
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Figure 8: The relation of the fractional changes between the mid-Holocene and preindustrial

conditions over Africa (20◦W–40◦E) in the positions of boreal summer (July–September) EFE

(purple) and ITCZ (green), and (a) African sector-mean cross-equatorial atmospheric energy

transport AET0, and (b) equatorial atmospheric net vertical energy input (NEI0). Models

are numbered as in Fig. 1. Reference slope lines of +1 and -1 are shown in gray.

ations of the mean position of the ITCZ on seasonal or longer timescales to the260

atmospheric energy budget can be written as [47]

δφ
ITCZ

= α0δAET0 + α1δNEI0 + ε. (6)

Here δ denotes fractional changes and ε denotes residual contributions that are

uncorrelated with differential and equatorial heating. The empirical constants

α0 and α1 account for the regional characteristics of the relation of the EFE

and ITCZ, which may vary across models, climates, regions, and seasons [49,265

50, 26, 39, 27].
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Table 1: Summary of the correlation coefficients related to Figs. 7 and 8 and to the regression

model Eq. (6). The asterisk indicates p-values above 0.05.

Description R

Correlation between zonal- and African sector-mean fractional changes in AET0 0.81

Correlation between zonal- and African sector-mean fractional changes in NEI0 0.49

Correlation between the EFE and ITCZ over Africa 0.77

Correlation between the EFE and fractional changes in AET0 over Africa 0.77

Correlation between the ITCZ and fractional changes in AET0 over Africa 0.31∗

Correlation between the EFE and fractional changes in NEI0 over Africa -0.34∗

Correlation between the ITCZ and fractional changes in NEI0 over Africa -0.48∗

Correlation between the EFE and the linear regression model (Eq. 6) 0.88

Correlation between the ITCZ and the linear regression model (Eq. 6) 0.62

Using the inter-model spread in fractional changes between the mid-Holocene

and preindustrial conditions over Africa, we find α0 = 0.4 ± 0.1 and α1 =

−0.5±0.2 (R = 0.62), where the uncertainty indicates one standard deviation of

these coefficients using a leave-one-out cross validation approach. This suggests270

that PMIP3 models are generally equally sensitive to fractional changes in both

NEI0 and AET0
4. From Fig. 1, since the mean position of the African ITCZ is

∼ 10◦, for the ITCZ to shift by approximately 5◦ during the AHP a fractional

change of ∼50% is required. Given that the expected fractional change in AET0

associated with orbital forcing is ∼10%, this shift is likely associated with a275

decrease in NEI0, as opposed to the increased NEI0 seen in PMIP3 simulations.

Quantitatively, in PMIP3 simulations (i.e., for α1 = −0.5) this corresponds to

a 70% (or ∼15 Wm−2, cf. Fig. S7) mean decrease in NEI0. This prediction

4The values of α0 and α1 are sensitive to the meridional extent of the equatorial averaging

of AET0 and NEI0. On average, α0 ≈ 0.5 and α1 ≈ −0.5 for equatorial averaging of AET0

and NEI0 ranging between 5◦S–5◦N to 20◦S–20◦N. In addition, the value of α1 is particularly

sensitive to the MPI-ESM-P model (data point 3 in Figs. 7 and 8), and reduces to −0.1 in

its absence.
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is consistent with the paleo precipitation model of [47], which, as in Eq. (6),

relates the position of the ITCZ to orbital variations, but also includes the280

effect of tropical heating on moisture availability [51]. Using this model, a

50% reduction in NEI0 produced an annual-mean difference between the mid-

Holocene and preindustrial conditions similar to that found by [34] (Fig. 1b).

Additionally, unlike AET0, relatively large fractional changes in NEI0 do not

require large absolute variations. Since NEI0 is the net of large balancing terms,285

large fractional changes of NEI0 (i.e., above 50%) require only relatively small

changes in, e.g., cloud effects or surface latent heat fluxes (cf. section 2 of the

SI).

6. Discussion and Conclusions

African monsoon variations are commonly conceptualized as meridional shifts290

of the continental ITCZ in the African sector. Based on the tendency of the

ITCZ to migrate toward the differentially warming hemisphere, these shifts and

similar shifts in the tropical rain belt outside the African sector are traditionally

associated with changes in the inter-hemispheric differential heating of Earth.

We have shown that changes in the equatorial heating of the atmosphere, which295

modulates both precipitation intensity by affecting moisture availability [51, 47]

and the extent of ITCZ migrations (Eq. 4), contributes to ITCZ variations

comparable to those induced by differential heating alone. Incorporating this

important and often overlooked driver of African monsoon variations therefore

seems important for understanding wet Saharan episodes.300

The relation of the regional ITCZ position and the atmospheric energy bud-

get can be understood in the framework of the covariance of the ITCZ with

the regional energy flux equator (EFE, Fig. 1). To first order, variations

of the regional ITCZ on timescales of a season or longer are proportional to

cross-equatorial atmospheric energy transport (AET0) associated with inter-305

hemispheric differential heating, and inversely proportional to equatorial heat-

ing [2; for a review see 26]. However, as shown in Figs. 4 and 7, due to climatic
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feedbacks, the effect of orbital forcing on zonal-mean or regional energy fluxes

cannot be accurately inferred from the associated variations in incoming solar

radiation.310

In PMIP3 models, differential heating and the associated cross-equatorial

AET only partly account for the meridional shifts of the ITCZ. Equatorial

heating, which modulates the extent of seasonal ITCZ migrations [Eq. 4; 42, 26,

39, 47], is found to be an additional important driver of ITCZ shifts. Given the

sensitivity of the regional position of the ITCZ to regional feedbacks, which may315

also vary in their representation across climate models, an empirical regression

model which includes the effects of both differential and equatorial heating is

presented in Eq. (6). The contribution of equatorial heating variations (δNEI0)

to variations in the position of the ITCZ has been ignored in most previous

empirical studies of the ITCZ position, where the relation of the ITCZ position320

to the atmospheric energy budget is assumed to be solely dependent on AET0

[i.e., assuming α1 = 0 in Eq. 6; e.g., 52, 53, 50, 54]. By including processes

which are not related to differential heating, Eq. (6) provides a simple yet

critical generalization of empirical models of ITCZ migrations. A summary of

the correlation coefficients pertaining to the relation of the EFE and ITCZ to325

differential (AET0) and equatorial heating (NEI0) in PMIP3 models (Figs. 7

and 8) and to the regression model (Eq. 6) is presented in Table 1.

An appreciable amount of the variance in the position of the African boreal-

summer ITCZ is not accounted for by the extended regression model (Fig. 8),

implying that processes other than meridional shifts of the ITCZ cannot be330

neglected. Indeed, extensive literature exists on regional mechanisms associated

with the AHP [for a review see 3]. Prime examples include the ‘monsoon-

desert mechanism’, which links the invigoration of the Indian monsoon with

enhanced descent and hence suppressed precipitation over northern Africa [55];

the ‘ventilation mechanism’, in which increases in precipitation are limited by335

the decreased relative humidity of the warming African continent relative to

the Atlantic [56]; the dynamics of moisture fluxes from the Atlantic and the

Mediterranean [e.g., 57, 58]; dynamical effects of the African heat low [e.g.,
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Figure 9: Energy fluxes controlling ITCZ shifts in the African sector. Variations in cross-

equatorial atmospheric energy transport (AET), associated with inter-hemispheric differential

heating, force the ITCZ to migrate towards the differentially heated hemisphere. Atmospheric

equatorial heating modulates precipitation intensity and the extent of the ITCZ migrations.

The net equatorial heating is determined primarily by the radiative balance at the top of the

atmosphere and ocean heat uptake, composed of longwave and shortwave radiative fluxes (red

and blue arrows, respectively) as well as sensible and latent heat fluxes near the surface.

59, 60, 61]; and vegetation and dust feedbacks [e.g., 29, 24].

Nevertheless, the extended theory (Eq. 6) captures over 30% of the variance340

of the ITCZ in PMIP3 models, compared with about 20% when only differential

heating is considered. Moreover, since equatorial heating modulates the extent

of seasonal ITCZ migrations (Eq. 2, Fig. 3), variations in equatorial heating

provide a conceptual framework for understanding hemispherically symmetric

variations in precipitation [62], such as those observed over Africa since the last345

glacial maximum [63] and in the Pacific during the Little Ice Age [64]. Further-

more, the unique shape of the African continent makes the African monsoon

(in particular the West African monsoon) sensitive to variations in the equa-

torial eastern Atlantic. The net equatorial heating over the eastern Atlantic is
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regulated by cloud feedbacks, which are not well understood, but which a grow-350

ing body of evidence suggests may be positive (i.e., low-cloud cover increases

as the surface cools, [65, 66]). Tropical low-cloud radiative cooling exceeding

10 W m−2 (i.e., the amount required to shift the African ITCZ by several

degrees) is well within the potential radiative response by clouds to the equa-

torial surface cooling during the AHP that is suggested by reconstructions and355

models [Fig. S5; 66, 67] (though estimates of the temperature trends in the

equatorial eastern Atlantic remain inconclusive [68, 69, 67]). However, modern

climate models significantly underestimate low-cloud cover and overestimate

the equatorial heating in the eastern Atlantic during boreal summer [48]. In

the models, this reduces the fractional changes in equatorial heating during the360

mid-Holocene, thus dampening the response of the African monsoon to orbital

variations (Eq. 4, Figs. 7 and 8).

Similarly, vegetation and dust feedbacks (which are not present in PMIP3

models), alter the surface radiative and latent heat fluxes [21, 24] and may am-

plify regional cross-equatorial AET and hence ITCZ shifts. The regional surface365

fluxes may also enhance the differential heating of the African continent relative

to the Atlantic (cf. the land-sea contrast in Fig. 6) during periods of enhanced

boreal insolation, thus amplifying the contribution of zonal moisture fluxes from

the Atlantic [70, 71, 72, 73] — an aspect not covered by the framework presented

here.370

The factors controlling ITCZ shifts in the African sector are depicted in

Fig. 9. The ITCZ shifts towards the differentially heated hemisphere, inducing

regional cross-equatorial AET (AET0), which balances the differential heating.

The precipitation intensity and the extent of the ITCZ migrations are modu-

lated by equatorial heating (NEI0). The equatorial heating is dominated by375

net radiative input at the top of the atmosphere (TOA, Fig. S3) and surface

energy fluxes into the atmosphere (Figs. S4-5), which are both strongly coupled

to cloud feedbacks5.

5In addition, due to the low continental heat capacity, changes in surface energy fluxes
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The regional framework presented here challenges the general conception

that orbital modulation of inter-hemispheric differential heating is the primary380

driver of AHPs; instead, it points to the important role of equatorial heating

and offers a more nuanced picture that incorporates the regional characteristics

of the African sector. Since vertical atmospheric energy input dominates the

atmospheric energy budget also outside the African sector (Figs. S3-5), the

regional approach presented here may be generalizable to other sectors.385
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Appendix

The variations in the heating of the atmosphere (NEI), which ultimately390

drive the shifts of the African monsoon, are related to atmospheric energy trans-

port (AET) by the energy balance equation of the atmosphere (e.g., [27])

div(AET) = NEI − ES (7)

where div(·) denotes the divergence. Atmospheric energy storage (ES) is gener-

ally negligible on annual or longer timescales [50], but it can be significant on

seasonal timescales and is therefore included in our analysis.395

In order to allow for regional variations, zonal energy input into the African

sector must also be considered. As mentioned in the Discussion, the zonal over-

turning circulation in the African sector also contributes to the mean precipi-

tation. However, given the zonal orientation of the ITCZ in the African sector

(e.g., Fig. 1), it is reasonable to assume predominantly Hadley-like circulation400

(Fig. 9) in the African sector. The energy balance equation can be written as

[27],

∂yAET = NEI − ES − ∂xAET (8)

over land are negligible relative to changes in ocean heat uptake [26]
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where −∂xAET denotes column-integrated zonal energy input across atmo-

spheric columns (this term vanishes in the zonal mean). (Cartesian notation

is used here only for simplicity; the calculations presented in the results are405

done in spherical coordinates.) The rhs of Eq. (8) therefore describes the local

net energy input into the atmosphere, defined here as I ≡ ∂yAET.

Using Eq. (8), a first-order Taylor expansion of AET about the equator

gives [42]

AET ≈ AET0 + I0 · (aφ) (9)

where ( )0 denotes equatorial average. It is therefore readily shown that the410

latitude where AET vanishes (i.e., the latitude of the energy flux equator EFE)

is given by Eq. (2).

From Eq. (8), the difference in the net heating between the hemispheres

is equal to the zonal-mean cross-equatorial AET. In addition, since ITCZs are

located in regions of strong surface convergence and upper-level divergence, it is415

useful to consider only the divergent component of the energy flux. Therefore,

regional cross-equatorial AET, denoted here as AET0, is calculated as the aver-

age between 5◦S–5◦N of the divergent component of AET, derived from Eq. (7)

[27]. In the zonal mean, AET0 can be directly calculated from the imbalance

in I between the hemispheres. Similarly, local equatorial heating, denoted here420

as I0, is calculated as the equatorial average (10◦S–10◦N) of I. The results were

found to be qualitatively insensitive to the meridional extent of the equatorial

average if it does not exceed 20◦. See [27] for specific details on the calculation

of the energetic quantities.
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[46] A.-M. Lézine, C. Hély, C. Grenier, P. Braconnot, G. Krinner, Sahara and600

Sahel vulnerability to climate changes, lessons from Holocene hydrological

data, Quaternary Science Reviews 30 (21) (2011) 3001–3012. doi:https:

//doi.org/10.1016/j.quascirev.2011.07.006.

[47] T. Bischoff, T. Schneider, A. N. Meckler, A conceptual model for the re-

sponse of tropical rainfall to orbital variations, Journal of Climate 30 (20)605

(2017) 8375–8391. arXiv:https://doi.org/10.1175/JCLI-D-16-0691.

1, doi:10.1175/JCLI-D-16-0691.1.

URL https://doi.org/10.1175/JCLI-D-16-0691.1

[48] O. Adam, T. Schneider, F. Brient, Regional and seasonal variations of the

double-ITCZ bias in CMIP5 models, Climate Dynamics 51 (2018) 101–117.610

doi:10.1007/s00382-017-3909-1.

[49] A. Donohoe, J. Marshall, D. Ferreira, D. McGee, The relationship between

ITCZ location and cross-equatorial atmospheric heat transport: From the

seasonal cycle to the last glacial maximum, J. Climate 26 (2013) 3597–3618.

[50] A. Donohoe, D. S. Battisti, The seasonal cycle of atmospheric heating and615

temperature, J. Climate 26 (2013) 4962–4980.

[51] T. M. Merlis, T. Schneider, S. Bordoni, I. Eisenman, Hadley circulation

response to orbital precession. Part I: Aquaplanets, J. Climate 26 (2013)

740–753.

[52] D. M. W. Frierson, Y.-T. Hwang, N. S. Fuckar, R. Seager, S. M. Kang,620

A. Donohoe, E. A. Maroon, X. Liu, D. S. Battisti, Contribution of ocean

overturning circulation to tropical rainfall peak in the northern hemisphere,

Nature Geosci. 6 (2013) 940–944. doi:10.1038/ngeo1987.

30

http://dx.doi.org/https://doi.org/10.1016/j.quascirev.2016.11.028
http://dx.doi.org/https://doi.org/10.1016/j.quascirev.2016.11.028
http://dx.doi.org/https://doi.org/10.1016/j.quascirev.2016.11.028
http://dx.doi.org/https://doi.org/10.1016/j.quascirev.2011.07.006
http://dx.doi.org/https://doi.org/10.1016/j.quascirev.2011.07.006
http://dx.doi.org/https://doi.org/10.1016/j.quascirev.2011.07.006
https://doi.org/10.1175/JCLI-D-16-0691.1
https://doi.org/10.1175/JCLI-D-16-0691.1
https://doi.org/10.1175/JCLI-D-16-0691.1
http://arxiv.org/abs/https://doi.org/10.1175/JCLI-D-16-0691.1
http://arxiv.org/abs/https://doi.org/10.1175/JCLI-D-16-0691.1
http://arxiv.org/abs/https://doi.org/10.1175/JCLI-D-16-0691.1
http://dx.doi.org/10.1175/JCLI-D-16-0691.1
https://doi.org/10.1175/JCLI-D-16-0691.1
http://dx.doi.org/10.1007/s00382-017-3909-1
http://dx.doi.org/10.1038/ngeo1987


[53] Y.-T. Hwang, D. M. W. Frierson, Link between the double-Intertropical

Convergence Zone problem and cloud biases over the Southern Ocean, Proc.625

Natl. Acad. Sci. 110 (2013) 4935–4940. doi:10.1073/pnas.1213302110.

[54] A. Donohoe, J. Marshall, D. Ferreira, K. Armour, D. McGee, The in-

terannual variability of tropical precipitation and interhemispheric energy

transport, J. Climate 27 (2014) 3377–3392.

[55] M. J. Rodwell, B. J. Hoskins, Monsoons and the dynamics of deserts, Quart.630

J. Roy. Meteor. Soc. 122 (1996) 1385–1404.

[56] H. Su, D. Neelin, Dynamical mechanisms for African monsoon changes

during the mid-Holocene, J. Geophys. Res. 110 (2005) D19105.

[57] D. P. Rowell, The impact of mediterranean ssts on the Sahelian rain-

fall season, Journal of Climate 16 (5) (2003) 849–862. doi:10.1175/635

1520-0442(2003)016<0849:TIOMSO>2.0.CO;2.

[58] Y. Zhao, P. Braconnot, O. Marti, S. Harrison, C. Hewitt, A. Kitoh,

Z. Liu, U. Mikolajewicz, B. Otto-Bliesner, S. Weber, A multi-model anal-

ysis of the role of the ocean on the African and Indian monsoon dur-

ing the mid-Holocene, Climate Dynamics 25 (7) (2005) 777–800. doi:640

10.1007/s00382-005-0075-7.

[59] C. Lavaysse, C. Flamant, S. Janicot, D. J. Parker, J.-P. Lafore, B. Sul-

tan, J. Pelon, Seasonal evolution of the west African heat low: a cli-

matological perspective, Climate Dynamics 33 (2) (2009) 313–330. doi:

10.1007/s00382-009-0553-4.645

[60] S. E. Nicholson, The West African Sahel: A review of recent studies on the

rainfall regime and its interannual variability, ISRN Meteorology (453521)

(2013) 32pp. doi:10.1155/2013/453521.

[61] R. Shekhar, W. R. Boos, Weakening and shifting of the Saharan shallow

meridional circulation during wet years of the West African monsoon, J.650

Climate 30 (2017) 7399–7422. doi:10.1175/JCLI-D-16-0696.1.

31

http://dx.doi.org/10.1073/pnas.1213302110
http://dx.doi.org/10.1175/1520-0442(2003)016<0849:TIOMSO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2003)016<0849:TIOMSO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2003)016<0849:TIOMSO>2.0.CO;2
http://dx.doi.org/10.1007/s00382-005-0075-7
http://dx.doi.org/10.1007/s00382-005-0075-7
http://dx.doi.org/10.1007/s00382-005-0075-7
http://dx.doi.org/10.1007/s00382-009-0553-4
http://dx.doi.org/10.1007/s00382-009-0553-4
http://dx.doi.org/10.1007/s00382-009-0553-4
http://dx.doi.org/10.1155/2013/453521
http://dx.doi.org/10.1175/JCLI-D-16-0696.1


[62] O. Adam, T. Schneider, F. Brient, T. Bischoff, Relation of the double-ITCZ

bias to the atmospheric energy budget in climate models, Geophys. Res.

Lett. 43 (2016) 7670–7677.

[63] J. A. Collins, E. Schefuß, D. Heslop, S. Mulitza, M. Prange, M. Zabel,655

R. Tjallingii, T. M. Dokken, E. Huang, A. Mackensen, M. Schulz, J. Tian,

M. Zarrieß, G. Wefer, Interhemispheric symmetry of the tropical African

rainbelt over the past 23,000 years, Nature Geoscience 4 (2011) 42–45.

doi:10.1038/ngeo1039.

URL http://dx.doi.org/10.1038/ngeo1039660

[64] H. Yan, W. Wei, W. Soon, A. Zhisteng, W. Zhou, Z. Liu, Y. Wang,

R. Carterm, Dynamics of the intertropical convergence zone over the west-

ern Pacific during the Little Ice Age, Nature Geoscience 8 (2015) 315–320.

[65] A. C. Clement, R. Burgman, J. R. Norris, Observational and model evi-

dence for positive low-level cloud feedback, Science 325 (2009) 460–464.665

[66] O. Boucher, D. Randall, P. Artaxo, C. Bretherton, G. Feingold, P. Forster,

V.-M. Kerminen, et al., Clouds and aerosols, in: Climate Change 2013:

The Physical Science Basis, Intergovernmental Panel on Climate Change,

2013, Ch. 7.

[67] G. Lohmann, M. Pfeiffer, T. Laepple, G. Leduc, J. Kim, A model-data com-670

parison of the holocene global sea surface temperature evolution, Climate

of the Past 9 (4) (2013) 1807–1839. doi:10.5194/cp-9-1807-2013.

[68] B. Molfino, A. McIntyre, Precessional forcing of nutricline dynamics in

the equatorial atlantic, Science 249 (4970) (1990) 766–769. doi:10.1126/

science.249.4970.766.675

[69] S. Weldeab, D. W. Lea, R. R. Schneider, N. Andersen, 155,000 years of west

african monsoon and ocean thermal evolution, Science 316 (5829) (2007)

1303–1307. doi:10.1126/science.1140461.

32

http://dx.doi.org/10.1038/ngeo1039
http://dx.doi.org/10.1038/ngeo1039
http://dx.doi.org/10.1038/ngeo1039
http://dx.doi.org/10.1038/ngeo1039
http://dx.doi.org/10.1038/ngeo1039
http://dx.doi.org/10.5194/cp-9-1807-2013
http://dx.doi.org/10.1126/science.249.4970.766
http://dx.doi.org/10.1126/science.249.4970.766
http://dx.doi.org/10.1126/science.249.4970.766
http://dx.doi.org/10.1126/science.1140461


[70] J. E. Kutzbach, Monsoon climate of the early holocene: Climate experiment

with the earth’s orbital parameters for 9000 years ago, Science 214 (4516)680

(1981) 59–61. doi:10.1126/science.214.4516.59.

[71] A. C. Clement, A. Hall, A. J. Broccoli, The importance of precessional

signals in the tropical climate, Climate Dyn. 22 (2004) 327–341.

[72] D. S. Battisti, Q. Ding, G. H. Roe, Coherent pan-asian climatic and iso-

topic response to orbital forcing of tropical insolation, Journal of Geo-685

physical Research: Atmospheres 119 (21) (2014) 11,997–12,020. doi:

10.1002/2014JD021960.

[73] W. R. Boos, R. L. Korty, Regional energy budget control of the intertropi-

cal convergence zone and application to mid-Holocene rainfall, Nature Geo-

science 9 (2016) 892–897. doi:10.1038/ngeo2833.690

33

http://dx.doi.org/10.1126/science.214.4516.59
http://dx.doi.org/10.1002/2014JD021960
http://dx.doi.org/10.1002/2014JD021960
http://dx.doi.org/10.1002/2014JD021960
http://dx.doi.org/10.1038/ngeo2833

	Introduction
	Data and Methods
	Data
	Insolation
	Position Indices

	The energy flux equator
	Regional energetic constraints
	Zonal- and sector-mean variations in PMIP3 models
	Discussion and Conclusions

