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Abstract. Discussion about abrupt changes in the Sahara at the end of the African Holocene Humid Period has generally
remained qualitative. Here we use a quantitative approach to characterize abruptness of vegetation changes in a transient
simulation of the MPI (Max Planck Institute) Earth System model and proxy records (dust flux and pollen data) for the last
8000 years. In the simulations, we find the strongest long-term increase in simulated bare surface in a north-west to south-east
oriented strip of some 400 km to 800 km in north-south direction between approximately 20°N in the west and 15°N in the
east. Grid boxes in this region reveal abrupt, step-like transitions with changes in simulated bare surface, or conversely, in the
total vegetation cover, which occur on average some 4 times faster than the approximately linear trend in the orbital forcing.
The transitions in simulated grass and tropical tree plant functional types, i.e., in the type of the vegetation cover, appear to be
up to twice as abrupt and up to twice as fast as the transition in the total vegetation cover. The reconstructed dust flux into the
Atlantic shelf area at around 20°N, which we interpret as spatially aggregated changes in the openness of the landscape in the
western Sahara, reveal a step-like transition with a much stronger abruptness than the simulated transition in bare surface in
this region. The pollen records, however, indicate a rather gradual increase in desert-like conditions (with only one exception),
but in many records, abrupt and fast transitions in Guinean, Sudanian and Sahelian phytogeographical groups occur. Our
quantitative analysis thus confirms earlier propositions that there was no “collapse” of the green Sahara and that gradual
changes in some proxy records and abrupt shifts in others are not necessarily contradictory. Our analysis also suggests that a
gradual expansion of the Sahara during the mid-Holocene may have been accompanied by abrupt changes within the

ecosystems.

1 Introduction

The multiple witnesses documenting a Sahara greener than today during the time period between approximately 11,500 to
4,500 years ago (e.g., Hély et al., 2014; Kuper and Krdpelin, 2006), continue to attract attention to this day, as it contrasts
sharply with today’s largest hot desert environment. Subtle, millennial-scale variations in the Earth’s orbit caused changes in
the seasonal distribution of insolation which triggered the transitions from wet to drier conditions during the mid-Holocene,

between 8,200 to 4,200 years ago. The resultant changes in climate and ecosystems, however, can only be explained when
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taking into account the feedbacks between the atmosphere, the ocean and mainly the land surface with its soils, vegetation and
lakes as amplifier (e.g., Claussen et al., 2017; Pausata et al., 2020).

Based on theory and climate modeling (Brovkin et al., 1998; Claussen et al., 1999) an abrupt termination of the “Green Sahara”
- a term coined by L.E. Alméasy in 1934 (Almasy, 1997) - was postulated. Reconstructions of dust deposition in marine
sediment records off the West African coast (deMenocal et al., 2000; McGee et al., 2013) and deuterium values from the Horn
of Africa region (Tierney and deMenocal, 2013) and Western Africa (Tierney et al., 2017) seemed to support the early
modeling studies. In contrast, analyses of pollen and sediment laminations in the Central Sahara and its southern fringes
(Francus et al., 2013; Kropelin et al., 2008; Lézine et al., 2011; Salzmann and Waller, 1998; Waller et al., 2007) indicated a
gradual transition of ecosystems. A synthesis of hydrologic reconstructions across Africa (Shanahan et al., 2015) based on
different proxies (e.g. arboreal pollen, pollen concentrations and diatom ratios) showed that the termination of the humid
condition in Northern Africa was only locally abrupt, dynamics also seen in at least one state-of-the-art climate system model
(Dallmeyer et al., 2020). Recently, it was supposed that most climate system models are tuned to stability, but if a model is
optimized to reproduce a Green Sahara, then it also displays threshold behavior (Hopcroft and Valdes, 2021).

So far, the discussion of the abrupt termination of humid conditions and associated vegetation changes in the Sahara had
developed in a rather qualitative way, although the question of how rapidly vegetation spread throughout the Sahara during
mid-Holocene is an important issue as it presumably affected the time frame for human adaption. Only few attempts have been
made to standardize the degree of abruptness. Brovkin et al. (2021) gave an overview of past abrupt changes, tipping points
and cascading impacts on ecological and societal systems. They referred to abrupt changes as changes faster than the relevant
forcing, i.e., the variations in the Earth’s orbit in the paleo climate context. Trauth et al. (2018) introduced a formal detection
of abrupt changes in paleo records by using a changepoint analysis. Dallmeyer et al. (2021) analyzed global climate-vegetation
simulations of the last 8000 years and quantified the rapidity of simulated vegetation changes in terms of the strongest slope
that emerges in the vegetation time series.

Our assessment of the end of the Green Sahara is guided by the earlier studies: We look for a step-like transition by searching
for a changepoint in linear regression (Trauth et al., 2018) in the vegetation time series, and we calculate the offset at the
changepoint in linear regression relative to the variability of the data as suggested by the edge detection of Bathiany et al.
(2020). Thereby, we are able to specify the degree of abruptness and to differentiate between more or less abrupt and gradual
changes. In addition, we compute the slope of the data series at the changepoint to provide estimates on how much faster an
abrupt transition occurs relative to a change in the approximately linear orbital forcing.

The question of how abruptly the Green Sahara ended not only relates to the issue of quantifying abruptness. It also implies
the challenge of how to characterize the Green Sahara in data and models for comparison of data and model results. To trace
the history of the Holocene greening and aridification of the Sahara different proxies have been investigated and explored such
as lake level fluctuations and occurrences of lakes and wetlands (Hoelzmann et al., 2004; Holmes and Hoelzmann, 2017;
Lézine et al., 2011) or geochemical proxies such as plant waxes and/or their isotopic composition (Eglinton et al., 2002). To

avoid comparison of various proxies with differing sensitivities to climate and to enable a more direct comparison between
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data and simulation of Saharan greening, we will explore the use of vegetation proxies, such as fossil pollen spectra aggregated
into phytogeographical groups, and clusters of simulated plant functional types. For the region of the western Sahara, we also
compare the deposition of Saharan dust into the North Atlantic which is supposed to trace changes in the fraction of bare
surface in the western Sahara (Egerer et al., 2016, 2018).

We therefore organize our paper as follows. Section 2 presents data and methods: representation of North African vegetation
in the Max Planck Institute Earth System Model (MPI-ESM) (Section 2.1), palynological data from continental sites including
the aggregation of individual pollen taxa into pollen groups (Section 2.2), comparison of simulated PFTs and pollen data
(Section 2.3), dust deposition time series from marine sediments cores (Section 2.4), and the method of quantifying abruptness
and rapidity (Section 2.5). In Section 3, we present our results: the patterns of long-term tendencies, abruptness and rapidity
(Section 3.1), with a focus on regions and individual pollen records (Section 3.2), and the timing of abrupt changes identified
in data and simulation in relation to the termination of the African Holocene Humid Period (AHHP) (Section 3.3). We conclude

our study with a discussion of our analysis in Section 4.

2 Data and Methods
2.1 Simulated plant functional types

We analyze the transient Holocene simulation presented in Dallmeyer et al. (2021) that was done using the MPI-ESM1.2
(Mauritsen et al., 2019) at a spectral resolution of T63 (approx. 200km on a Gaussian grid) for the atmosphere and the land.
The simulation starts at 8000 y BP (or 6000 y BCE) and ends at 100 y BP (or 1850 CE) which we refer to as -8 ky and pre-
industrial (PI), respectively, in the following. The transient simulation reproduces the global patterns of Holocene vegetation
transitions (Dallmeyer et al., 2021). A similar simulation from the same ensemble of MPI-ESM Holocene simulations, but
with slightly different boundary conditions, demonstrates that the MPI-ESM Holocene simulations also capture the
reconstructed time-transgressive termination of the AHHP (Dallmeyer et al., 2020).

For a detailed description of how the vegetation is computed in the land-surface model JSBACH of the MPI-ESM, we refer to
Brovkin et al. (2009) and Reick et al. (2013, 2021). Here, we only mention the most important items relevant for our study. In
JSBACH, each land grid cell in the land-surface model is partitioned into a fraction of bare surface f; 4., unsuitable for
vegetation growth, a fraction of natural vegetation f,.,, represented by different plant functional types, and a fraction of
anthropogenic land use f;,,. The cover fraction ranges from 0 to 1 such that f},qre + fyeg + fr, = 1. In the simulations, land
use only appears in a few grid boxes in the Niger delta and to the north of it up to some 12°N during the last 2000 years. Hence
in the region of this study, f,qre = 1 — fyeg holds for almost all grid boxes considered.

The computation of the bare surface fraction is based on the idea that a bare surface develops when the net-primary production

(NPP) of plants gets too low so that vegetation is repeatedly not able to grow an extended canopy at least once during a year.
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Vegetation coverage is computed as function of the biomass that is allocated to leaves. To avoid unrealistic year-to-year
fluctuations in bare surface fraction, a delayed development of bare surface is assumed with a time scale of 50 years.

Natural vegetation in the land-surface model JSBACH of the MPI-ESM is represented by eight different plant functional types
(PFTs): Tropical or extratropical, evergreen or deciduous tree types, rain green or cold-resistant shrub types, and C3 and C4
grass. In theory, all PFTs can coexist in each terrestrial grid-cell. The occurrence of each PFT is limited by temperature
constraints in the model. For the Sahara, the decisive bioclimatic limit is the cold resistance defined in terms of the mean
temperature of the coldest month. On the northern hemisphere during the mid-Holocene boreal winter, insolation was weaker
than today and, hence, the coldest month colder than today. The temperature of the coldest month is the limiting factor for
tropical trees. There are no bioclimatic limits defined with respect to moisture requirements. These are implicitly included in
the computation of NPP of each PFT which controls the competition between PFTSs.

The time scales of changes in the coverage proportions of PFTs is governed by the time scales implicit in the NPP dynamics
of the competing PFTs. The time scales relevant for the present study range from 30 years for tropical trees, 12 years for rain
green shrubs and 1 year for grass. If climate changes and if different PFTs can exist within the range of climate variability,
then the PFT with the strongest NPP dominates, and the time scale of the transition mainly depends on the difference in the
carbon allocation of the competing PFTs. If this difference is small, then the transition is slow. The fastest changes occur, if
the climate crosses a bioclimatic threshold. When the temperature of the coldest month drops below 15°C, for example, then
the growth of tropical trees is set to zero in the model. The same happens, if strong wind or fire events occur in the simulated
climate. Then, the tropical tree PFTs affected decay exponentially within a few decades. An overview of time series of bare

surface fraction and relevant PFTs in the African and Arabian desert belt is given in the Appendix, Fig. Al.

2.2 Pollen data

We use the proven concept of phytogeographical regions to assess and visualize vegetation changes documented by means of
pollen analysis (e.g., Maley, 1973; Ritchie and Haynes, 1987; White, 1983). According to this concept, the various pollen
types are assigned into four phytogeographical groups — Saharan, Sahelian, Sudanian and Guinean — according to the region
in which they prevail in today’s climate. Very briefly, the transition from the Mediterranean region to the Saharan region
roughly coincides with the 100 mm isohyete (e.g., Le Houérou, 1990; Olson et al., 2001), while the southern border of the
Sahara roughly coincides with the 150 mm isohyete (e.g., Quézel, 1965). The Sahelian climate is characterized by annual mean
temperatures above 24°C (Sayre et al., 2013), a long dry period, with most rainfall occurring during the three to four summer
months ranging from 100-250 mm of rainfall per year and a very long dry season in the north to some 250-500 mm of rainfall
in the south. In the Sudanian region, there are again distinct differences between humid and dry periods, with an annual rainfall
of over 500 mm. In contrast, the Congo-Guinean equatorial region experiences very high levels of precipitation (over 3,000
mm per year) and consistently high temperatures.

Different plants can also grow outside their main phytogeographical region in, for example, mountains or alongside

(temporary) water courses, thus in habitats characterized by differing conditions than the main phytogeographical region.

4
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Examples are plants with higher humidity requirements that penetrate the desert alongside wadis or find suitable growing
conditions at higher altitudes in the mountains of a desert. Yet the vegetation outside of these habitats (Walter and Breckle,
1991) aligns with the regional climate conditions. This implies that with a changing climate, plants belonging to a
phytogeographical group can migrate into regions previously not occupied by them.

The assignments of pollen types to phytogeographical groups applied here are based on the classifications by Vincens et al.
(2007) and Hély, Lézine and APD contritbutors (2014) with some modifications (see Dinies et al., 2026). In the present study
we slightly changed the proportion computation: Rather than calculating the center-log values of the pollen counts, we
computed the percentage values, with the sum of all terrestrial types, including grasses, equaling 100%. These percentages
were then multiplied by the phytogeographical proportion established for each pollen type. The proportions summed-up per
sample of the four regions, Guinean, Sudanian, Sahelian and Saharan, i.e. the computed phytogeographical affinities of each
sample, are shown. For the grasses, the percentage proportions of the sum of terrestrial types are plotted (after the square-root
transformation of the counts).

In addition to the phytogeographical groups described, we implement grasses (Poaceae) as independent group. The pollen
morphology of grasses does not allow a distinction between ‘Sahelian’, ‘Sudanian’ or ’Saharan’ grasses. We thus consider
them separately and explore the question of whether their trends follow any of the phytogeographical groups.

The pollen data are retrieved from the African Pollen Database compiled by Phelps et al.(2019). We consider all sites with
more than ten samples and age depth models based on *C dating, located in the investigated region of Northern Africa (see
Dinies et al., 2026). We exclude the Mediterranean region and the East African Highlands due to their markedly different
ecology, and we exclude pollen records which do not cover the last 8000 year. An overview of the times series of

phytogeographical groups and Poaceae and their geographic location is provided in Fig. Al, Fig. A2, Table Al.

2.3 Comparison of simulated PFTs and pollen data

PFTs in an Earth system model are designed to describe the interaction of vegetation and near-surface fluxes of energy, water,
momentum and terrestrial carbon for all regions of the Earth rather than to realistically capture the large spectrum of plant
functional diversity and landscape characteristics. In contrast, pollen types representing respective plant taxa often are a
conglomerate of life forms (trees, shrubs, perennials, annuals), thus not directly equivalent to a PFT, even more as we have
merged the pollen types into phytogeographical groups to obtain a more standardized reference. Therefore, assignment of
simulated PFTs to phytogeographical groups cannot be derived from first principles, but is based on conceptual, ad hoc
considerations.

The taxa of the Saharan phytogeographical group stand for key features of every desert vegetation: plant coverage is extremely
low and restricted to wadis, runnels, and bases of rocks, small depressions, and similar structures. These microstructures of the
desert landscape are not represented by the coarse resolution of the topography in an Earth system model. But as the Saharan
plant taxa also are an indicator of the openness of the desert landscape, we suggest that a qualitative comparison of the

simulated bare surface with the Saharan taxa is a sensible approach.

5
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Comparing simulated tropical trees with reconstructed phytogeographical groups is less straightforward. In the model, the
tropical evergreen tree PFT reflects plant cover indicating wettest conditions, followed by the tropical deciduous tree PFT,
adapted to a longer dry season. Therefore, the fractions of tropical evergreen tree PFT should correspond to proportions of
Guinean taxa, declining first with beginning aridification, followed by a decrease in the fractions of tropical deciduous tree
PFT, and the proportions of Sudanian taxa. However, this is not the case for both. There are several potential reasons for it.
Though the respective taxa dominate in their respective regions — Sudanian taxa in the Sudanian region, and Guinean taxa in
the Guinean region — they also occur outside their core areas due to their large ecological amplitude or habitat (Walter and
Breckle, 1991). Thus, representatives of different phytogeographical regions co-exist in today’s vegetation. According to
vegetation reconstructions based on phytogeographical pollen types, this also seems to have been the case in the past (Fig.
A2). In their numerical re-evaluation of White's phytogeographical regions, Linder et al. (2005) demonstrated that the
assignment of plant taxa to the Sudanian region, particularly in the western part, is more complex, resulting in a significant
transition zone, in comparison to the consistent classification of Guinean taxa. In contrast to Guinean and Sudanian taxa, the
simulated tropical evergreen and deciduous tree PFTs more or less outcompete each other in a model grid box, except for
relatively short periods of transition (Fig. A4, Fig. B1). We therefore choose to aggregate tropical evergreen and tropical
deciduous tree PFTs into a tropical tree PFT for a comparison with the Sudanian and Guinean taxa. An additional reason for
aggregating tropical tree PFTs becomes evident when studying the transition between tropical evergreen and tropical deciduous
PFTs in an increasingly drier climate. It appears that this transition leads to rapid swings between both tropical tree PFTs, also
evident in the study by Dallmeyer et al. (2021). Similarly rapid swings between the Sudanian and Guinean groups are missing
(Fig. A2 a). In Appendix B, we show that a number of simulated rapid swings can be attributed to a model artefact.

Grass PFT and Poaceae are closer regarding plant functional characteristics than tropical tree PFT and Guinean and Sudanian
taxa and their abundance can be directly compared. Their progressions thus should be in line. Depending on latitude, grass
pollen proportions decline or increase with progressing aridification (Dinies et al., 2026).

We have not included the Sahelian group in the comparison, because we do not find any counterpart of the Sahelian plant types
in the model. In fact, the land-surface model JSSBACH is known to not properly describe any type of Savanna (Groner et al.,
2018). For the sake of completeness, we show the time series of the Sahelian group in the Appendix (Fig. A2 a and Fig. C1).

We have also excluded simulated shrubs from the comparison with phytogeographic types. The shrub PFT apparently behaves
like a small tree rather than a real shrub like Tiger bush (Groner et al., 2018). It grows, where the climate appears too dry or
too cold for the evergreen tree PFT to grow or in regions with strong and frequent perturbations, like bush fire, because the
prescribed time constant for establishment of shrub is much shorter than of that of tree. The shrub PFT and the tropical tree
PFTs do not coexist with the exception of very short time periods of transition between these PFTs. And for pre-industrial
climate, the shrub PFT is almost absent (Fig. A4, Fig. B1).
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2.4 Atlantic dust deposition data

Egerer et al.(2016, 2018) identified Saharan land surface characteristics, basically the emergence of bare surface, to mainly
control the amount of dust transported from northern Africa. By coupling the part of the MPI-ESM that computes the
atmospheric general circulation with a model of mineral dust update, transport and deposition, they found that dust originating
specifically from the western part of the Sahara and transported into the North Atlantic can explain the rapid mid-Holocene
increase in dust accumulation in marine cores GC49, GC68 and ODP658 (Adkins et al., 2006; Albani et al., 2015; McGee et
al., 2013). Therefore, we use these dust flux data to compare them with the transient simulated time series of the fraction of

bare surface in the western part of the Sahara (see Fig. A3).

2.5 Calculation of abruptness and rapidity of vegetation changes
2.5.1 Definition of abruptness

Trauth et al. (2018) suggested to identify abrupt events in paleo records by using the changepoint detection. The changepoint
detection is a method of statistical time series analysis. It finds the time points at which the probability distribution of the time
series changes. For our analysis, we choose the linear regression as statistical variable, and we decide a priori to find only one
changepoint in linear regression, not an arbitrary number of changepoints, to focus on the most significant, step-like transition
which we assume to be associated with the end of the Green Sahara.

ODP658: A=56,0=03 20 ODP658: R=~7

a | . b

20

-
o
-
o

N
o
-
o

dust flux [g/m?fy]
dust flux [glmzly]

-8 -6 -4 -2 0 -8 -6 -4 2 0
time [ky] time [ky]

Figure 1: a) Abruptness in terms of the offset at a changepoint in linear regression relative to the standard deviation in the
data according to Eq. (1), exemplary for the dust flux record ODP658 (McGee et al., 2013). The black dots depict the data.
The red line and blue line represent an optimum fit of two regression lines to the data in the interval (marked by the vertical
black dotted lines) before and after the changepoint (marked by the vertical magenta line). The offset O is defined as the
difference between the two regression lines at the changepoint, here indicated by the length of the black arrow. The title line
indicates the offset O relative to the maximum change in smoothed dust fluxes in all marine cores (Fig. A3). b) The black thin
line shows the smoothed time series X;(t; f = 500y~") using a Butterworth filter of the order 5 and a cut-off frequency of
1/500 years. The light gray straight line shows the slope dX,(t,; f = 500y~")/dt at the changepoint and the thick, dark gray
line the long-term linear trend, AX (f = 500y~1)/AT. The title line indicates the approximate rapidity R(t; f = 500y~1), i.e.,
Eqg. (3) of the transition at the changepoint marked by the vertical magenta line.
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Our analysis proceeds in the following steps: First, the entire time series is considered to find a changepoint in linear regression
using the changepoint detection in MATLAB (The MathWorks Inc., 2018). Bathiany et al. (2020) recommend smoothing the
time series and identifying the region of the strongest slope prior to the changepoint analysis. However, previous analysis of
simulated vegetation time series (Dallmeyer et al., 2020) showed that the timing of the strongest slope strongly depends on the
applied filter. In highly variable time series as analyzed in our study, this timing does not converge to a unique value in many
cases. We therefore apply the changepoint analysis to the entire unsmoothed time series. We only interpolate the data to annual
values to account for variable temporal resolution in the dust and pollen records and to ensure consistency between proxy data
and simulations.

Second, we follow the proposal by Bathiany et al. (2020), and we compute abruptness A as ratio between the offset O and the
weighted sum of the un-detrended standard deviations s;, (i = 1,2) of the data X;(t), (i = 1,2) from the regression lines fitted

to the data within a time interval before (i = 1) and after (i = 2) the changepoint. Hence:

o

4o )

(W1s1+w2s2)

where the weights w;, (i = 1,2) are the ratios of the time spans before and after the changepoint (see Fig. 1 for visualization).
For all dust and pollen records and simulated time series we ad hoc choose time spans of equal length of 2000 years before
and after the changepoint (indicated by the vertical dashed line in Fig. 1a), such that w; = w, = 0.5 as suggested by Bathiany
et al. (2020). Only if the interval around the changepoint touches the beginning or the end of the data series, which only
happens in a very few cases, we have to take different weights w; # w,. This procedure limits the dependence of the value of

A on the occurrence of the changepoint in the time series.

2.5.2 Definition of rapidity

In addition to the A and O values, we provide estimates of the approximate speed, or rapidity, R relative to a change in the
external forcing of the climate system. Because the records considerably differ regarding the time resolution and because they
reveal a strong variability, we have to interpolate the data to annual values and we smooth the interpolated time series X (t) by
using a Butterworth filter (The MathWorks Inc., 2018) of the order 5 with a cut-off frequency f = 500y~1. We use f =
500y~1, because the temporal resolution Aty of the pollen records ranges from some 50 years to almost 400 years with a mean
around 250 years and a median around 110 years (Table Al). This cut-off ensures smoothing of the original time series over
at least two data points. For consistency, we apply the same filter strength to the dust-flux data, which show a much larger
spread in the resolution with At = 130y,550y,990y. For consistency, we also apply the same low-pass filter to the
simulated time series, although the available time resolution of the simulations is one year. Next, we calculate the annual
change dX,(t,; f)/dt of the smoothed time series X, (t; f) at the time ¢, at which the changepoint occurs. The annual change

is normalized by the difference AX, of 500-year averages of X, (¢; f) between the beginning and the end of the time series,

8
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divided by the time span AT of the record considered. In the following, we will simply refer to AX, as the long-term tendency.
We define the relative change R(t; f) as the ratio of normalized change in X(¢; f) to the normalized change in external

forcing F(t) :

Rt = (ELEDEH)/(EDE 1) )

where AF is the amplitude of the forcing over the time span AT. During the mid- and late Holocene, the dominant long-term
pre-industrial external forcing F (t) is the change in insolation caused by the variations in the Earth’s orbit, i.e., mainly by the
change in the climatic precession with a double period of some 19 ky to 23 ky (e.g., Duque-Villegas et al., 2022; Rossignol-
Strick, 1985). Here, we consider a transient simulation which covers the time period between 6000 BCE and 1850 CE and
hence, we also use this time period for analysis of dust and pollen records. To a first approximation, the insolation in the
tropics, more precisely: the meridional gradient in insolation, changes almost linearly during the last eight millennia. Hence,
(dF(t)/dt)/(AF /AT) = 1. Thus, Eq. (2) reduces to:

de(t b

Rty f) = (CLEYED . @3)

There is some ambiguity in the interpretation of A and R values. These values themselves do not indicate whether an abrupt
transition is a large or a small one; they just measure the abruptness relative to the internal variability of the time series or

rapidity relative to the long-term trend. Therefore, values of A and R have always to be interpreted in view of their absolute
values O and the long-term tendency AX, of the times series. Please note that in the simulations and in the pollen records, AX;

varies between 0 and 1. For the dust fluxes, we choose the maximum long-term tendency of 15.7 [g/m?/y] in the three dust
flux records for a normalization. To exclude detection of spurious transitions, we exclude time series from the changepoint
analysis with a small tendency AX; < AX;, = 0.1 and a small offset 0 < O, = 0.05. Such small differences over the entire
mid and late Holocene or such a small jump at the abrupt change had presumably a negligibly small impact on climate and on
Holocene fauna and peoples living in this region.

Please note that the precise values of A and R depend on parameters implicit in the computation of these values, like the
thresholds AX;,, O, and the width of the time interval around the changepoint at which the values A and R are computed.
Varying these thresholds and parameters (which we did not show here) does change the numbers of A and R, but the general

spatial patterns and characteristics of transitions in data and simulation and, hence, the qualitative conclusions remain the same.
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3 Results
3.1 Patterns of long-term tendencies, abruptness and rapidity

The pattern of simulated long-term tendencies 4X, of bare surface fraction between mid-Holocene and pre-industrial shows
large values in a north-west to south-east oriented strip between 20°N in the west and 15°N in the east, which extends between
two and four grid boxes in the north-south direction, corresponding some 400 to 800 km (its center is indicated by a thin black
line Fig. 2). To the north and to the south of this strip, long-term tendencies are considerably smaller. In the grid boxes indicated
by a light gray color, the long-term tendencies between the beginning and the end of the simulations are smaller than AX, <
0.1. This simulated pattern of long-term tendencies matches the reconstructed long-term tendencies in the Saharan taxa and in
the dust deposition found in the marine sediment cores at around 20°N and north of it at 23°N, as far as we can judge from the
few available records (Fig. 2 a). The north-west to south-east oriented pattern of changes in bare surface, and hence total
vegetation cover, reflects the known tilted moisture gradient across North Africa as documented in present-day’s vegetation
maps (Dinerstein et al., 2017; Sayre et al., 2013; White, 1983) and palynological records (Dinies et al., 2026). The MPI-ESM
apparently captures this tilted gradient in vegetation across the region (Fig. A4).

The pattern of long-term tendencies in the simulated tropical tree PFT, i.e., the sum of the fractions of evergreen and deciduous
tropical tree PFTs, is consistent with the tendency in the Guinean group found in the pollen records (Fig. 2 b). The long-term
tendencies in simulated grass PFT and in Poaceae also by and large match (Fig. 2c¢). In the Lake Yoa record (Krdpelin et al.,
2008; Sylvestre et al., 2026), the proportions of Poaceae decline, so does the fraction of simulated grass PFT in this region
during mid- and late Holocene. In almost all pollen records near the Atlantic coast at roughly 15-16°N (with the exception of
the Touba N’Daye record, see Section 3.2) and in the Manga grasslands at around 13°N and 11°E, the proportion of Poaceae
increase. In the model, the increase in the fraction of grass PFT is found south of 15°N in the west and some 10°N in the east,
i.e., the border between decrease and increase in grass PFT in the model is located a bit, perhaps one grid box, to the south in

comparison with pollen data.
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Figure 2: Long-term tendencies AX, (a-c), abruptness A (Eq. 1) (d-f) and rapidity R (Eq. 3) (g-i) of simulated fractions of
bare surface and Saharan taxa and dust flux (a, d, g), simulated tropical tree PFT and Guinean taxa (b, e, h) and simulated
grass PFT and proportions of Poaceae (c, e, i). The shades show simulations and the colored dots, data. Gray colors indicate
time series with small long-term tendencies AX; < 0.1 in simulated bare surface, PFTs and data. Dark gray shades in (d-i)
indicate grid boxes and records for which no changepoint is found or a change point with a small offset O < 0.05 or a negative
offset. Please note that the changepoints at which the abruptness and rapidity are evaluated occur at the different times for
different grid boxes and proxy records. The patterns of occurrence of changepoints is shown in Fig. 7 c,d.

The geographic patterns of abruptness in simulations and proxy data are shown in Fig. 2 d-f. Abrupt transitions with an offset
0 = 0.05 at the changepoint in linear regression, indicated by green to yellow shades, appear within the region of the largest
decrease in bare surface fraction and largest increase in Poaceae over the last 8000 years (Fig. 2 a, ¢). In the grid boxes indicated
by a dark gray color to the north and the south of the abrupt transitions, either no changepoints, and hence no abrupt step
changes, or abrupt step changes, but with a small offset 0 < 0.05 are found as shown in more detail in Section 3.2. In some
dark gray colored grid boxes, abrupt transitions with a negative abruptness value are found.

Figures 2 d-f show that the abrupt transitions in bare surface fraction f,,,. generally appear to be less abrupt, measured in
terms of A values with A < 3 and indicated by green and dark green colors, than the transitions in the tropical tree and grass
PFTs, indicated by lighter green and yellow colors with values up to A = 6. On average, the A values of transitions in the
tropical tree PFT and grass PFT are a factor of 2 and 1.3 times, respectively, larger than the A values of transitions in bare
surface fraction. This result implies that the transition in the type of the vegetation cover, i.e. in tropical tree and grass PFTs,

is more abrupt than, and in a very few grid boxes even more than twice as abrupt as, the transition in the total vegetation cover,
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i.e. 0N feqg = 1 — frare. There are a very few exceptions, almost all of it are located at the Levante and at the northern rim of
the Ethiopian Highland, i.e., in grid boxes outside of our region of interest.

The geographic patterns of the speed, or the rapidity R (Eq. 3), at the changepoint, are presented in Fig. 2 g-i. If a transition in
the simulation or in the proxy records would directly follow the approximately linear change in the insolation forcing, then
R = 1, shown as dark green color in Fig. 2 g-i. On average, the simulated bare surface fraction increases some four times faster
than the approximately linear trend in orbital forcing, i.e., R = 4. Only in a very few isolated grid boxes and in the Lake Bal
record, more rapid transitions occur. Transitions in tropical tree and grass PFTs obviously occur not only more abruptly, but
also more rapidly, with values of R > 7, than the transition in bare surface fraction. The high R values for tropical tree PFT
and grass PFT are consistent with the high R values found for Guinean taxa and Poaceae in the few pollen records for which

abrupt transitions are found (Lake Guiers, Lake Diogo, Lake Bal, Lake Tjéri, Lake Tilla).

3.2 Focus on regions and individual records

In the western Sahara at around 20°N, the degree of abruptness in simulated bare surface is much smaller with values of A < 2
than the degree of abruptness in the dust fluxes reconstructed from the marine Atlantic cores ODP658 and GC68 with values
of A =5.6and A = 3.7, respectively (Fig. 3). Figure 3 also shows that the transition in simulated bare surface at around 20°N
and south of it is more characterized by a strong increase in the average slope of the time series rather than by a step-like
transition. In these cases, the offset at the changepoint is small or even negative. A negative offset implies an abrupt change in
the opposite direction of the long-term tendency. Two extreme cases with a negative offset are depicted in Fig. 3 (in the second
row of grid boxes). We show that the latter cases can be attributed to a model artefact (see Appendix B).

At approximately 25°N, the rather gradual increase in simulated bare surface matches the gradual transition in the dust flux in
the GC49 record. In fact, the long-term tendencies in simulated bare surface and reconstructed dust are small (indicated by
bright yellow color in Fig.2 a) and if a changepoint is detected, then the offset at the changepoint is small, i.e. 0 < 0.05 or

negative (dark gray colors in Fig. 2 d).
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340 Figure 3. Time series of dust flux reconstructed from records GC49, GC68 and ODP658 (left boxes) and simulated bare
surface in the western Sahara near the Atlantic coast (see small map at the top left). The title lines indicate the values of
abruptness A4 (Eg. 1), absolute offset O, and rapidity R (Eqg. 3) at the changepoint in linear regression of the time series. The
dots in the data boxes indicate the data points, the thin black curve shows the filtered time series X, (t; f = 500y ~"). The red
and blue straight lines represent the linear regression before and after the changepoint. The vertical magenta line depicts the

345 time ta at which the changepoint occurs, and the vertical black dashed lines indicate the time interval around ta used to calculate
A. The vertical full black line indicates the beginning of the end of AHHP, labelled te (explanation see Section 3.3). Green
titles indicate step-like transition with AX, > 0.1,A > 1,0 = 0.05, light gray titles, a transition with a small long-term
tendency AXy < 0.1, and black titles, an abrupt jump with a negative offset or a small offset 0 < 0.05 or a time series for
which no changepoint is found. In the latter case, one linear regression line is shown.
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Figure 4. Same as Fig. 3, except for time series of Saharan, Sudanian, Guinean taxa and Poaceae from the Lake Yoa record
(left boxes) and simulated fractions of bare surface, tropical tree PFT and grasss PFT in the region around the Lake Yoa (large
black boxes). Please note that the scale of the y-axes differs: for Saharan, Sudanian, Guinean taxa, the y-axes range from 0 to
0.6, for Poaceae and all simulated time series, from 0 to 1. The location of these grid boxes is shown in the small map at the
top left of the figure. The red box inside the large boxes depicts the grid box in which the Lake Yoa is located.

For the Lake Yoa record (Fig. 4), the times series of bare surface and grass PFT in the grid box in which the record is located

(marked by a red box) do not resemble the time series of phytogeographical groups found in the record. The Lake Yoa record
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shows a dominance of Sudanian taxa and high, but fluctuating proportions of Guinean and Saharan taxa during the first
millennia (-8 ky to -6 ky), and a dominance of Saharan taxa with small, but clearly visible proportions of Sudanian and Guinean
taxa in the late Holocene after around -4 ky. No tropical tree PFT is found in the grid box that includes the Lake Yoa location.
The simulated time series to the south-west of the Lake Yoa grid box much better match the pollen record. This is consistent
with the dry bias of the MPI-ESM: the model predicts a somewhat smaller northward extent of the mid-Holocene Green Sahara
than found in reconstructions (Dallmeyer et al., 2020). A comparison of the Lake Yoa pollen records with the simulated PFTs
in the grid boxes to the south-west of the Lake Yoa grid box thus appears to be more sensible.

The simulated bare surface fraction in the grid boxes southwest of the Lake Yoa grid box starts to increase slightly already at
-8 ky with an accelerated increase after around -6 ky and a small (O = 0.1) step-like increase with however small abruptness
(A = 1.5). The Saharan taxa fluctuate during -8 ky and -6 ky, followed by two periods of distinct increase about -6 ky and -3
ky. The marked decline after -2 ky is presumably caused by increasing land use at the Lake Yoa (Lézine et al., 2011) evident
by an increase in doum and date palm (Hyphaene and Phoenix) (Dinies et al., 2026), yet climate variations cannot be excluded
(Sylvestre et al., 2026). Hence, we do not consider the abrupt change in Saharan taxa at -2 ky in our analysis of abruptness
(thus the A and R values in Fig. 2 d, g are marked gray). Without the marked decline at — 2 ky, the dynamics of the simulated
bare surface and the Saharan taxa would likely be similar.

The tropical tree PFT in the grid boxes southwest of the Lake Yoa grid box decline abruptly with a small offset (0 = 0.1) at
around -4 ky, roughly some 2000 years later than the Guinean and Sudanian pollen groups which start to decline already
around — 6 ky. Similarly, the simulated grass PFTs decline more rapidly and later than the Poaceae do. This result is consistent
with the tendency of a later end of humid conditions of the AHHP found in the MPI1-ESM (Dallmeyer et al., 2020).

Pollen records from the Sahelian west coast of Africa (Fig. 5) are characterized by lower proportions of Saharan taxa compared
to the Lake Yoa record. An abrupt increase in the Saharan taxa only occurs in the northernmost Lake Guiers pollen record, but
with only a small offset 0 < 0.05 (therefore shown as dark gray dot in Fig. 2a). This transition appears more as an abrupt
change in the slope of the regression lines fitted to the data rather than as an abrupt jump in the data as seen in most time series
of bare surface fraction in the uppermost row of grid boxes in Fig. 5 and in the western Sahara (Fig. 3). Interestingly, no abrupt
step change as found in the dust flux in the southern marine records (ODP658 and GC68) is visible in pollen records located

just some 3° to the south of the marine dust records.
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Figure 5. Same as Fig. 3, except for time series of Saharan and Guinean taxa and Poaceae from the pollen records in the
western Sahelian region (left boxes) and simulated fractions of bare surface, tropical tree PFT and grass PFT in this region
390 (large black boxes) as shown in the map at the top of the figure. All pollen records are located within grid box marked in red.

Guinean taxa (and Sudanian taxa, Fig. A2, Fig. C1) display clearly higher proportions at the west coast than at the Lake Yoa,

so does the simulated tropical tree PFT. Guinean (and Sudanian) taxa generally decline, like the simulated tropical tree PFT.
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The long-term decline is, however, small (AX; < 0.1) in most grid boxes and records. In the Guiers record, an abrupt decline
in Guinean taxa (and in Sudanian taxa, along with an abrupt increase in Sahelian taxa, Fig. C1) is detected at approximately
the same time of the abrupt increase in the slope of the time series of Saharan taxa around -2 ky. The other pollen records do
not show abrupt changes in the phytogeographical groups, except for the Guinean taxa in the Diogo record. The abrupt decline
in Guinean taxa in the latter record is, however, preceded by a rapid increase and could thus be interpreted as part of a large
fluctuation.

The dynamics of Poaceae differ considerably among the west Sahelian records which are located in close proximity of some
200 km: step-like increase at the Guiers and Lampoul sites, an increase, but a negative jump (A < 0) at the Potou site, no
significant long-term tendency at the Diogo site, and an abrupt decline, but rather as a change in the slope at the Touba site.
The simulated grass PFTs in this region show marginally increasing trends and only in the northernmost grid box, a sharp
decline at around -2 ky in contrast to the data.

The trends in the proportions of Saharan taxa in the Lake Bal, Lake Jikariya and Lake Tjéri records, located in the central
Sahelian region, and the Lake Tilla record, located in the central Sudanian region, and the simulated bare surface fraction in
this region qualitatively agree (Fig. 6). In the central Sahelian records the Saharan taxa abruptly increase between -4 ky and -
3 ky, although only at the Bal site an abrupt step-like increase is found, while in the other two records, the increase emerges
as an abrupt change in the slope of the time series. The simulated bare surface fractions reveal a similarly abrupt change in the
slope of the time series a bit later, shortly after -3 ky and around -4 ky in the grid boxes in the northern part of this region. The
very small fractions of simulated bare surface with their only slightly increasing trends in the southernmost grid boxes are
consistent with the small proportions and a slight increase in Saharan taxa at the Lake Tilla site located in the Sudanian region.
Both, the simulated tropical tree PFT and the Guinean taxa decline throughout the last 7000 to 6000 years in the central
Sahelian and the Sudanian region, but their dynamics differ. The fractions of simulated tropical tree PFT decline gradually and
rather smoothly. The Guinean taxa reveal abrupt declines, although the jump in Guinean taxa at the Tilla site is small (0 =
0.1) and at the Jikariya site, it is negative (0 < 0). The abrupt change in the Guinean taxa in the Tjéri record seems to be
caused by the large scatter in the data around -7 ky. The Sudanian taxa (Fig. C1) show a large variability with no clear trend.

Opposite trends are found in simulated grass PFT and in Poaceae, as already seen in Fig. 2 c. The proportions of Poaceae in
the four records basically increase during the last 8000 years with district fluctuations. The simulated grass PFTs increase very
slightly, if at all, from -8 ky to -3 ky and clearly decrease thereafter. Only in the grid boxes, in the very south east of this region,

simulated grass PFT tend to increase, qualitatively matching the trend in Poaceae in the Tilla record.
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Figure 6. Same as Fig. 3, except for time series of Saharan and Guinean taxa and Paoceae from the pollen records in the central
Sahelian sites (Lake Bal, Lake Jikariya, Lake Tjéri) and central Sudanian region (Lake Tilla) and simulated fractions of bare

425 surface, tropical tree PFT and grass PFT in this region (large black boxes) as shown in the map at the top left of the figure. The
red boxes indicate the location of the pollen records in the model grid. Please note that the Lake Bal and Lake Jikariya sites
are located in the same grid box.
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To summarize the focus on regions and individual records, most pollen records show large fluctuations in the time series of
taxa. In only half of the records, we find clear, step-like abrupt transitions in the taxa with values of 0 > 0.1,4 > 3. The
dynamics of the transition in taxa vary even between records in close proximity, like in the western Sahel region at the Atlantic
coast and in the Manga Grasslands (Lake Bal and Lake Jikariya) in the central Sahelian region. But it is also evident that
dynamics in simulated bare surface fraction are consistent with the dynamics in Saharan taxa: abrupt changes emerge rather
as an abrupt increase in the average slope of the time series with a small abruptness A than as an abrupt step-like transition,

with the exception of the Lake Bal record (and the Lake Yoa record which, however, we have to ignore in this respect).

3.3 How does the timing of abrupt changes in PFTs and pollen taxa relate to the end of the AHHP?

Dallmeyer et al. (2020) calculated the end of the AHHP based on the smoothed simulated time series of changes in the bare
surface fraction and compared the simulations with data by Shanahan et al. (2015). In short, Dallmeyer et al. (2020) formally
define the time t of the end of the AHHP in the following way: The slope between two consecutive time steps of the smoothed
time series of simulated bare surface fraction has to exceed the slope of a straight line between the beginning and the end of
this time series. In addition, the minimum of the bare surface fraction has to precede t; and after 500 years, the slope has still
to be larger than the slope of the straight line (for visualization of the slope method, see Fig. 1 in Dallmeyer et al. (2020)).
The pattern and values of tgz(f,4e) (Fig. 7 @) agree with those found in Dallmeyer et al. (2020) which were calculated for a
different realization of the same ensemble of MPI1-ESM Holocene simulations. Specifically, the simulations show a very early
start of aridification in the northern part of the Sahara and a clear transgressive termination t; starting earlier in the north than
in the south and earlier in the east than in the west at the same latitude in qualitative agreement with the hydrologic data by
Shanahan et al. (2015). In the region south of 20°N in the west and 15°N in the east, indicated by the thin black line in Fig. 7,
the simulated bare surface fraction starts to increase only during the late Holocene after around -4 ky. The majority of records,
however, indicate an distinctly earlier end in terms of t; for dust fluxes and Saharan taxa, which is also consistent with the
tendency of a later end of the simulated AHHP in the MPI-ESM found by Dallmeyer et al. (2020), mentioned above.

The time tg (fpare) Precedes the time t,(f,qre) Of the abrupt change in the simulations and in all dust and Saharan taxa at all
sites for which an abrupt change is detected (Fig. 7 a, c, ). This result is to be expected, because tz (fq4re) indicates more the
beginning of the end of humid conditions, i.e. the beginning of an increasing trend of bare surface fraction and Saharan taxa,
while at the time t,(fyqre) Of the abrupt change, the transition towards more arid conditions and, hence, a more barren
landscape is in full swing.

Lemonnier and Lézine (2022) suggested that the first decrease of proportions of the wettest plant formation indicates the end
of the AHHP. Our simulations are consistent with this suggestion, i.e., tgz(firee) < te(foare), When considering the region
south of 15°N, i.e., the region where tropical trees predominantly occurred (Fig. 7 a, b). In contrast to the general progression
from the north to the south found in the timing t; of simulated bare surface fraction, the fractions of simulated tropical PFTs

generally start to decline earlier east of around 10°E than in the west, almost independent of the latitude. Hence the first sign
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of a decline in simulated tropical PFTs shows a continentality gradient in contrast to the north-south oriented of simulated bare
surface fraction. Like for the simulated bare surface fraction, the timing of an abrupt change in simulated tropical tree PFT
(and grass PFT, not shown here) and for all other taxa, Sahelian, Sudanian and Guinean (Fig. C1) occur after the earliest
indication of a trend towards aridification, i.e., ty(firee) > ts (firee) (Fig. 7). Exceptions are cases of abrupt transitions with

465 A <0, e.g. for Poaceae at the Potou and Jikariya sites (Fig. C1).
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Figure 7. (a, b) depict the patterns of t; [ky], defined as timing of the beginning of the end of the Green Sahara as computed

470 by the slope method of Dallmeyer et al. (2020) and (c, d) show the time t, [ky] at which a changepoint in linear regression of
time series is found. Gray shades refer to small long-term tendencies with AX, < 0.1, dark gray shades, to grid boxes for which
no changepoint is found or a changepoint with a small absolute offset or a negative offset. (e, f) indicate the differences t, —
tz [ky]. Blue colors imply that t; precedes t,.
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4. Discussion and Conclusion

How abruptly did the Green Sahara end? At first glance, this question appears straightforward, yet its answer is far from trivial,
as the notion of “abruptness” is inherently subjective and strongly dependent on the proxies used to reconstruct environmental
change. To meaningfully address the problem, “abrupt” must therefore be explicitly defined and translated into a comparable
metric. Here, we apply a combination of change-point and linear regression estimates to quantify the spatial and temporal
patterns and the degree of abruptness of the changes in the Green Sahara during the last 8000 years, i.e., during the mid- and
late Holocene. We emphasize that the values of abruptness and rapidity given in this study depend on some parameters to be
set in the method. Hence our method does not yield absolute values, but it rather provides an internally consistent framework
for quantitatively comparing simulations and data.

In our simulation the strongest long-term increase in bare surface fraction, which is accompanied with a decrease mainly in
grass PFT and, to a lesser extent, in tropical tree PFT, is found in a north-west to south-east oriented strip of some 400 km to
800 km in north-south direction between approximately 20°N in the west and 15°N in the east. Grid boxes in this region reveal
clearly identifiable step-like transitions. Most grid boxes to the north and the south of this region are characterized by a strong
internal variability such that no changepoint is detected, or if a changepoint is detected, then the offset is small or even negative,
or the changepoint only indicates a strong change in the slope between regression lines fitted to the times series, i.e., a strong
change in the general trend rather than an abrupt, step-like transition. Generally, the abrupt transitions in bare surface, or
conversely, in total vegetation cover, occur on average some 4 times faster than the approximately linear change in the orbital
forcing. The transitions in simulated grass and tropical tree plant functional types, i.e., in the type of the vegetation cover,
appear to be up to twice as abrupt and up to twice as fast as the transition in the total vegetation cover itself. All abrupt
transitions occur a few centuries later than the beginning of the end of the AHHP estimated by Dallmeyer et al. (2020) and
Shanahan et al. (2015). And like the termination of the AHHP, the timing of the abrupt changes tends to reveal a time-
transgressive pattern: earlier in the north than in the south and in the east than in the west at the same latitude, except for the
tropical tree PFT. Interestingly, the first decrease in tropical tree PFT precedes the first increase in bare surface fraction south
of around 15°N, i.e., in the region where tropical trees predominantly grow. This is in line with the suggestion by Lemmonier
and Lézine (2022) that the first decrease of proportions of the wettest plant formation, i.e., in tropical tree taxa, indicates the
end of humid condition. And in contrast to the bare surface fraction, the transition in tropical tree PFT reveals a continentality
gradient, earlier in the east than in the west, nearly independent of latitude.

We have also analyzed available proxy data and compared the abruptness in the data with those in our simulation. The
reconstructed dust flux into the Atlantic shelf area at around 20°N, which can be interpreted as indicator of the openness of the
landscape in the western Sahara, reveals step-like transitions, but with a much stronger abruptness than in the simulated bare
surface fraction in this region. It has to be emphasized, however, that the dust flux found in the marine cores not only depends
on the vegetation cover in the western Sahara. It is also affected by the dynamics of lakes (Specht et al., 2024), by the local

wind pattern, as the dust uptake varies with the third power of the wind speed, and the local ocean currents which affect the
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dust transport in the ocean (Egerer et al., 2018). These factors could contribute to the difference between the abruptness
computed for the dust flux and for the simulated bare surface fraction. Interestingly, the pollen records at the African coast
around 16°N to 15°N, i.e., some 4° to 5° south of the marine records, do not show a step-like increase in Saharan taxa, but a
gradual increase or an abrupt increase in the trend — like the simulated bare surface in many grid boxes in that region does.
Generally, the dynamics of taxa found in the pollen records supports the notion of a more abrupt change in the landscape
character, represented by Guinean, Sudanian and Sahelian taxa, than in the openness of the landscape represented by the Sahara
taxa only.

Our analysis can only be considered preliminary. First, simulated plant functional types are constructed to capture the physical
effects of a vegetated surface on the near-surface climate, while pollen types representing respective plant taxa often are
conglomerates of life forms, thus not directly equivalent to a PFT. It would be interesting to explore results from other Earth
system model, which use other dynamic vegetation models, particularly those models, which are more specifically designed
for tropical tree — grass ecosystems (e.g., Higgins and Scheiter, 2012; Scheiter et al., 2020).

Second, the lack and the uneven distribution of data limit our study. There is only one “desert record”, the Lake Yoa record.
Many other pollen records in, or next to, the Sahara we have looked at in the African Pollen Database reveal a hiatus or are
too short (Fig. A2). And it is not only the lack of data, which poses a challenge for the interpretation of abruptness, but also
the coarse resolution of the data. Brovkin et al. (2021) stated that the Holocene aridification and the end of the AHHP occurred
at time scales of 100 to 1000 years, referring to deMenocal et al. (2000). Around the time of the abrupt transition, the resolution
in the dust flux records ranges from some 220 years to 550 years and in most pollen records, from 120 years to almost 400
years (Tab. Al). The Lake Yoa record has a high resolution of some 50 years. But this record does not show abrupt changes
with the exception mentioned above. The Jikariya record in today’s Sahel region has a somewhat coarser resolution of 90 years
near the changepoints. There, similarly, changepoints occur, yet with small offsets. The coarseness of all other records does
not allow for a more precise estimate than “roughly century scale transitions”. The simulations are available at an annual
resolution, but the considerably large centennial variability in the time series also does not allow for a more precise estimate.

So how abruptly did the Holocene Green Sahara end? In conclusion, our quantitative analysis confirms earlier proposition that
there certainly was no “collapse of the Green Sahara” as sometimes mentioned in the literature (e.g., Brierley et al., 2018).
Instead, the Sahara has been a spatially heterogeneous landscape characterized by time-transgressive climate changes, where
gradual trends in some proxy records coexist with abrupt shifts in others, without implying any contradiction. Our study
suggests that the expansion of the Sahara may appear gradual, yet it can be accompanied by abrupt changes within the
ecosystem that are not uniformly recorded across different proxies. Analysis of other Earth system simulations and new proxy

records, if available, will be needed to aim at a more robust assessment.
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Appendix A: Overview of all model and pollen data
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Figure Al. Overview of all land grid boxes of Africa north of the Equator and Arabia in the transient MPI-ESM Holocene
simulation. Shown are simulated fractions of bare surface (red lines), grass (green), shrub (purple), tropical evergreen tree
(dark brown), tropical deciduous tree (light brown), and anthropogenic land cover change (black) as function of time (x-axis)
between 6000 BCE and 1850 CE. The annual data are smoothed by using a 500-year Butterworth filter. The red and grey dots
indicate the approximate location of marine records and pollen records, respectively, in the model grid. Only the records
marked red are used in the abruptness analysis, because the other records are too short or are located outside the area of interest.
The black boxes depict the grid boxes which are used for the detailed discussion in Section 3. The locations of the marine and
terrestrial records are listed in the Table Al.
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Figure A2a. Overview of the changing proportions of the phytogeographical groups over the last 12,000 years derived from
records of the African Pollen Database (Tab. Al). Dark green color refers to Guinean taxa, olive-green to Sudanian taxa, blue-
green to Sahelian taxa, and dark yellow to Saharan taxa. The vertical grey line indicates the year 6000 BCE, i.e. the start of
the time period of analysis. The order of records and boxes basically follows the order of their location in terms of latitude
from north to south and longitude from west to east. All sites in the African Pollen Data Base for the Saharan and Sahel regions
are shown. For the changepoint analysis, only records covering the last 8000 years in today’s Sahara and Sahel region, i.e.,
records which are located south of 30°N and north of 10°N are considered. Please note that the values of the y-axes range from
0to 0.6.
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560 Figure A2b. same as Fig. A2a, except for Poaceae. Please note the change in the scale of the y-axes which extends from 0 to
1.
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Figure A3. Overview of dust flux reconstructions from marine records used for estimating total vegetation change in the
western Sahara represented by the dust fluxes reconstructed from the records GC37, GC49, ODP658 and GC68 (Adkins et al.,

565 2006; Albani et al., 2015; McGee et al., 2013). We only consider marine cores located south of 30°N. Marine cores which are
located further north reveal climatic conditions and dynamics that differ from the more southerly located cores (Dallmeyer et
al., 2020; Tierney et al., 2017). We also disregard the core GC37, because of its very coarse resolution.
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Figure A4. Patterns and proportions of bare surface and of the simulated plant functional types grass, evergreen and deciduous
570 tropical tree, and shrub at the beginning and the end of the MPI-ESM simulation. The PFT Tree refers to the sum of tropical

evergreen and deciduous tree. Shown are the fractional coverage of PFTs in each grid box. The proportions are the average

over 500 years for the time 6000 to 5501 y BCE, labelled -8 ky and 1351 to 1850 CE, labelled PI (for pre-industrial climate).

Two grid boxes in the Adamawa Plateau at around 5°N stand out in the -8 ky plot for tropical tree cover. Because of low mid-

Holocene winter temperatures simulated at -8 ky in the model and the prescribed bioclimatic temperature limit, only
575 extratropical trees can exist in this region at -8 ky.
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Table Al: Position, rounded average temporal resolution, rounded temporal resolution in the vicinity of an abrupt change,
type of proxy data, and reference to the paper in which the data are published.

Lat Lon Resol. Res +/- 2K ta Proxy Reference
western Sahara
GC49 23.2 -17.9 990y 1080y dust flux McGee et al. (2013)
Chemchane Sebkha 20.9 -12.2 pollen Lézine and Hooghiemstra (1990)
ODP658 20.8 -18.6 130y 220y dust flux McGee et al. (2013)
Baie de Saint Jean 19.5 -16.3 pollen pers. comm. Lézine, A.M.
GC68 194 -17.3 530y 550y dust flux McGee et al. (2013)

central Sahara

Kropelin et al. (2008)
Lézine et al. (2011)
Sylvestre et al. (2026)
Dinies et al. (2026)

Lake Yoa 19.1 20.3 50y - pollen

eastern Sahara

Ritchie et al. (1985), Ritchie and

Selima 214 29.3 pollen Haynes (1987), Haynes et al.
(1989)
Oyo 193 26.6 pollen 5252'55 ((11%%‘%' Ritchie and
Bir Atrun 18.2 26.7 pollen E:;ELES ((11%%77)) Ritchie and
El Atrun 18.0 27.2 pollen Jahns (1995)
western Sahel
Lake Guiers 16.1 -15.9 330y 340y pollen Lézine (1988)
Potou 15.8 -16.5 370y - pollen Lézine (1988b)
Lampoul 154 -16.7 310y 370y pollen Lézine (1988b)
Diogo 15.3 -16.8 240y 200y pollen Lézine (1988)
Touba N*Diaye 15.2 -16.9 320y 340y pollen Lézine (1988b)

central Sahel

Ballouche and Neumann (1995)

Lake Bal 133 110 220y 260y pollen Salzmann and Waller (1998)
Salzmann and Waller (1998)

Lake Jikariya 131 111 N0y 120y pollen Waller et al. (2007)
Salzmann and Waller (1998)

13.2 11.6 pollen Salzmann and Waller (1998)
Tjéri 137 16.5 240y 140y pollen Maley (1981) (2004)
central Sudan

Lake Tilla 104 121 130y 190y pollen Salzmann (2000), Salzmann et al.

(2002)
Guinean Tropics

Lake Sélé 7.2 2.4 pollen Salzmann and Hoelzmann (2005)

Dangbho 6.6 2.6 pollen Toussou (2002)

Yéviédié 6.5 2.4 pollen Toussou (2002)

Goho 6.4 2.6 pollen Toussou (2002)

Lake Nokoué 6.5 2.4 pollen Toussou (2002)

Lake Barombi 4.7 9.4 pollen Maley and Brenac (1998)

Ossa 3.8 10.8 pollen Reynaud-Ferrera et al. (1996)
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Appendix B: Example of PFT dynamics triggered by changes in temperature

We zoom into a region in the western Sahara between some 18°N to 25°N and 15°W to 5°W (the upper left black box in Fig.
ALl) to discuss transitions in bare surface and grass PFT fraction. These reveal some peculiarities in the process description of

dynamic vegetation in the land-surface model JSBACH.
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Figure B1. Zoom into simulated fractions [0 ...1] of bare surface (red), grass PFT (blue-green), shrub PFT (magenta), tropical
deciduous tree PFT (light brown) and tropical evergreen tree PFT (dark brown) as function of time between -8 ky and pre-
industrial climate in the western Sahara (upper left black box in Fig. Al).

The two grid boxes at around 23°N (in the third of fourth column of the second row of Fig. B1) show an apparently abrupt
decrease around -6 ky followed by a more gradual increase in bare surface fraction. The rapid decrease in bare surface fraction
is a consequence of the rapid increase in tropical evergreen tree fraction and grass fraction. Further analysis indicates that at
the beginning of the simulation at t = —8 ky, the temperature of the coldest month is below 15.5°C, i.e., below the threshold
at which tropical trees can exist. In the course of the mid Holocene, the temperature of the coldest month increases, because
of the orbitally driven increase in insolation in (boreal) winter, the threshold is crossed and tropical trees can exit as shown in
Fig. B2.
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Figure B2. Indication of the possible existence of tropical evergreen PFT (TET, colored dark brown) and tropical deciduous
PFT (TDT, drawn in ochre). If the temperature values in a grid box are within the range of bioclimatic limits, such that a PFT
can exist, then this is indicated by dot in the sub-figures.

Thus, this bioclimatic temperature limit acts like a “tipping point” for tropical tree PFTs in our model. Due to their higher
productivity, the tropical trees grow and outcompete shrub such that the tropical trees occupy the fraction of the grid box that
was earlier taken by shrubs. But this is only one part of the story. Because there is enough moisture available, grass can grow
which further reduces the bare surface fraction. If only shrubs and grass can exist, like in some grid boxes in the first row
shown in Fig. B1, then shrubs dominate over grass. In the land-surface model JSBACH, tropical trees are not only much more
productive than shrubs, but they also produce much more litter and therefore, produce more fuel for fire. And because tropical
trees grow much more slowly than shrubs do, grass can grow more widespread in the presence of tropical trees (and enhanced
fire activity) than in the presence of only shrubs. Finally, vegetation feeds back to climate such that a tropical tree savanna
attracts more rain than a shrub savanna. The latter feature of our dynamic vegetation model is discussed in more detail in
Groner et al. (2018) for equilibrium climate simulations. Here, we see the processes at work in a transient simulation.

The rapid transition from tropical evergreen to tropical deciduous tree PFT seen in the two grid boxes mentioned above (Fig.
B1) is not triggered by a prescribed bioclimatic limit, but can be attributed to the simulated internal competition between
tropical tree types. With increasing aridity, the deciduous tree type has an advantage over the evergreen tree type, because the
allocation of carbon into leaves needs more energy than simply dropping the leaves and thereby storing the carbon into stems
and roots. However, we suspect that such a transition between tropical evergreen and tropical deciduous tree is realistic. At
least it is strongly model dependent. Moreover, the different taxa, Guinean, Sudanian and Sahelian, do not strictly differ by

the existence or non-existence of evergreen versus deciduous trees.
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Appendix C: Additional analysis data of pollen records

EGUsphere\

Table C1: Time tg, the beginning of a change in a time series of pollen or dust data computed by use of the slope method

proposed by Dallmeyer et al. (2020) and time t, at which the changepoint in linear regression of the time series is detected.

Marine Record time [ky] dust
GC49 z 2(15
ODP658 z e
t -6.1
Pollen Record time [ky] Sa}[giraan Satr;(;I;an Su?aa:(n;an Gl:;?(zan Poaceae
-1.4 - - - -
Lake Yoa z 2.1 - - - -
i S S T 2 B TR T
botow g - 4.6 ! ! 3.7
ty : - : : -
Lampoul - : : : : o
Diog W S S S T
Touba N‘Diaye Z‘; : _5_'4 : : (:Zg)
R 7 I I I R N
Lake Jikariya ii (:gg) (Ié) 73 37
R e
Lake Tilla Z’ LI 1.3 21 ZZ gz
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Figure C1. Time series of the relative concentration of, from left to right, Saharan (SR), Sahelian (SH), Sudanian (SU),
Guinean (GC) phytogeographical groups. The subplots on the far right show the relative concentration of Poaceae (PC) found
in the pollen records. The title lines indicate the relative offset A (Eq. 1), the absolute offset O and the rapidity R (Eq. 3) of the
transition at the changepoint in linear regression. The vertical magenta line depicts the time ta of the changepoint, the vertical
dashed lines mark the time interval around the changepoint which is used for the computation of A, and the vertical black line
denotes the time ¢;. Light gray titles indicate small long-term tendencies AXy < 0.1, dark gray titles point at time series without
a changepoint or with a negative A or a small offset 0 < 0.05. In the latter case, only one linear regression is shown.

Code, data, or code and data availability

The climate simulations are described in Dallmeyer et al. (2021) and available as supplement to the publication:

https://hdl.handle.net/21.11116/0000-0008-8051-B . The primary data, i.e. the model code for MPI-ESM, are freely available
to the scientific community and can be accessed with a license (https://mpimet.mpg.de/en/science/modeling-with-icon/code-
availability, last access: 24 November 2021). In addition, secondary data and scripts that may be useful in reproducing the
authors’ work are archived by the Max Planck Institute for Meteorology and are accessible without any restrictions
(http://hdl.handle.net/21.11116/ 0000-0008-8051-B, MPG.PuRe, 2021). MATLAB scripts for analysis and plotting that have
been used in this study, Excel files of pollen data, and pptx of original figures are archived at
https://doi.org/10.17617/3.A122WY, (Claussen, 2026).
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