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Abstract. As Earth’s largest desert, the Sahara experienced periodic humid periods in the geological past, known as African

Humid Periods (AHP), which have nurtured the earliest human civilizations. Reconstructing the climatic evolution of the Sa-

hara is therefore important not only for understanding the region’s own climate history but also for addressing archaeological

questions related to human evolution and migration. Traditionally, the paleoclimate of this region has been reconstructed pri-

marily from geological records, but such reconstructions are costly to obtain and are often subject to considerable chronological5

uncertainty. Numerical simulations can partly compensate for these limitations but also demand substantial computational re-

sources when reconstructing climate variability over long timescales. To address these challenges, we conducted a series of

climate sensitivity experiments to quantify the contributions of different climate forcings, including Earth’s orbital, atmospheric

CO2, and ice sheets, to AHP formation. Based on these experiments, we developed a physically based, empirical model that

reconstructs the pacing of AHP occurrence using a few key metrics: orbital parameters, CO2 concentration, and global sea10

level. We validated this framework against geologic AHP reconstructions spanning the past 800 kilo-years (ka), and further

applied it to reconstruct AHP throughout the entire Quaternary. This computationally efficient framework offers a new tool for

reconstructing the long-term paleoclimatic evolution of the Sahara, with the potential to refine the chronology of North African

geological and archaeological records.

1 Introduction15

The Sahara, covering nearly one-third of Africa, is the largest desert on Earth. Yet archaeological (Barth, 1857; Kuper,

1986; Schandelmeier and Thorweihe, 2017) and paleoenvironmental evidence (DeMenocal, 2001; Kuper and Kropelin, 2006;

Watrin et al., 2009; Larrasoaña et al., 2013) reveals that this region had repeatedly transformed into a fertile landscape during

humid intervals known as the African Humid Periods (AHP). These humid phases, characterized by widespread lakes, rivers,
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and savannas, provided crucial ecological corridors for plants, animals, and human populations (El-Shenawy et al., 2018).20

However, as the Sahara underwent a return to arid conditions, human civilization in this region was profoundly impacted

by the deteriorating living conditions, leading to significant changes in survival strategies (Vernet, 2002) and widespread

migrations (Kuper and Kropelin, 2006). A notable example is the decline of ancient Egyptian civilization around 4,000 years

ago, which was believed to have been influenced in part by gradual drought in parts of the Sahara (Butzer, 2012). Understanding

the mechanisms underlying such climatic transitions is therefore fundamental not only for paleoclimate research but also for25

interpreting the environmental context of human evolution and cultural development.

It is commonly known that orbital forcings, particularly precession-driven changes in seasonal insolation, are the dominant

framework for explaining the occurrence of AHP. By modulating the interhemispheric summer insolation difference, orbital

forcing influences the latitudinal position of the Intertropical Convergence Zone (ITCZ), thereby altering the intensity of

the West African summer monsoon and regional precipitation patterns (Kutzbach, 1981; Pokras and Mix, 1987; DeMenocal,30

2001). More broadly, many studies have frequently taken orbital parameters as the main explanatory clue to interpret geological

records, including but not limited to monsoon systems worldwide (Cruz Jr et al., 2005; Cheng et al., 2016; Wen et al., 2024).

Moreover, some theoretical and modeling studies have highlighted the critical roles of ice sheets and greenhouse gases, which

introduce additional feedback through radiative forcing (Stouffer et al., 1989; Shi et al., 2025) and surface albedo changes

(Manabe and Broccoli, 1985). These processes can substantially modulate the climatic response to orbital forcing. Therefore,35

discussions of the mechanisms underlying AHP should consider the combined influence of orbital forcing and non-orbital

feedback.

Reconstructing the long-term climatic history of the Sahara is heavily based on geological archives, including marine

sediments, lacustrine deposits, and terrestrial records (Demenocal et al., 2000; Sha et al., 2019; Cheddadi et al., 2021). How-

ever, many geological archives in North Africa remain incomplete because earlier deposits are frequently eroded and removed40

during high sea-level episodes, resulting in systematic gaps in the geological archive. Moreover, many reconstructions depend

strongly on astronomical tuning to establish chronologies, which may introduce uncertainties and circular reasoning when

orbital parameters are simultaneously invoked as explanatory mechanisms. This limitation is particularly critical for periods

beyond the late Quaternary, where continuous and independently dated records are scarce. In this context, physically based

numerical models provide an essential complementary approach by offering continuous, internally consistent reconstructions45

of climate variability, independent of geological archives. Recent modeling efforts have significantly advanced our understand-

ing of Saharan climate dynamics by incorporating multiple forcings, including orbital parameters, ice sheets, and greenhouse

gases (Armstrong et al., 2023; Duque-Villegas et al., 2022, 2025). These studies have demonstrated the importance of cou-

pled forcings in shaping North African hydroclimate, yet most simulations have focused on relatively short intervals, such as

the Holocene (Bian and Räisänen, 2024) or the Last glacial cycle (Li et al., 2022; Duque-Villegas et al., 2025), due to the50

high computational cost. As a result, the systematic quantification of individual forcing contributions over multi-million-year

timescales remains limited.

Here, we address these challenges by conducting a series of targeted sensitivity experiments in which individual forcings

are varied independently. This experimental design allows us to isolate and quantify the respective roles of orbital forcing,
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ice sheets, and atmospheric CO2 in controlling Saharan precipitation. Based on these experiments, we develop a physically55

constrained empirical framework that links external forcings to key intermediate climatic variables, Saharan precipitation, and

vegetation fraction, and use it to reconstruct AHP variability continuously over the past 2.5 Ma. Compared to previous studies

(Duque-Villegas et al., 2025; Armstrong et al., 2023; Duque-Villegas et al., 2022), our approach extends the temporal coverage

of Saharan climate reconstructions while substantially reducing computational demands. The resulting precipitation time series

provides insights into the mechanisms governing Green Sahara dynamics and a chronological reference that can support the60

interpretation and dating of fragmented geological and archaeological records across North Africa.

2 Data and Methods

2.1 Model simulations

The AWI Earth System Model (AWI-ESM) is used to evaluate the effects of individual forcings on AHP formation.

The AWI-ESM is a coupled climate model consisting of the ocean and sea ice component FESOM and the atmospheric65

component ECHAM6, together with its land component JSBACH (Sidorenko et al., 2015, 2019). The performance of JSBACH

in simulating vegetation has been evaluated against satellite- and observation-based datasets, showing skill in reproducing

broad-scale vegetation cover and vegetation-related variables, despite remaining regional biases (Brovkin et al., 2013; Schneck

et al., 2022). In our simulations, ECHAM6 employs a T63 Gaussian grid for the atmosphere, with a horizontal resolution of

1.875◦× 1.875◦and 47 vertical levels. The ocean and sea ice component FESOM employs an unstructured mesh with spatially70

varying resolution, featuring relatively finer resolution in the polar regions, coastal areas, and along the equator, with grid

spacing reaching up to approximately 25 km (Shi and Lohmann, 2016).

Previous studies have identified orbital forcing, particularly changes in Northern Hemisphere summer insolation asso-

ciated with precession and obliquity, together with ice-sheet extent and atmospheric CO2, as important controls on Saharan

climate (Kutzbach, 1981; Claussen et al., 2017; Duque-Villegas et al., 2022). Accordingly, a total of 30 sensitivity experiments75

were performed, grouped into five categories (P360, C180, Imax, Omax, Omin), with each category containing multiple exper-

imental realizations. Twenty-four time-slice simulations with different precession phases (0◦, 15◦, 30◦, ..., 345◦) were included

in P360. Compared to P360, the CO2 concentration in C180 was decreased to 180 ppmv, the same goes for Imax and included

an added Northern Hemisphere ice sheet, equivalent to the condition in the Last Glacial Maximum (Argus et al., 2014). To

maximize the impact of precession, the eccentricity and obliquity in P360, C180 and Imax experiments were set to 0.058 and80

24.5◦respectively. To ensure that the coupled system reached quasi-equilibrium conditions, each sensitivity experiment was

integrated for 400 years in P360 and for at least 1,000 years in other categories. The climatological analyses presented in this

study are based on the final 100 years of each simulation. Detailed parameters for each experiment are listed in Table 1. By

comparing paired experiments, we can quantify the individual climate forcing in contributing AHP and build a simple model

to reconstruct AHP during the long-term past.85
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Table 1. Parameter settings for each experiment.

Name c(CO2) (ppmv) Ice sheet Eccentricity Obliquity Precession phase Spin-up time

P360 284.32 Modern 0.058 24.5◦ 0◦, 15◦, . . . , 345◦ 300 years

C180 180 Modern 0.058 24.5◦ 90◦, 270◦ ≥ 900 years

Imax 180 Large 0.058 24.5◦ 90◦, 270◦ ≥ 900 years

Omin 284.32 Modern 0.016724 22◦ 270◦ ≥ 900 years

Omax 284.32 Modern 0.016724 24.5◦ 270◦ ≥ 900 years

2.2 Data for reconstructing AHP

Using the sensitivity experiments described above, we quantified the effects of precession, obliquity, ice-sheet extent, and

atmospheric CO2 on AHP formation. We then combined these calibrated relationships with time series of orbital parameters,

atmospheric CO2, and eustatic sea level to develop an empirical model for reconstructing AHP occurrence (see Sect. 4). The

orbital parameters, including eccentricity, obliquity, and precession, were calculated following Laskar et al. (2004). For the90

past 800 ka, atmospheric CO2 concentrations were obtained from Antarctic ice-core records (Lüthi et al., 2008; Bereiter et al.,

2015), whereas eustatic sea level was taken from Bintanja et al. (2005). For the full 2.5-Ma reconstruction, both atmospheric

CO2 and sea level were obtained from the inverse forward modeling of Berends et al. (2021).

To validate our empirical model, we compare our results with existing reconstructions derived from climate-model simu-

lations and geological records. The first model-based dataset comprises Saharan annual precipitation averaged over 15–30◦N95

and 15◦W–35◦E (Armstrong et al., 2023). Using the paleo-conditioned coupled model HadCM3BB-v1.0, with atmospheric and

oceanic horizontal grid spacings of 2.5◦×3.75◦ and 1.25◦×1.25◦, respectively, Armstrong et al. (2023) performed 219 snap-

shot simulations covering the past 800 ka. The simulated climatologies were subsequently interpolated to produce a continuous

time series at 100-year intervals. The second dataset comprises pattern-scaled estimates of northern African vegetation change

developed by Duque-Villegas et al. (2025). They conducted a 134-ka transient simulation to identify the dominant spatial mode100

of vegetation variability using MPI-ESM1.2 in its T31GR30 configuration. The atmospheric component ECHAM6.3 used a

T31 grid (approximately 3.75◦×3.75◦) with 31 vertical levels, whereas the ocean component MPIOM1.6 used the curvilinear

GR30 grid, with a nominal horizontal resolution of approximately 3◦ and 40 vertical levels. Its temporal amplitude was then

related to orbital forcing, greenhouse-gas radiative forcing, and Northern Hemisphere ice-sheet volume, allowing vegetation

changes to be estimated over the past 800 ka. For comparison with our reconstruction, we use the resulting area-mean change105

in northern African vegetation fraction relative to pre-industrial conditions.

The geological records comprise marine sediment archives from the eastern Mediterranean and eastern tropical North

Atlantic, together with speleothem records from the Levant. At ODP Site 967 in the eastern Mediterranean, the wet–dry in-

dex combines an X-ray fluorescence-derived principal component representing sapropel-associated monsoon runoff with an

aeolian-dust record (Grant et al., 2017). The index captures the combined responses of runoff and dust deposition to North110
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Figure 1. Study region (red rectangle), paleoclimate proxy sites, and conceptual mechanisms linking orbital forcing, ice-sheet extent,

and atmospheric CO2 to Green Sahara–desert transitions. Base-map imagery is derived from NASA Earth Observatory (https:

//science.nasa.gov/earth/earth-observatory/the-blue-marble-true-color-global-imagery-at-1km-resolution/).

African hydroclimatic variability. At ODP Site 659 in the eastern tropical North Atlantic, the (Al+Fe)/(Si+K+Ti) ratio

records changes in the relative contributions of aeolian and riverine terrigenous material (Crocker et al., 2022). Saharan dust

mobilization responds to aridity, surface moisture, vegetation cover, and wind strength, making this record an indicator of Sa-

haran humid–arid transitions. For the interval since 127 ka, we additionally use speleothem calcite δ18O records from the Soreq

and Peqiin caves in the Levant (Bar-Matthews et al., 2003). These records reflect regional variations in rainfall, temperature,115

and the isotopic composition of eastern Mediterranean moisture, with lower δ18O values during interglacial sapropel intervals

indicating enhanced regional rainfall. Together, the speleothem records provide an additional regional comparison for hydro-

climatic changes associated with strengthened North African monsoon runoff into the eastern Mediterranean. The locations of

all geological archives are shown in Fig. 1.
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2.3 Methods120

2.3.1 Definition of latitude of ITCZ

Previous studies have proposed that the meridional migration of Intertropical Convergence Zone (ITCZ) contributes to the

AHP (Wang et al., 2017; Bian and Räisänen, 2024). Here, we used the zonal-mean meridional position of ITCZ to quantify the

amplitude of AHP. This position is defined as the latitude where the vertically averaged meridional stream function (700–300

hPa) crosses zero (Byrne et al., 2018). Regionally, the ITCZ position corresponds to the latitude of the maximum tropical125

precipitation (Kang et al., 2008).

2.3.2 Definition of AHP

Geological reconstructions of Saharan precipitation rely largely on vegetation indicators, including fossil pollen assem-

blages (Watrin et al., 2009; Cheddadi et al., 2021) and Saharan dust records (Grant et al., 2017; Crocker et al., 2022). Increased

vegetation cover promotes pollen production and deposition while stabilizing the land surface and suppressing wind ero-130

sion and dust emissions (Ehrmann et al., 2017; Palchan and Torfstein, 2019). Consequently, these proxies primarily record

precipitation-induced changes in vegetation and surface conditions rather than precipitation amount directly. To establish the

precipitation–vegetation relationship, we extracted Saharan summer precipitation and the corresponding JSBACH-simulated

vegetation fraction from the fully coupled AWI-ESM sensitivity experiments listed in Table 1. We then fitted a nonlinear

relationship between regional mean maximum vegetation fraction and summer precipitation in the Sahara (Fig. 2). This rela-135

tionship allows us to quantitatively compare vegetation-related proxies with reconstructed summer precipitation over the past

800 ka.

The vegetation threshold for defining AHP was calibrated using the timing of the most recent AHP, which has been broadly

constrained to occur between approximately 5 and 15 ka BP (Demenocal et al., 2000), yielding a vegetation threshold of 19.9%

which is close to the 80th percentile of the reconstructed vegetation value over the past 800 ka. To assess the influence of this140

threshold choice, we further performed a sensitivity analysis by varying the reference interval used for threshold calibration

(Table S1). The results show that the reconstructed number of AHP remains relatively stable within the tested range, whereas

the cumulative AHP time fraction is more sensitive to the threshold choice.

3 Dynamics for African Humid Period (AHP)

Using AWI-ESM (Sidorenko et al., 2015, 2019), we conducted a series of sensitivity experiments to investigate the145

dynamics of Saharan precipitation. By comparing paired experiments, we can quantify the contribution of each climate forcing

to AHP (for detailed definitions, see Sect. 2).

While moisture supply from Northern Hemisphere mid-latitude westerlies contributes to rainfall in the northern Sahara

(Cheddadi et al., 2021; Meyer et al., 2024), late-October precipitation associated with Tropical–Extratropical interactions, as

well as winter storms, can also affect regional hydrology (Kuper and Kropelin, 2006; Dallmeyer et al., 2020). However, these150
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Figure 2. Relationship between Saharan summer precipitation and regional mean maximum vegetation fraction. Both variables were

obtained from the fully coupled AWI-ESM sensitivity experiments listed in Table 1; vegetation fraction was simulated by the JSBACH land

component. The red line shows the nonlinear fit, and the dashed lines show the 95% prediction interval.

events are spatially limited and episodic. Given that large-scale precipitation during AHP is dominated by boreal-summer

monsoonal rainfall (Kutzbach, 1981; Claussen et al., 2017; Larrasoaña, 2021), our analysis focuses on this season, namely

June, July, and August. The experiments reveal substantial precipitation changes linked to ITCZ shifts and West African

summer monsoon strength (Fig. 3). Because the ITCZ position closely controls the summer monsoon (Geen et al., 2020),

its southward displacement limits monsoon extent and suppresses Saharan rainfall. Furthermore, we find that a southward155

ITCZ displacement is associated with precession maximum, corresponding to perihelion in boreal winter, reduced obliquity,

Northern Hemisphere ice-sheet expansion, and lower CO2 levels (Fig. 3). The effect of CO2 is comparatively minor due to its

small prescribed variations.

Modern energetic theories provide a physical basis for interpreting these responses. Previous studies show that asymmetric

hemispheric heating induces compensating cross-equatorial atmospheric energy transport. The zonal-mean ITCZ consequently160

tends to shift toward the more strongly heated hemisphere (Kang et al., 2008; Frierson and Hwang, 2012; Donohoe et al., 2013;

Bischoff and Schneider, 2014; Schneider et al., 2014). Guided by this framework, we examined changes in vertically integrated

atmospheric moist static energy (MSE) as a qualitative diagnostic of the atmospheric energy contrast between the hemispheres

(Fig. 4). The increase in Earth-Sun distance reduces insolation in boreal summer when the precession phase changes from 90◦

to 270◦ (Fig. 4a); reduced CO2 concentration leads to stronger cooling in the summer hemisphere (Fig. 4b); increased surface165
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Figure 3. Southward ITCZ displacement is associated with a weaker Saharan summer monsoon and reduced precipitation. (a–

f) Shading shows the monsoon index defined by Li and Zeng (2002). Area with values greater than 0 indicates monsoon regions. The

meridional location of boreal summer ITCZ is marked by red line for each experiment; (g–j) The summer precipitation difference (shading)

among different sensitivity experiments.

albedo enhances the reflection of solar radiation in the Northern Hemisphere (Fig. 4c); and reduced obliquity shifts the latitude

of Earth’s subsolar point southward during boreal summer (Fig. 4d). Collectively, these processes lead to a greater energy

reduction in the Northern Hemisphere than in the Southern Hemisphere. Theoretically, a decrease in the interhemispheric

energy difference will drive a southward ITCZ shift (Bischoff and Schneider, 2014; Schneider et al., 2014; Zhang et al., 2021)

and thereby suppress Saharan summer precipitation.170
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Whole Layer Moist Static Energy (106 J/m2)

Figure 4. Differences of vertical integration of whole layer moist static energy (MSE) and its zonal average over all longitudes

in summer caused by different factors. (a) When precession phase (longitude of perihelion) changes from 90◦(the summer solstice at

perihelion) to 270◦(the summer solstice at aphelion) in P360; (b) When CO2 concentration decreases (C180-P360); (c) When ice sheet extent

increases (Imax-C180); (d) When obliquity decreases (Omin-Omax). The precession phase was set to 90◦for (b)–(c) and 270◦for (d). MSE h

is the sum of sensible energy CpT , latent energy Lq and geopotential energy gZ; the plotted whole-column quantity is H = g−1
∫︁ ps
ptop

hdp.

Oceanic adjustment can further modulate this pathway (Zhao et al., 2005). We therefore analyzed SST differences to

examine how the ocean participates in heat redistribution under different conditions. Forcing configurations unfavorable for

AHP formation, as discussed in the MSE analysis, generally produce stronger cooling over the Northern Hemisphere oceans,

especially over the North Atlantic (Fig. 5). Such SST changes can weaken the hemispheric thermal contrast and also lead to a

southward displacement of the ITCZ.175

Overall, our mechanism should be interpreted as a first-order energetic framework. External forcings modify the ITCZ

latitude, and the resulting ITCZ displacement controls the West African summer monsoon and Saharan rainfall. At the same

time, many complex feedback mechanisms within the climate system, such as ocean circulation (Pausata et al., 2017; Menviel

et al., 2021), dust (Pausata et al., 2016; Zhou et al., 2023) and vegetation feedbacks (Lu et al., 2018; Berntell and Zhang,

2024), may also influence this process (Braconnot et al., 1999). However, we present only a few of the most direct and evident180

mechanisms in order to capture the most essential features behind it.
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Figure 5. The summer SST difference among different sensitivity experiments. (a) When precession phase (longitude of perihelion)

changes from 90◦(the summer solstice at perihelion) to 270◦(the summer solstice at aphelion) in P360; (b) When CO2 concentration de-

creases (C180-P360); (c) When ice sheet extent increases (Imax-C180); (d) When obliquity decreases (Omin-Omax).

4 Development of a reconstruction framework

Building on the above logic, we quantified the combined effects of Earth’s orbital parameters, CO2 concentration and

ice sheet extent on Saharan summer precipitation. Using the mean ITCZ latitude as a key metric, we developed a reduced-

order framework based on three stages. First, it estimates the boreal-summer ITCZ latitude from predictors representing orbital185

configuration, ice-sheet extent, and atmospheric CO2. Second, the estimated ITCZ latitude is mapped to Saharan summer pre-

cipitation using a separately fitted nonlinear relationship (Fig. 6b). Finally, precipitation is subsequently converted to vegetation

fraction using the relationship shown in Fig. 2. The Earth’s orbit is an ellipse with the equation:

x2

a2
+

y2

b2
= 1 (1)

190

where a is the semi-major axis, b is the semi-minor axis. The half of focal length c is equal to
√
a2 − b2. The Sun is located

at the focal point (−c,0), and for any polar angle θ, the Earth’s position is (acosθ,bsinθ). At the summer solstice, θ and the

longitude of perihelion α will follow θ+α= 3π/2. Let d be the Sun-Earth distance, e be the eccentricity (e= c/a), then

10
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d=
√︁
(acosθ+ c)2 +(bsinθ)2 = a(1− esinα) (2)

195

According to Wallace and Hobbs (2006), the total daily solar radiation Q can be expressed as

Q=
T

π
(
a

d
)2S0(ω0 sinφsinδ+cosφcosδ sinω0) (3)

where T is one day’s time, S0 is solar constant, δ is the declination, which is equal to obliquity at the summer solstice, φ

is the latitude, and ω0 is the solar hour angle when the sun rises, cosω0 =−tanδ · tanφ. Then, the total solar radiation in the200

Northern (Southern) hemisphere QNH(SH) is

QNH(SH) =

∫︂∫︂
QdSNH(SH) =

T ·S0

π(1− esinα)2
·
∫︂∫︂

f(φ)dSNH(SH) (4)

The Surface integral
∫︁∫︁

f(φ)dS is equal to
∫︁ 2π

0
dθ
∫︁ φ2

φ1
f(φ)R2 cosφdφ.

1. For the regions in the Arctic Circle, ω0 = π, f(φ) = π · sinφ · sinδ, the integral upper and lower limits are π/2 and π/2− δ205

respectively.

∫︂∫︂
f(φ)dS = π sinδ

2π∫︂

0

dθ

π
2∫︂

π
2 −δ

sinφR2 cosφdφ= π2R2 sin3 δ (5)

2. For the regions in the Antarctic Circle, ω0 = 0, f(φ) = 0, the integral is equal to 0.

3. For other regions, the integral upper and lower limits are π/2− δ and 0 (0 and δ−π/2) respectively for the Northern210

hemisphere NH (the Southern hemisphere SH).

∫︂∫︂
f(φ)dS =R2

∫︂
dθ

∫︂ (︄
ω0 sinφcosφsinδ

A

+cos2φcosδ sinω0

B

)︄
dφ (6)

For part A in Eq. (6), the value of the difference between NH and SH is π2R2 cos2 δ sinδ. Part B is an even function, so that

the value of the difference between NH and SH is 0. When combining Eqs. (5) and (6) together, we can get the interhemispheric215

radiation flux difference QNH−SH as

QNH−SH =
T ·S0

π(1− esinα)2
· (
∫︂∫︂

f(φ)dSNH −
∫︂∫︂

f(φ)dSSH)

=
T ·S0

π(1− esinα)2
· (π2R2 cos2 δ sinδ+π2R2 sin3 δ) = k · sinδ

(1− esinα)2
(7)
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Figure 6. Calibration relationships used in the reduced-order reconstruction framework. (a) Linear relationship between the orbital

radiation-contrast predictor and the simulated ITCZ latitude, based on the P360, Omin, and Omax experiments. (b) Logistic-sigmoid rela-

tionship between the simulated ITCZ latitude and Saharan summer precipitation across the sensitivity experiments. Teal circles represent

individual simulations, red lines show the fitted regression curves, and black dashed lines indicate the 95% prediction intervals.

where k is a constant equal to πTS0R
2. This derivation provides an orbital-scale approximation of QNH−SH . Our sen-220

sitivity experiments show that there is an approximately linear relationship between QNH−SH and ITCZ latitude λ (Fig. 6a).

Therefore, we use this physically motivated radiation contrast to represent the first-order orbital control on the summer ITCZ

position. Let x1 = sinδ/(1− esinα)2, then

λ̂= k1x1 + b1 (8)

225

Using P360, Omin and Omax for regression, we obtained k1 and b1.

The radiative influence of Northern Hemisphere ice sheets depends primarily on their surface area and on the incoming

shortwave radiation available for reflection. To obtain a simple geometry-based proxy for ice-sheet area, we assume that the

effective ice-sheet area Sice scales with ice volume VNH as

Sice ∝ V
2/3
NH (9)230
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We use eustatic sea level rise (SLR) as an indicator of Northern Hemisphere ice volume. Following Moon et al. (2018),

a sea-level rise of 7 m is used as a reference for the hypothetical complete loss of the Northern Hemispheric Ice Sheet. We

therefore define the ice-sheet predictor as

x2 =

⎧
⎪⎨
⎪⎩
(7−SLR)2/3, SLR< 7,

0, SLR≥ 7.
(10)

This predictor provides a physically motivated measure of the potential ice-sheet influence on the summer energy budget.235

Because the albedo effect of ice sheets depends on incoming solar radiation, its climatic impact can vary with the orbital

background state. We therefore represent the net ice-sheet contribution to the simulated ITCZ response using an empirical,

dimensionless response factor,

Mice(x2) = k2x2 + b2 (11)

The orbital control derived above is then modulated by the ice-sheet response factor:240

λ̂= (k1x1 + b1)Mice(x2) = (k1x1 + b1)(k2x2 + b2) (12)

The coefficients k2 and b2 are constrained using the paired C180 and Imax simulations, which differ primarily in their

prescribed ice-sheet boundary conditions.

According to Wigley (1987), the radiative forcing associated with a change in atmospheric CO2 concentration can be

approximated as245

∆FCO2
= αRF ln

(︃
c

c0

)︃
(13)

where c and c0 are the atmospheric CO2 concentration in the perturbed and reference states, respectively, and αRF is an ef-

fective radiative-forcing coefficient. This relationship motivates the use of a logarithmic CO2 predictor. Changes in atmospheric

CO2 influence the ITCZ through coupled, state-dependent adjustments in atmospheric and oceanic circulation, temperature,

clouds, water vapor, and surface feedbacks. A multiplicative form is used to represent state-dependent interactions, because250

CO2 radiative forcing also depends on the background climate state (He et al., 2023). We therefore represent the net CO2

contribution to the simulated ITCZ response using an empirical, dimensionless response factor diagnosed from the AWI-ESM

sensitivity experiments:

MCO2
(x3) = k3x3 + b3, x3 = lnc (14)

The full reduced-order framework is consequently written as255

λ̂= (k1x1 + b1)Mice(x2)MCO2
(x3) = (k1x1 + b1)(k2x2 + b2)(k3x3 + b3) (15)
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where x1 = sinδ/(1− esinα)2 represents the orbital configuration, x2 = [max(7− SLR,0)]2/3 represents ice-sheet ex-

tent, and x3 = lnc represents atmospheric CO2 concentration. Here c is expressed numerically in ppmv, and SLR is expressed

in metres relative to present-day sea level. The first factor gives the orbital baseline ITCZ latitude; the second and third are

dimensionless modifiers. Thus, the three factors are not three separate ITCZ latitudes. The multiplicative form is an empirical260

representation of state-dependent interactions among the forcings, rather than a direct mathematical consequence of the inso-

lation or radiative-forcing equations. The coefficients k3 and b3 are constrained using the paired P360 and C180 simulations.

The fitted coefficients are provided in Table S2.

Based on all sensitivity experiments, we obtained a nonlinear regression between λ and the Saharan summer precipitation

(15–30◦N, 15◦W–40◦E) PRsummer (Fig. 6b).265

PRsummer(λ̂) =
L

1+ e−k·(λ̂−λ0)
(16)

Then, PRsummer is converted to vegetation fraction V EG using the following fitted relationship (also shown in Fig. 2):

V EG(PRsummer) = a · eb·PRsummer + c · ed·PRsummer (17)

5 Validation of our reconstruction framework

To validate the performance of our semi-empirical framework, we reconstructed the Saharan climatic history over the270

past 800 ka (Fig. 7h) using atmospheric CO2, ice sheet size (eustatic sea level), and Earth’s orbital parameters. Although

the framework first reconstructs Saharan summer precipitation, we define AHP using vegetation fraction. This is because

many geological proxies, especially marine sediment records (Fig. 7e–f) are more closely related to vegetation rather than

precipitation. In contrast, speleothem δ18O records (Fig. 7g) constrain hydroclimate more broadly.

The reconstruction indicates that the AHP have emerged 24 times within the past 38 precession cycles during the past 800275

ka, which means that not every precession cycle results in an AHP. This phenomenon could be also found in some geological

records (Fig. 7e–g).

Comparison with paleoclimate archives shows that almost all of our reconstructed AHP appear in geologic records and

the precession cycles without AHP are also largely reflected in geological records (Fig. 7). However, some proxy-indicated

wet intervals, such as the peaks between AHP 13 and 14, are not identified as AHP in our reconstruction. Conversely, some280

reconstructed AHP, such as AHP 22, do not correspond to pronounced peaks in individual proxy records. In terms of time, the

reconstructed AHP intervals do not always coincide exactly with the peaks in individual proxy records, and the peaks in the

ODP 967 and ODP 659 records are themselves not always synchronous. These offsets may reflect differences in proxy sensi-

tivity, source region, depositional environment, temporal resolution, and age-model uncertainty (Evans et al., 2013; Franke and

Donner, 2019). In particular, the chronologies of the ODP 967 and ODP 659 marine sediment records are partly based on as-285

tronomical tuning (Grant et al., 2017; Crocker et al., 2022). Ages between chronological tie points in marine sediment records

are commonly estimated by interpolation, which can introduce additional timing uncertainty when sedimentation rates vary
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Figure 7. Control factors of Saharan humid conditions from proxy reconstructions and numerical simulations over the past 800

ka. (a–b) Eccentricity (orange), precession (red), and obliquity (cyan) calculated according to Laskar et al. (2004); (c) atmospheric carbon

dioxide concentration from Lüthi et al. (2008); Bereiter et al. (2015); (d) eustatic sea-level reconstruction from Bintanja et al. (2005); (e)

wet–dry index reconstructed from Ocean Drilling Program (ODP) site 967 (34.07◦N, 32.72◦E) (Grant et al., 2017); (f) (Al+Fe)/(Si+K+Ti)

ratio from ODP site 659 (18.08◦N, 21.03◦W) (Crocker et al., 2022); (g) speleothem δ18O records from Soreq Cave (blue) and Peqiin Cave

(red) (Bar-Matthews et al., 2003); (h) calculated Saharan vegetation fraction and its 95% confidence interval (%, 15–30◦N, 15◦W–40◦E),

with the AHP threshold shown by the blue dotted line. Reconstructed AHP intervals are numbered, with the numbers also superimposed

on the proxy records for visual comparison; crosses mark precession cycles in which no AHP is reconstructed. (i) Scaling vegetation ratio

reconstructed using a pattern-scaling method (adapted from Fig. 6f of Duque-Villegas et al. (2025), distributed under the Creative Commons

Attribution 4.0 License); (j) simulated Saharan annual precipitation (15–30◦N, 15◦W–35◦E) from Armstrong et al. (2023).
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Figure 8. Comparison between the maximum vegetation fraction reconstructed by the reduced-order framework and the simulated

Saharan precipitation (left) (Armstrong et al., 2023) and scaling vegetation ratio (Duque-Villegas et al., 2025).

(Franke and Donner, 2019; Peeters et al., 2023). In the last ∼ 100 ka, the reconstructed intensity of AHP shows good agreement

with the paleoclimate archives, suggesting that both the timing and magnitude of humid phases are reasonably constrained.

Further back in time, although the occurrence of AHP remains consistently captured by geological records, discrepancies in290

reconstructed intensity become more pronounced. This may be due to the declining capacity of geological archives to preserve

quantitative information on precipitation intensity over long timescales (Franke and Donner, 2019). In addition, part of the

discrepancy between our reconstruction and geological records may arise from the absence of internally driven abrupt climate

events, such as Heinrich and Dansgaard–Oeschger events (Liu et al., 2001), which can substantially modulate hydroclimate

conditions on millennial timescales but are not considered in our framework. Furthermore, the framework’s simplified repre-295

sentation of regional precipitation dynamics (e.g., focusing solely on summer monsoon) could also contribute to the observed

discrepancies.

Furthermore, to validate how well our derived curve aligns with the findings of previous studies, we compared our re-

construction with existing long transient simulations (Armstrong et al., 2023) and model-derived scaling vegetation (Duque-

Villegas et al., 2025) in each time step over the past 800 ka, yielding strong correlation (R=0.89 and 0.93, respectively, Fig. 8).300

Importantly, unlike previous linear or empirical approximations, our reduced-order reconstruction framework is inherently

nonlinear and enables interactions among multiple forcings to be represented more faithfully. Taken together, the consistency

of our reconstruction with both geological evidence and numerical simulations gives us confidence to reasonably extend our

framework, which would offer a computationally efficient yet robust tool for investigating long-term Saharan climate dynamics.
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Table 2. Quantitative summary of reconstructed AHP occurrence across different Quaternary intervals and under extreme scenarios of

atmospheric CO2 and ice-sheet extent.

Interval/scenario Number of AHP
AHP per

precession cycle AHP time fraction

B
as

ic
re

co
ns

tr
uc

tio
n 0–0.82 Ma 24 63.2% 21.2%

0.82–1.66 Ma 35 85.4% 29.6%

1.66–2.5 Ma 30 73.2% 30.8%

Total 89 74.2% 27.2%

Se
ns

iti
vi

ty
sc

en
ar

io
s

CO2 maximum 90 75.0% 30.0%

CO2 minimum 85 70.8% 24.9%

Ice sheet maximum 52 43.3% 10.8%

Ice sheet minimum 104 86.7% 44.4%

However, this validation should be interpreted as evidence for the consistency and predictive performance of the reconstruction,305

rather than as definitive proof that the framework captures the complete underlying dynamical mechanism.

6 Reconstructing AHP across the Quaternary

Considering that our validation reveals an optimum capability in capturing the AHP in the past 800 ka, this give us

confidence to extend the reconstruction of Saharan precipitation into the entire Quaternary (Fig. 9). Over the past 2.5 million

years (Ma), AHP recurred on average every 28 ka, with many precession minima failing to produce wet conditions (Fig. 9j). An310

exception occurred during 0.82–1.66 Ma (green shading), when approximately 85% of the precession cycles were associated

with AHP formation (Table 2). This is because the eccentricity rarely remained in a prolonged low-value state (Fig. 9a). In

contrast, prolonged intervals of low eccentricity during other periods coincided with more frequent absence of AHP (blue

shading, Fig. 9). In addition, compared with the past 0.8 Ma, this interval (0.82-1.66 Ma) was characterized by relatively

smaller ice sheets and higher atmospheric CO2 (Fig. 9c–d), which likely favored more frequent greening events.315

We further explored the possible modifying effects of atmospheric CO2 and ice sheet on reconstructed Saharan climate

(Table 2). Higher atmospheric CO2 concentration tends to increase the number of AHP and extend their duration. The effects

of ice sheet appear to be stronger: under conditions of minimal ice sheet area, AHP appear in almost every precession cycle,

and nearly half of the entire Quaternary is occupied by AHP. It is important to note that our analysis isolates the individual

effects of ice sheets and CO2. Although the direct impact of CO2 on Saharan climate appears comparatively modest, CO2 is320

widely recognized as a major control on global ice volume through its radiative forcing and feedback in the climate system

(Berends et al., 2021; Hain and Sigman, 2024). Therefore, its indirect impact on Saharan climate cannot be ignored. It is worth
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659 (18.08◦N, 21.03◦W) (Crocker et al., 2022); (h–i) δ18O (yellow) and Ti/Al ratio (pink) from ODP site 967 (34.07◦N, 32.72◦E) (Grant

et al., 2022); (j) Reconstructed Saharan vegetation fraction and its 95% confidence intervals (%, 15–30◦N, 15◦W–40◦E). The green shading

highlights the 0.82–1.66 Ma interval, and the blue shading marks representative intervals of persistently low eccentricity.
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noting that such statistics are partially influenced by the adopted AHP threshold (Table S1) and should therefore be interpreted

with caution.

To our knowledge, this study represents the first attempt to extend a reconstruction framework explicitly constrained325

by numerical simulations to the entire Quaternary, providing a complementary perspective for evaluating existing geological

records. The chronology of many geological records relies on astronomical tuning (Lisiecki and Raymo, 2005), in which

the rhythm of AHP is aligned with Northern Hemisphere summer insolation. However, our study corroborates earlier results

that non-orbital boundary conditions, such as ice sheets, also make important contributions to AHP (Claussen et al., 2017).

Considering the contributions of these factors will help improve the accuracy of reconstructing the timing and intensity of330

AHP, particularly for early Quaternary records (Fig. 7e–j).

7 Discussion and conclusions

Using targeted AWI-ESM sensitivity experiments, we developed an empirical framework to reconstruct Quaternary Saha-

ran climate from orbital parameters, eustatic sea level, and atmospheric CO2. The experiments indicate that these three factors

influence the West African summer monsoon and Saharan rainfall by altering the position of the Intertropical Convergence335

Zone (ITCZ). Orbital forcing determines when humid conditions may occur, whereas ice sheets and CO2 modulate whether

favorable orbital conditions shift the ITCZ sufficiently northward to produce a humid Sahara. The framework uses these rela-

tionships to estimate ITCZ latitude and, subsequently, Saharan precipitation and vegetation cover. We evaluated the framework

against geological records and numerical simulations covering the past 800 ka, showing optimum results (Fig. 7). And the

reconstructed vegetation fraction is strongly correlated with existing numerical simulations (Fig. 8) (Armstrong et al., 2023;340

Duque-Villegas et al., 2025). We then applied the framework to reconstruct Saharan climate throughout the Quaternary.

The main practical advantage of this framework is that 30 climate-model experiments were used to understand the dynam-

ics of AHP, which enable us to build up an empirical model to calculate a continuous 2.5-Ma record without simulating every

time slice. This design substantially reduces the computational cost of reconstructing long climate sequences. The framework

can therefore identify periods that warrant more detailed simulations or proxy sampling, allowing computational and obser-345

vational resources to be concentrated on key intervals. It may also provide additional constraints for chronological analysis.

Astronomical tuning commonly aligns humid intervals with changes in Northern Hemisphere summer insolation (Lisiecki and

Raymo, 2005). Our reconstruction, however, indicates that some apparently favorable precession cycles may be suppressed

by large ice sheets or low CO2. The reconstructed AHP windows can therefore be combined with radiometric ages and strati-

graphic relationships to compare alternative age models. It may also contribute to interdisciplinary studies, particularly in350

archaeology, which may help refine timelines of human expansion out of Africa (Kuper and Kropelin, 2006; Larrasoaña,

2021).

However, our empirical model inevitably has some limits. First, it represents only the first-order interactions among

orbital forcing, ice sheets, and CO2. Because the framework uses eustatic sea level as a proxy for ice-sheet extent, it does not

distinguish ice-sheet effects from the direct climatic influence of sea-level change. Changes in terrestrial elevation and ocean355
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bathymetry associated with sea-level variation can themselves reorganize atmospheric and oceanic circulation (Zhang et al.,

2023). Moreover, it does not resolve all lags, thresholds, or hysteretic responses, and it considers only mean Saharan summer

rainfall. The framework also simplifies or omits millennial-scale climate variability and several nonlinear feedbacks. These

include aerosols (Dong and Sutton, 2015), dynamic vegetation (Menviel et al., 2021; Lu et al., 2018; Berntell and Zhang,

2024), dust (Pausata et al., 2016; Zhou et al., 2023), and ocean circulation (Pausata et al., 2017; Menviel et al., 2021; Zhao360

et al., 2005). These processes could either amplify or weaken the monsoon response. Finally, the precipitation–vegetation

relationship is calibrated using JSBACH alone and may vary among vegetation models (Hopcroft et al., 2017).

Future work should broaden the calibration and validation of the empirical model. Fully coupled simulations should

span higher CO2 concentrations, multiple orbital configurations, and a wider range of ice-sheet extents to test whether the

fitted relationships remain valid outside the present calibration range. Combining results from several Earth system models365

would reduce the dependence of the empirical model on AWI-ESM alone. Overall, we developed a computationally efficient

empirical model constrained by climate-model experiments for continuous reconstruction of Quaternary Saharan climate,

although further validation is needed.

Code and data availability. Code will be available on request. All AWI-ESM simulation output data can be downloaded from https://zenodo.

org/records/15846096.370
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