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Abstract Precessional forcing is a key driver of quaternary climate change. Based on 24 experiments
covering a full precession cycle, this study explores spatio-temporal variations of both climate and isotope
signals in Northern Africa. We find a synchronous phasing of precipitation variations with solar radiation levels
and an asynchronous timing of surface air temperature changes across different sub-regions of Northern Africa.
Based on daily precipitation, our results reveal earlier onset and withdrawal, as well as a shorter duration of the
West Africa summer monsoon (WASM) at minimum precession compared to maximum precession. The onset
of the WASM is controlled by the intensity of the Sahara Heat Low, while the monsoon termination is linked to
subtropical solar radiation and interhemispheric thermo contrast. Using a novel scale-flux tracing technique, we
find that, precipitation during minimum precession is more influenced by evaporation from warmer and more
humid regions compared to maximum precession. Additionally, certain inland areas of Northern Africa exhibit
positive temporal isotope-precipitation gradients, violating the “amount effect.” This phenomenon mainly
occurs during precession phases associated with Green Sahara periods. The isotope composition changes in
such places primarily reflect changes in upstream rainfall quantity, rather than changes in local precipitation as
is inferred from present day analogs. Conversely, the “amount effect” remains applicable during dry periods in
Africa when the Sahara desert is present. This suggests that isotope-based reconstruction of past precipitation
variations during Green Sahara periods over Northern Africa needs to be taken with caution.

1. Introduction

As a key component of the global climate system, the climate of Northern Africa, particularly with regard to local
precipitation, holds high socio-economic importance (Odoulami & Akinsanola, 2018). The continent features a
remarkable diversity of climate regimes. The equatorial (the so-called “tropical wet”) regions experience
abundant rainfall throughout the year, sustaining lush rainforests and supporting agricultural activities. The
“tropical wet-and-dry” regions (typically within 10-25°N) undergo distinct wet and dry seasons, with the dis-
tribution and timing of precipitation varying greatly. The “subtropical Mediterranean” regions, on the other hand,
witness wet winters and hot, dry summers. Additionally, the vast desert regions, such as the Sahara, are char-
acterized by extreme aridity, with minimal precipitation and significant temperature fluctuations between day and
night. A critical climatic feature of the region is the West Africa summer monsoon, which significantly influences
seasonal rainfall patterns in the Sahel and surrounding areas. These diverse climates exhibit varying degrees of
temporal variability, spanning from decadal to orbital time scales, shaping the region's complex climatic and
hydrological dynamics.

Proxy evidence from Northern Africa and its surrounding oceans reveals significant influences of orbital forcings
on the climate of Northern Africa (Larrasoafia et al., 2003; Rossignol-Strick, 1985; Van der Laan et al., 2012),
primarily driven by the precession cycle that regulates both magnitude and seasonality of incoming solar radiation
in the tropical and subtropical regions (Armstrong et al., 2023; Pokras & Mix, 1987). An expression of the
obliquity signal and a 400-kyr long eccentricity cycle have been clearly observed as well (Larrasoafia et al., 2003;
Lourens et al., 2001). Moreover, R. R. Kuechler et al. (2018) identify two modes of astronomical forcings: During
eccentricity maxima, the West African monsoon was paced by precession. However, during eccentricity minima,
when precession-driven variations in local insolation were modest, changes paced by obliquity became
prominent.
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Besides proxy-based reconstructions, there are a number of model studies that aim to examine the impact of
astronomical factors on the Northern Africa climate. In a 130,000-year transient simulation, leads and lags of
monthly climatic variables over Northern Africa are found with respect to precession (Tuenter et al., 2005).
Precession also impacts the seasonal timing of maximum precipitation (Tuenter et al., 2003). Marzocchi
et al. (2015) investigate the influence of orbital forcing on the Northern Africa climate, by carrying out a set of 22
equilibrium simulations, which covers an entire precession cycle during the late Miocene period. Their results
demonstrate that the seasonal distributions of both temperature and precipitation in Northern Africa undergo
substantial variations over the course of a full precession cycle. Results from a 140,000-year transient simulation
indicate that large precession-forced climate extremes occur in Northern Africa during interglacial time: Higher
insolation seasonality happens around precession minimum, accompanied by an increase in vegetation cover and
a more intense and northward extended summer monsoon rainfall. In contrast, the opposite phenomena appear
during precession maximum (J. E. Kutzbach et al., 2020).

So far, there are very limited model studies that specifically investigate precession effects on Northern Africa
climate. Tuenter et al. (2003) isolate the precession/obliquity signal in time-slice experiments using a coupled
model of intermediate complexity (ECBIlt). They discover that at minimum precession and maximum obliquity,
there is an amplified precipitation maximum and a greater northward extension compared to maximum precession
and minimum obliquity. Additionally, they also find that the precipitation response to precession is independent
of obliquity. Sensitivity experiments based on EC-Earth further reveal that increased moisture transport from both
the northern and southern tropical Atlantic is responsible for the precession effects in the Northern African region
at minimum precession phases (Bosmans et al., 2015).

The aforementioned model studies mainly concentrate on the precession effects on climatic variables, both on an
annual and seasonal time scales. Nevertheless, there is a lack of explorations pertaining to alternative processes
such as extreme events, duration of summer monsoon, as well as moisture source locations and properties.
Extreme events can not be resolved by proxy records due to their relatively low temporal resolution. But model
simulations can provide climatic variables in daily frequency, making them suitable for this type of study. A
recent study by Shi et al. (2024) reveal that, in comparison to the present, the last interglacial period experienced
an increased Northern Hemisphere summer insolation and a more intensified West Africa summer monsoon.
However, despite these changes, the monsoon season was significantly shorter due to an earlier southward shift of
the subsolar point during boreal autumn. This implies a potential precessional influence on the duration of
monsoon season. In addition, changes in moisture sources can also exert an important impact on the Northern
Africa climate, in particular the monsoon system. Precession affects the intensity and seasonality of incoming
solar radiation, which in turn influences temperature and atmospheric circulation. Consequently, the main region
of moisture source for continental precipitation is anticipated to shift in response to precession. This shift is
associated with moisture flux and transport pathway of water vapor, thus affecting the intensity and distribution of
precipitation (Gimeno et al., 2020; Jiang et al., 2017). For example, moisture fluxes from the tropical Atlantic are
almost in phase with rainfall in West Africa (Gong & Eltahir, 1996). Thus it is anticipated that a decrease in the
percentage of moisture sourced from this area would lead to a dryer condition in West Africa. Moreover, the
properties of moisture source region also play arole in shaping the monsoon precipitation: the source temperature
can impact the amount of water vapor that the atmosphere can hold and transport. In addition, if the moisture
source area is more humid than average, the monsoon precipitation tends to be more intense due to a larger
amount of water vapor in the air that can be transported to the monsoon region. An innovative water tracing
diagnostics has been developed by Gao et al. (2024) in the atmospheric general circulation model ECHAMSG6. This
method offers comprehensive insights into the precise locations and characteristics of moisture sources. Here, we
make use of this water tracing diagnostics in our model study.

Stable water isotopes are natural tracers in the water cycle and can serve as valuable indicators of past climate
change (Dansgaard, 1964; Fleitmann et al., 2004; Ku & Li, 1998; McManus et al., 1999). It is generally accepted
that changes in isotope composition in (sub)tropical speleothems reflect the isotopic composition of local pre-
cipitation (X. Liu et al., 2020; Orland et al., 2015). Over subtropical continents, the isotopic signature in spe-
leothems has often been used as an indicator for the intensity of monsoon rainfall (Cheng et al., 2016; Tan
et al., 2020). However, this isotopic signal is also sensitive to a number of other variables, including local
temperature, specific humidity, and atmospheric circulation (Lachniet, 2009). Therefore, it is possible that the
isotopic composition determined from subtropical speleothems does not exclusively represent the local precip-
itation rate. For example, Pausata et al. (2011) point out that the isotopic records of eastern Chinese caves are
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indicators of remote changes in the Indian basin associated with Heinrich events. LeGrande and Schmidt (2009)
suggest that millennial isotope changes inferred from tropical interior Asian speleothems are recording alterations
in water vapor export out of the tropics, and not local changes in precipitation. Moreover, changes in moisture
source (Cheng et al., 2012) or precipitation seasonality (J. Kutzbach et al., 2014) can also affect isotope variations
documented in speleothems.

In the present work, we carry out 24 simulations using the AWIESM2 model with enabled water isotope and water
tracing diagnostics, with precession values incremented from 0° to 345° with an interval of 15°. To enhance the
precession-induced climatic signal, we set eccentricity to a high level, that is, 0.058. Modeled daily precipitation
amounts are stored in order to examine extreme events, and onset, withdrawal and duration of the summer
monsoon in Northern Africa. Phasing of temperature, precipitation, vegetation, and locations and properties of
moisture source are analyzed. Moreover, we examine the isotope changes and isotope-precipitation relationship
over the course of a precession cycle.

2. Methods
2.1. Model Description

This study utilizes AWIESM2-wiso, a newly-developed isotope-enabled climate model (Shi et al., 2023). The
atmosphere component is ECHAMG6-wiso, built upon the general circulation model ECHAMS6 (Stevens
et al., 2013) but enhanced by stable water isotopes (Cauquoin & Werner, 2021) and water tracing diagnostics
(Gao et al., 2024). It contains a land-surface component known as JSBACH, which calculates the boundary
conditions (e.g., water, energy, vegetation, and momentum) for the atmosphere model ECHAMBS6 over terrestrial
areas (Raddatz et al., 2007). JSBACH is based on a land surface tiling and contains dynamic vegetation with
multiple plant functional types plus two kinds of bare surface (C. H. Reick et al., 2021; Brovkin et al., 2009; C.
Reick et al., 2013). Dynamical vegetation changes simulated within the model are determined by the processes
related to natural growing and mortality, and disturbance mortality (Brovkin et al., 2009). The landcover
parameterization used in JSBACH is described in more details in C. Reick et al. (2013) and evaluated in Brovkin
et al. (2013). Stable water isotopes are incorporated as passive tracers within JSBACH (Haese et al., 2013), but
potential fractionation during evapotranspiration processes can occur and influence the isotopic signals of soil
water. The ice-ocean component of AWIESM2-wiso is FESOM?2, utilizing a multi-resolution dynamical core
based on finite volume formulation (Danilov et al., 2017). The atmosphere grid applied in the present study is
T63L47, which has a global mean spatial resolution of 1.9° with 47 vertical levels. For the ocean, a spatially
varied resolution is used (Figure S1 in Supporting Information S1), from about 100 km in the open ocean to 25 km
over polar areas and 35 km for the equatorial belt and along coastlines. There are 46 uneven vertical layers in the
ocean.

2.2. Experimental Design

We first perform a pre-industrial (PI) equilibrium simulation, initialized from the Atmospheric Model Inter-
comparison Project (AMIP) (Roeckner et al., 2004) and the World Ocean Atlas (WOA) climatological tem-
perature and salinity data for the years 1950-2000 (Levitus et al., 2010). We run the PI simulation for 1,500 model
years with dynamic vegetation and water isotopes. The boundary conditions for PI are configured in accordance
with the criteria of PMIP4 (Otto-Bliesner et al., 2017). Branched off from the PI run, we conduct 24 equally
precession-spaced experiments. The 24 simulations only differ in their prescribed precession which ranges from
0° to 345° with an interval of 15°. Thus, each simulation represents a specific phase of a precession cycle. To
enlarge the precessional influence, the eccentricity is adjusted to 0.058, a possible maximum value in the past one
million years. The obliquity is set to be 24.5°. Other boundary conditions, including greenhouse gases, topog-
raphy, and ice sheets, remain unchanged. These experiments are labeled P;, where i corresponds to the value of
precession. All of the 24 equally precession-spaced simulations are integrated for 300 model years with water
isotope diagnostics, and we consider the first 200 model years as spin-up. Since simulations with water tracing
diagnostics are computationally very expensive, we switch on the water tracing diagnostics for only the final 30
model years, so that the locations and properties of moisture source can be traced during the model integration.
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2.3. Calendar Adjustment

Seasonal changes of the climate are predominantly shaped by fluctuations in precession and eccentricity. In
paleoclimate research, application of the present-day calendar can introduce artificial bias regarding the calcu-
lated seasonality of climatic variables, as the lengths of the months and seasons change across the precession cycle
(Bartlein & Shafer, 2019; Berger et al., 2024; Joussaume & Braconnot, 1997; Shi et al., 2022). Unlike the present-
day calendar, in which the lengths of the months and seasons are fixed, the celestial calendar determines the
lengths of months and seasons according to astronomical positions. It thus aligns well with the fluctuations in
solar radiation throughout the course of the year. For each experiment, we convert the present-day calendar, which
serves as the standard configuration in the model, into the celestial calendar using the methodology outlined in Shi
et al. (2022). In our study, all results regarding the seasonal means are calculated based on the astronomical
seasons for the celestial calendar and we keep vernal equinox fixed at the 21st of March.

2.4. Tagging of Moisture Sources

An innovative scaled-flux tracing method, following the principles introduced in Fiorella et al. (2021), has been
implemented by Gao et al. (2024) into the atmosphere component of AWIESM2-wiso. The water tracers are
constructed upon the model code framework of water isotopes. The scaled-flux tracing approach exclusively
traces the evaporation of moisture from the open ocean. It is used for tagging any characteristic related to
evaporation, such as the location (i.e., latitude and longitude), sea surface temperature, wind speed, and humidity.
Moreover, this scaled-flux tracing technique also enables the quantification of the amount of moisture derived
from land or ocean. For a more complete description of the scaled-flux tracing technique, we refer to Gao
et al. (2024).

2.5. Definitions of the Onset/Withdrawal/Duration of West Africa Summer Monsoon

We calculate the onset of West Africa summer monsoon (WASM) based on a widely-employed traditional
approach with the use of daily precipitation (Pausata et al., 2016; Sultan & Janicot, 2003). As WASM onset is
marked by an abrupt latitudinal shift of the Intertropical Convergence Zone (ITCZ) from a quasi-stationary south
location to a quasi-stationary north location (Sultan & Janicot, 2003), the changes in precipitation at the ITCZ
north location can make inference about the arrival of monsoon. As a first step, we perform an Empirical
Orthogonal Function (EOF) analysis for each experiment on the continental daily precipitation over the region
between 0—40°N and 15°W-20°E over the time period from 1st March to 30th November. This step aims to derive
the latitude of the ITCZ during monsoon (north location) and pre-monsoon phases (south location), which is
represented by the first and second EOF maxima respectively. Next, we compute for each experiment the zonally
averaged precipitation over 15°W-20°E at its respective north location of ITCZ from 1 June to 31 July. The
obtained time series is filtered using a running mean analysis to remove variability with a period shorter than
10 days. The monsoon's onset is determined as the day preceding the largest increase in the filtered precipitation,
and the withdrawal is defined as the day when the filtered precipitation drops below 2 mm/day for a continuous
period of at least 20 consecutive days. The duration of WASM is simply the time interval between its onset and
withdrawal.

2.6. Isotope-Precipitation Relationship

Similarly to previous research (Cauquoin et al., 2019; Risi et al., 2010; Roche & Caley, 2013; Schmidt
etal., 2007), we compute for each grid box the interannual correlation coefficients and gradients between monthly
anomalies of oxygen-18 composition in precipitation (51801]) and precipitation rate. This analysis is conducted
over a 100-year period in each of the 24 simulations. To remove the seasonal cycle, we subtract the multi-year
mean value of each month from the corresponding monthly mean value. Only the grid boxes having a mean
precipitation larger than 250 mm/year are considered in our analysis (Cauquoin et al., 2019). By implementing
such a threshold, we eliminate grid cells with excessively low precipitation rates.

Moreover, we calculate the temporal 5'°0

,-precipitation slope between two experiments as:

m= (5180,;,EXP1 - 5180/),EXP2)/(PEXP1 — Pgxp) (1
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P represents annual mean precipitation, whereas EXP1 and EXP2 refer to two specific experiments of the 24
precession sensitivity simulations. In order to perform such an analysis through a complete precession cycle, for
each experiment P; (where i = 000, 015, 030 ... 345), we calculate its temporal 5180p-P slope in relation to P; , 4.
Here a precession distance of 45° is chosen in order to ensure a substantial precipitation differences between the
two experiments involved here. We only consider the grid boxes with an annual mean precipitation being larger
than 250 mm/year in both P; , 45 and P;, thus extreme dry areas with very low rainfall rate are excluded from our
calculation. Moreover, for numerical reasons, grid boxes with a precipitation anomaly less than 0.5 mm/day
between P; , 45 and P; are also eliminated. This threshold can help to ensure a dominant precipitation dependence
on the isotope signal.

3. Results
3.1. Spatio-Temporal Phasing of Precipitation and Temperature

The spatio-temporal phasing of Northern African precipitation during JJAS in a full precession cycle is illustrated
in Figure 1. There is a close association between the precipitation and the amount of solar radiation received
between 0 and 25°N during boreal summer, with both peaking in P120 and reaching their lowest levels in P300
(Figure 1y). The difference in insolation between P120 and P300 is substantial, amounting to 95 W/m?, resulting
in a notable difference (more than 5 mm/day) in precipitation amounts across Northern Africa. We also observe a
latitudinal distribution of precipitation, with its maxima (exceeding 12 mm/day) occurring at 14°N in P120. As
precession progresses toward 300°, this maxima gradually shifts southward to 6-7°N, and decreases to 4 mm/day
and lower. In P120, the area experiencing precipitation exceeding 1 mm/day extends considerably north into the
Sahara region. However, as the precession advances from 120° to 300°, this area contracts and does not extend
beyond 15°N in P300.

Our analysis reveals that both maximum and mininum insolation over most parts of Northern Africa happen at
precession Phase 90°, indicating the largest seasonality in PO90 (Figures 2a and 2b). The timing of maximum
surface air temperature (SAT,,., ) exhibits substantial spatial heterogeneity (Figure 2c) which do not necessarily
correspond to the spatio-temporal phasing of maximum solar insolation. We can divide Northern Africa into three
main regions: the northern dry region (north of 26°N), the central transitional region (8°N-26°N), and the
southern humid area (0—8°N). The northern dry region experiences minimal rainfall (Figure 1) and cloud cover
(Figure S2 in Supporting Information S1) throughout the full precession cycle, leading to direct regulation of
SAT,,.x by the phasing of maximum insolation, which peaks at P090. In contrast, the southern humid area, where
deep convection occurs during the warm seasons in all precession phases, exhibits maximum cloud cover when
convection is at its peak, resulting in SAT,,,, being associated with minimum precipitation, typically around
P300. Timing of SAT,,,, in the central transitional region exhibits a latitudinal heterogeneity, which is pre-
dominantly influenced by the combined impact of solar insolation magnitude and deep convection intensity. In
contrast, the timing of minimum surface air temperature (SAT,,;, ) shows a more spatially synchronized phasing,
occurring at around 90° precession across most areas of Northern Africa (Figure 2d), closely following the timing
of minimum insolation (Figure 2b). This synchronized phasing of SAT,;, results from minimal cloud cover in
winter, allowing surface temperatures to respond directly to solar radiation. In contrast, SAT,,,, occurs under
summer monsoon influence, introducing additional factors (e.g., cloud cover, extent of monsoon area) beyond
solar radiation.

3.2. Extreme Precipitation Event

Consecutive dry days (CDD) and consecutive wet days (CWD) serve as reliable climate indicators for precipi-
tation extremes, defined as the maximum number of consecutive days with daily precipitation amounts below and
above 1 mm, respectively. CDD and CWD are closely associated with the occurrence of droughts and floods. We
first look at CDD and CWD in Northern Africa at two precession extremes: precession minimum (P090) and
precession maximum (P270).

During P270 in Northern Africa, consecutive rainfall events predominantly occur in tropical regions (Figure 3e).
In contrast, during P090, a northward expansion of humid conditions is observed, leading to an overall increase in
CWD, particularly south of the Sahel region (Figure 3d). At precession maximum (P270), extreme dryness
prevails for most of the year, with CDD ranging between 200 and 365 days in most Sahara regions (Figure 3b).
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Figure 1. (a—x) Modeled precipitation amount (mm/day) over Northern Africa during JJAS in a full precession cycle.
(y) Precipitation (mm/day) over the Northern African continents (0-25°N, 15°W—40°E) during JJAS and 0-25°N solar
insolation (W/m?) during JJA.

Conversely, tropical Africa experiences relatively fewer extreme dry days, with CDD being less than 100 days.
This highlights a significant meridional contrast in CDD between the Sahara and lower latitudes during pre-
cession maximum. Similar contrasts are observed during precession minimum (P090), albeit less pronounced. In
relative to P270, the Sahara experiences less extreme dryness in PO90 (Figure 3c), with CDD ranging from 100 to
240 days (Figure 3a). This decrease in CDD is directly linked to enhanced hydrological cycle which leads to
increased rainfall amounts over the Sahara region and a northward expansion of humid area.

In a wetter climate, the number of CDD typically decreases, while the number of CWD increases due to more
frequent and sustained rainfall. This expected inverse relationship between CDD and CWD is evident in Northern
Africa. However, in tropical Africa, despite the generally more humid conditions and an increase in CWD, P090
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Figure 2. Precession phase (°) at which the (a) warm-month maximum incoming insolation, (b) cold-month minimum incoming insolation, (¢) warm-month maximum
surface air temperature, and (d) cold-month minimum surface air temperature occurs.

exhibits a higher frequency of extreme dry events compared to P270 (Figure 3c). This results in a dipole pattern of
CDD changes. This phenomenon can be attributed to the earlier southward shift of the solar zenith point from the
Northern to the Southern Hemisphere during boreal fall at minimum precession, which shortens the monsoon
season and extends the dry period. A more detailed explanation is provided in Section 3.2.

3.3. Length of West Africa Summer Monsoon

The West Africa summer monsoon (WASM) is a phenomenon that occurs on a regional scale and is closely
connected to the latitudinal shifts of the ITCZ. In this section, our objective is to determine the onset, withdrawal,
and duration of the summer monsoon based on daily precipitation at the north location of the ITCZ (for more
information on calculation of the ITCZ location and the WASM onset/withdrawal, please refer to Section 2.5).

Throughout a precession cycle, the onset of the WASM varies between early June and mid-July (Figure 4a).
Specifically, the onset tends to happen earlier during the precession phases ranging from 0° to 105°, whereas it is
delayed during the phases from 180° to 300°. This timing reversely aligns with insolation during May (Figure 4b).
Moreover, our analysis elucidates a notable association between the intensity of the Sahara Heat Low (SHL) in
June and the onset of the summer monsoon. Specifically, the SHL (expressed as lower atmospheric thickness in
Figure 4c) demonstrates a higher degree of intensity during precession phases ranging from 0° to 120°, while it
displays a weakened state during phases from 195° to 315°. Our results align concordantly with previous research,
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Figure 3. Consecutive dry days (CDD, unit: day) for (a) P090, (b) P270, and (c) PO90 minus P270. Consecutive wet days
(CWD, unit: day) for (d) P090, (e) P270, and (f) PO90 minus P270.

which has posited an amplification of the SHL preceding the arrival of the summer monsoon in late June (Sultan
& Janicot, 2003).

The retreat of the WASM, as seen in Figure 4d, generally shows a delaying tendency as precession progresses
from 0° to 270°, and an advancing tendency for 270°-360°. The phasing of the monsoon retreat are governed by
two primary factors: (a) the insolation magnitude during August-September (Figure 4e), and (b) the latitudinal
displacement of the maximum insolation, denoted as the solar zenith point (Figure 4f). Increased amounts of solar
radiation play a crucial role in sustaining the energy necessary for the summer monsoon, hence causing the
monsoon to persist longer as the precession shifts from 0° to 180°. Nevertheless, as the precession shifts from
180° to 270°, despite a rise in insolation, there is an earlier migration in the sunlit point toward the Southern
Hemisphere. This results in an earlier reversal of the interhemispheric thermal contrast (Figure 4g), thereby
prompting the withdrawal of the summer monsoon. Notably, from 270° to 360°, the advancing tendency in the
monsoon withdrawal is driven by both a reduction in insolation and an earlier southward shift of the sunlit point.
Finally, the duration of summer monsoon is largely shaped by the timing of withdrawal in a precession cycle
(Figure 4h).

3.4. Vegetation

Vegetation is a crucial component of the climate system, not only influenced by climatic conditions but also
exerting significant feedback on the climate, for example, by regulating surface albedo and surface temperature,
and modulating the hydrological cycle through evapotranspiration. Vegetation patterns are inherently linked to
precipitation rate, seasonality and duration which are directly influenced by precession. The equatorial region of
Africa receives abundant rainfall for most of the year, facilitating the growth of lush forests (Figure 5). Around
maximum precession (P270), the formation of forests in this region is predominantly concentrated within a
narrow latitudinal range near the equator, particularly in the western equatorial area. As precession progresses
from 270° to 90°, the forested area expands northwards due to increased precipitation, reaching as far as 18°N at
minimum precession (P090) (Figure 5g).
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Figure 4. (a) Day of West Africa summer monsoon onset, (b) averaged insolation over 0-25°N during May, (c) lower atmospheric thickness, defined as the anomaly in
geopotential height between 750 hPa and 925 hPa over 15-35°N, 20°W-5°E, (d) day of withdrawal of Africa monsoon, (e) averaged insolation over 0-25°N during
August-September, (f) day of solar zenith point shifting to Southern Hemisphere, (g) inter-hemisphere contrast in net energy input in September, defined as the anomaly
of averaged net energy input between Northern and Southern Hemisphere (negative values in dark blue), and (h) duration of Africa summer monsoon in a precession

cycle.

During precession phases ranging from 225° to 345°, the Sahara desert persists (Figures 5Sr—5x), mainly driven by
minimal rainfall (Figure 1) and a high number of consecutive dry days (Figure S3a in Supporting Information S1).
The transitional zone between the Sahara desert and the tropical forest undergoes distinct wet and dry seasons
during the year, providing suitable conditions for the growth of shrubs and grasses. This transitional zone extends
to the northernmost part of Africa during precession phases between 30° and 165° (Figures 5¢c—51), while the
desert coverage is small.

3.5. Moisture Sources

In our study, we utilize a novel scale-flux tracing method, as described in Section 2.4 and Gao et al. (2024), to
track the locations and characteristics of moisture source regions. In the following we focus on the moisture
source properties at two precession extremes. For a complete spatial-temporal timing, we refer to Figures S4-S8
in Supporting Information S1.

The mass-weighted mean open ocean evaporative source latitude (hereafter denoted as source latitude) of annual
mean precipitation in Northern Africa varies between 8°S and 20°N at minimum precession, and exhibits a
latitudinal spread (Figure 6a). Specifically, in Northern Africa, the latitude from which regional rainfall originates
tends to be more poleward as the region moves further north or west. During maximum precession, when the
humid area is confined to 0—15°N, the source latitude is more restricted, specifically ranging from 4°S to 15°N
(Figure 6b). In tropical regions, moisture comes from lower latitudes during the minimum precession phase
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Figure 5. Distribution of main vegetation types across Northern Africa in a precession cycle.

relative to the maximum precession period (Figure 6¢). The mass-weighted source longitude, as illustrated in
Figures 6d and 6e, also exhibits a prevailing northwest-southeast gradient. In the West African region, moisture is
predominantly transported from the adjacent Atlantic Ocean, whereas in tropical eastern Africa, a significant
portion of precipitation is sourced from the Indian Ocean. The source longitude for the region between western
and eastern Africa spans from 5°W to 30°E, indicative of a blend of moisture contributions from both the Atlantic
and Indian Oceans. The P090-minus-P270 source longitude is overall negative (Figure 6f), reflecting that pre-
cipitation in Northern Africa at maximum precession is more supplied by moisture originating from the Indian
Ocean.

Having examined the moisture source locations, we are now exploring three additional oceanic properties that
influence evaporation: sea surface temperature (SST), 10 m wind velocity (wind10), and surface relative humidity
(rh2m). The source SST associated with the annual mean precipitation over Northern Africa falls within the range
of 24.4-26.5°C in P090 and 23.5-26.5°C in P270 (Figures 6g and 6h). In P090, the area exhibiting the highest
source SST is tropical western Africa, where moisture is directly sourced from the Gulf of Guinea characterized
by comparatively warmer surface waters. In comparison to P090, for the majority of tropical Africa, precipitation
in P270 originates from cooler oceanic regions (Figure 61), reflecting differences in the source moisture locations
(Figures 6¢—6f) and the underlying SST distribution (Figure S9 in Supporting Information S1). A noticeable
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Figure 6. The mass-weighted mean open ocean evaporative source locations and properties for (a—c) latitude [°], (d—f)
longitude [°], (g-1) sea surface temperature [°C], (j—-1) surface relative humidity [%], and (m-o0) 10 m wind speed [m/s]. (a, d,
g, j, m) are for P090, (b, e, h, k, n) for P270, and (c, f, i, 1, 0) show anomaly values for PO90 minus P270. Negative latitude
(longitude) values refer to the southern (western) hemisphere.
northwest-southeast gradient is evident in the source rh2m associated with the annual mean precipitation in P090,
ranging from 71% in tropical eastern Africa to 80% in subtropical western Africa (Figure 6j). Interestingly, such
spatial distribution is not seen during the maximum precession phase, with the source rh2m exhibiting more
uniform pattern ranging from 69% to 71% across most regions (Figure 6k). In comparison to P90, Northern
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Africa derives moisture from sea surface areas characterized by relatively lower relative humidity in P270
(Figure 6]). In both extreme precession phases, source wind10 of annual mean precipitation is relatively smaller
(larger) for the tropical western (eastern) Africa (Figures 6m and 6n). This gradient is more pronounced during
maximum precession than during minimum precession (Figure 60).

Moreover, the scale-flux tracing method applied in our model can also tell the percentage of moisture coming
from oceans and continents. As seen from Figure S10 in Supporting Information S1, oceanic evaporation is the
primary source of precipitation in tropical and subtropical western Northern Africa, as well as in coastal parts of
the Indian Ocean. However, it is important to note that a non-ignorable percentage of moisture originates from
land, particularly in inland regions where the contribution of continental evaporation to precipitation can exceed
50% (Figure S10 in Supporting Information S1). Changes of continental evaporation source regions and prop-
erties are not included in the scale-flux tracing method of ECHAM6-wiso, yet (Gao et al., 2024).

3.6. Isotope

The synchronization of climatic factors such as surface temperature and precipitation in both space and time
leaves considerable imprints on the oxygen-18 composition of precipitation (henceforth denoted by & 180[, ) across
Northern Africa (Figure 7). Particularly, the Sudan region exhibits the lowest & ISOP values, whereas higher values
are found in the western Africa, forming a distinct zonal gradient. During humid periods in Africa, precipitation is
isotopically depleted, and this change can be attributed to increased precipitation amounts. As climate shifts from
humid to dry conditions, there is a general enrichment in 6180,, observed across Northern Africa driven by a

reduction in the amount of rainfall.

We simulate negative interannual gradients between monthly-mean 51801, and precipitation rate across Northern
Africa in any phase of a precession cycle (Figure 8 and Figure S11 in Supporting Information S1). These gradients
typically range from —0.2 %omm~'d to —0.8 %omm~'d, aligning well with previous model studies (Cauquoin
et al., 2019; Risi et al., 2010; Schmidt et al., 2007). This phenomenon is known as the “amount effect” (Dans-
gaard, 1964), and is commonly observed in tropical and subtropical regions.

The interpretation of isotopic records for reconstructing past precipitation variations often relies on the
assumption that the modern 5180p-precipitation relationship serves as an adequate surrogate for the temporal
slope of past periods (e.g., Johnson et al., 2006; Maher, 2008). Therefore, it is crucial to assess the validity of this
relationship across different phases of the precession cycle. Here, we calculate the temporal 6180p—precipitation
gradients as outlined in Section 2.6, to determine when and where this observed relationship holds true throughout
the precession cycle. Figure 9a depicts temporal 5180p -versus-precipitation gradients across Northern Africa
between P; and P, 45, indicating negative temporal 6180p-precipitati0n slopes across tropical and subtropical
Africa during the African dry period when the Sahara desert was present, in agreement with the “amount effect.”
However, during precession phases 75°-135° (Figures 9¢c—9j) characterized by a green Sahara, there is a distinct
occurrence of positive temporal 5180p -precipitation slopes in specific areas of Northern Africa, deviating from
the expected “amount effect.”

According to principles already established (Dansgaard, 1964), the isotopic composition of precipitation from a
particular air mass is primarily controlled by the fraction of vapor remaining. More rainout from a given air mass
leads to a decrease in the delta value of the vapor remaining and the subsequent precipitation. Therefore, apart
from the “amount effect,” the 5180,, -signal in Northern African precipitation may be influenced by non-local
processes that include: (a) changes in the moisture source region, (b) changes in the moisture source proper-
ties, such as SST, surface winds or humidity levels, that impact fractionation of oxygen isotopes at the origin, and
(c) changes in the fractionation of oxygen isotopes in the water vapor during transportation to specific location
where the vapor is precipitated. Our analysis reveals relatively obvious changes in the geographical locations
(Figures S12 and S13 in Supporting Information S1), particularly the longitude, and relative humidity (Figure S14
in Supporting Information S1) of the moisture source for the areas exhibiting positive temporal 6180,,—precipi—
tation gradients. This suggests that changes in the isotopic composition of the source evaporative water vapor for
those areas might contribute to the positive isotope-precipitation gradients. Nevertheless, only minor changes are
found for the source SST (Figure S15 in Supporting Information S1) and surface wind (Figure S16 in Supporting
Information S1). To evaluate the third possibility, we examine the differences in boreal summer 51801, and

SHI ET AL.

12 of 20

85U80 7 SUOWIWIOD A1) 3|edl|dde ay) Aq peusenob aJe sejone O ‘8N Jo S9N 1oy ARIq1TaUIIUO A8|IM UO (SUOTHPUOD-PUB-SLLBY W0 A8| 1M A1 1 [BU UO//:SANL) SUORIPUOD Pue SWi | 8U} 88S *[S202/T0/22] uo Ariqiauliuo A8|IM ‘Imy Bunyosiosese N ' -Rjod "4 INisu| eusBa peilly Ad 666700Vd202/620T OT/I0p/L0o™A8|1mAtelq i jput|uo sqndnBie//sdny wouy pepeojumod ‘T ‘S20g ‘S25r2/Se



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2024PA004999

41-10 9 -8 -7 6 -5 -4 -3 -2
6"°0p [/oo]

Figure 7. Precipitation-weighted annual mean 6180,, [%o].

precipitation patterns between two phases of the precession cycle. Our result, illustrated in Figures 10 and 11,
indicates that the regions with positive isotope-precipitation gradients experience opposite precipitation changes
in upstream areas, typically situated along western coastal oceans or continents. For example, in Figures 10c—10e,
a strong reduction in precipitation is observed in the Gulf of Guinea and the nearby continental region, resulting in
a more enriched heavier isotopic composition in the water vapor exported landward (Figures 1lc—11e).
Consequently, despite a local increase in rainfall quantity, the downstream inland areas experience higher values
of 6180,,, leading to a positive temporal 618017 -precipitation gradient (Figures 9c—9e). Similarly, an increase in the
intensity of precipitation rate near the western coast of Northern Africa as shown in Figures 10h—10j leads to more
depleted 6180p in the water vapor and in the subsequent precipitation in downstream inland areas (Figures 11h—
11j), where a local decrease in precipitation is observed. This underlines the potential impact of upstream pre-
cipitation changes on the isotope composition of remaining water vapor and subsequent precipitation events.
Thus, we propose that during the African humid periods, precipitation isotopic composition across the Northern
African continent may reflect the degree of rainout occurring upstream. This finding underscores the general
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Figure 8. Interannual gradients between monthly anomalies of oxygen-18 composition in precipitation (5180,,) and

precipitation rate for each experiment. Units: %omm™'d.

necessity of considering precipitation changes along upstream water transport trajectories when interpreting
isotope proxies of past climate changes.

4. Discussion and Conclusions

In the present study, we perform 24 time-slice experiments covering a full precession cycle, performed with the
newly developed isotope-enabled climate model AWIESM2-wiso. Besides seasonal changes of climatic variables
which have been explored in a number of previous studies (Bosmans et al., 2015; J. E. Kutzbach et al., 2020;
Marzocchi et al., 2015; Tuenter et al., 2003, 2005), we focus our analyses on the responses of extreme events,
lengths of summer monsoon on a regional scale, as well as §'0 changes in precipitation to variations in
precession.

To assess the validity of our model's isotope simulations, we compared the simulated summer § D anomalies
between minimum and maximum precession phases with available proxy records from Northern Africa, spe-
cifically leaf wax 6D data from site ODP 659 off the northwest African coast and the Chew Bahir region (R.
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Figure 9. Simulated temporal 6180p—precipitation gradients between two specific phases in a precession cycle. Units:

%omm™d.

Kuechler et al., 2013; Lupien et al., 2022). These records cover multiple precession cycles, spanning the period
from 127 ka to present. Given that our experiments employ a high eccentricity, which more closely resembles
conditions during the Eemian, we focused on comparing 6 D anomalies between 127 ka (minimum precession)
and 116 ka (maximum precession). Our results show strong agreement with proxy data in both sign and
magnitude, as illustrated in Figure S17 in Supporting Information S1. This model-data agreement strengthens
confidence in our model's ability to reproduce isotope signals influenced by precession, supporting its utility in
simulating paleoclimate conditions in Northern Africa.

Similar to Marzocchi et al. (2015) and Tuenter et al. (2003, 2005), in our model study, the spatio-temporal phasing
of Northern Africa precipitation during JJAS shows a close relationship with solar radiation levels. Most regions
experience the wettest summers between precession 105° and 120°, indicating spatial synchronization in the
timing of maximum precipitation. In contrast, the timing of maximum surface air temperature (SAT,,,, ) shows
spatial heterogeneity and is influenced by different factors across Northern Africa: SAT,,,, in the northern part is
paced by maximum insolation, while the tropical area experiences maximum cloud cover during phases with
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Figure 10. Simulated changes in JJAS precipitation between two specific phases in a precession cycle. Units: mm/day.

maximum convection, resulting in SAT,,,, being paced by minimum insolation. The phasing of SAT,,,, in the
subtropical region is influenced by the intensities of both insolation and convection. This result is consistent with
Marzocchi et al. (2015). On the other hand, the timing of minimum surface air temperature is more spatially
synchronized, occurring around 90° precession across most areas of Northern Africa, closely following the timing
of the minimum insolation.

This study also examines the variations in the onset and retreat of the West Africa Summer Monsoon (WASM)
throughout a precession cycle. It is found that the typical onset of the WASM falls between early-June and mid-
July, with advancements noted during precession phases of 0—105° and delays observed in phases spanning 180°—
300°. The phasing of WASM onset is paced by the intensity of the Sahara Heat Low (SHL) in June and 0-25°N
insolation magnitude in May. Earlier (later) retreat of the WASM occurs during precession phases of 345°-30°
(225°-300°), prominently influenced by insolation during August-September and the latitudinal displacement of
peak insolation. The duration of the WASM is largely shaped by the timing of withdrawal across a precession
cycle. Our result is in agreement with most PMIP4 models that reveal a shorter duration of WASM during the Last
interglacial (with a precession of 95.4°) compared to pre-industrial (with a precession of 280.3°) (Shi et al., 2024).
Our study shows that the difference in WASM duration between difference precession phases can reach 70 days.
Our results shed light on the hydroclimatic conditions that may have contributed to the “Green Sahara” phases. A
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Figure 11. Simulated changes in JJAS 61801, between two specific phases in a precession cycle. Units: %o.

key question in understanding these intervals has been whether the enhanced vegetation cover is primarily due to
increased precipitation rate, an extended rainy season, or both. Our experiments reveal that during these Green
Sahara periods, the rainy season itself is relatively short, suggesting that the vegetation expansion was largely
driven by an increase in precipitation rate rather than a prolonged monsoon duration. This implies that a more
intense, though seasonally restricted, rainfall would have still provided sufficient moisture to sustain expanded
vegetation and create conditions conducive to prolonged soil moisture.

Our model results regarding changes in CDD and CWD provide insight into how extreme dry and wet spells
might shape vegetation and length of the growing season in a precession cycle. In environments with frequent and
prolonged dry spells (e.g., P270), soil moisture gradually diminishes, making it challenging for vegetation that
requires a high amount of water to survive (Nepstad et al., 2002; Vicente-Serrano et al., 2013). In such conditions,
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drought-resistant vegetation types, such as shrubs, grasses, or certain drought-tolerant trees, tend to dominate
(Chesson et al., 2004). In contrast, when wet spells are prolonged (e.g., P090), soil moisture remains high,
supporting the growth of deep-rooted vegetation types such as forests. The variation in these wet and dry spells
also impacts the length of the growing season (Zhang et al., 2018). Stable water availability supports longer
growing seasons, while frequent CDDs force vegetation to adapt to seasonal water shortages.

An innovative scale-flux tracing method (Gao et al., 2024) is applied in our simulations to quantify the spatial and
temporal changes in moisture source regions and properties throughout a precession cycle. Rainfall in western
Africa mostly stems from the Atlantic Ocean, while in eastern Africa it predominantly stems from the Indian
Ocean. During the transition from minimum to maximum precession, there is a rise (reduction) in the proportion
of Northern Africa's precipitation sourced from the Indian (Atlantic) Ocean, and with a discernible increase in its
susceptibility to the influence of evaporation from colder and less humid areas.

This study also investigates the isotopic composition of precipitation (6180p ) and its relationship with precipi-
tation amounts across Northern Africa in different phases of a precession cycle. Negative interannual gradients
between monthly 6180p and precipitation rate align well with an explanation based on the classical “amount
effect.” However, during precession phases characterized by a humid and lush Sahara, there is a distinct
occurrence of a positive temporal 51801, -precipitation gradient in specific areas of Northern Africa, which cannot
be explained by an “amount effect.” For these regions, changes in locations and properties of moisture sources
might influence the validity of the “amount effect.” More importantly, it is found that the changes in 6180p in
these areas are controlled by precipitation changes in upstream water vapor transport regions rather than changes
in the amount of local rainfall, indicating that the interpretation of isotope signals documented in Northern Af-
rican archives needs to be taken with caution. This finding is in good agreement to the proposed “upstream
depletion” hypothesis suggested in previous studies on past isotope changes in the Asian monsoon region (Cheng
et al., 2016; Hu et al., 2008; LeGrande & Schmidt, 2009; Z. Liu et al., 2014; Pausata et al., 2011; Tabor
et al., 2018; Zhao et al., 2021). These studies suggest that the isotopic composition of (sub)tropical precipitation
does not reflect local precipitation changes but rather the integrated changes in precipitation between tropical
ocean source regions and a specific study region.

The results we obtained are based on idealized experimental setup to isolate the direct effects of precession on
climate and water isotope signals in Northern Africa. While we acknowledge that the idealized setup limits the
direct applicability of our results to real-world paleoclimate contexts, it provides a useful baseline for interpreting
how precession alone may influence precipitation, temperature, and isotopes. More complex experimental de-
signs that incorporate additional climate forcings such as greenhouse gases and ice sheets could further enhance
our understanding of Northern African climate dynamics on orbital timescales.

Data Availability Statement

The model outputs related to the present study are available on Zenodo repository (Shi, 2024).
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