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Abstract. The desertification and vegetation feedbacks of
the “green Sahara” during the last interglacial (LIG) and
the Holocene have been investigated by many studies. Yet
the abruptness of climate and vegetation changes and their
interactions are still under discussion. In this study, we
apply an Earth system model of intermediate complexity
(iLOVECLIM) in combination with two dynamical veg-
etation models (VECODE and LPJ-GUESS) to simulate
climate—vegetation changes during the Holocene and the LIG
to compare the patterns of North African vegetation evolu-
tions and mechanisms of their feedbacks during these two
interglacials. Our results confirmed the existence of the green
Sahara during the early LIG, which is as an analogue to the
green Sahara during the Holocene. During both interglacials,
an overall consistent transition from vegetated Sahara to
desert is shown in our results, but the amplitudes of these
transitions vary. These simulated Sahara vegetation transi-
tions are nearly linearly related to the summer insolation
declines at 20° N, resulting in faster declines of vegetation
cover during the LIG than in the Holocene. The decline of
vegetation cover peaks at 25% kyr~! at around 122 ka, while
during the Holocene the steepest vegetation cover decline is
10 % kyr~! at around 6ka. Our results suggest net positive
vegetation feedbacks to climate during the two interglacials.
During the early LIG and Holocene, vegetation strengthens
precipitation by a factor of 2 to 3 through the vegetation—
albedo feedback when the vegetation cover is greater than

60 %. Vegetation cover decreases with declines of the incom-
ing moisture transport by the atmosphere due to the reduced
summer insolation at 20° N, weakening the summer mon-
soon during both interglacials. This desertification is accel-
erated when the positive vegetation—albedo feedback cannot
offset the reduction of precipitation due to a weaker summer
monsoon. The impacts of this positive vegetation feedback
on precipitation decrease with decreased vegetation cover,
during which the impacts of negative vegetation—evaporation
feedbacks increase, accelerating the loss of soil moisture and
vegetation cover. Overall, the net positive vegetation feed-
back is strong during the early phases of both interglacials,
but the vegetation transition is more abrupt during the LIG
than during the Holocene due to the more rapid changes in
summer insolation during the LIG. The main difference be-
tween the two interglacials is the rate of precipitation change,
which is relatively gradual during the Holocene, leading to a
more gradual vegetation transition in comparison to the LIG.

1 Introduction

From about 14.8 to 5.5ka (thousands of years before
present), relatively high levels of summer insolation in the
Northern Hemisphere (NH) led to an enhanced African mon-
soon, resulting in a humid and green Sahara (Kutzbach and
Street-Perrot, 1985; Jolly et al., 1998; Prentice and Jolly,
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2000; Tuenter et al., 2007; Rachmayani et al., 2016). This
period is therefore referred to as the African Humid Period
(AHP, Ritchie et al., 1985), featured by shrub- and grass-
covered land surface in northern Africa where there is desert
today (Hoelzmann et al., 2004; Lézine, 2017). Forced by
the decline in summer insolation in the NH, the termina-
tion of the AHP occurred at about 5.5 ka, featured by a rapid
reduction in precipitation and a transition from the vege-
tated “green” Sahara to desert (Jolly et al., 1998; deMeno-
cal et al., 2000; Prentice and Jolly, 2000; Levis et al., 2004;
Liu et al., 2006, 2007; Renssen et al., 2006; Kropelin et
al., 2008; Notaro et al., 2008; Wang et al., 2008; Lezine et
al., 2011; Claussen et al., 2013; Francus et al., 2013; Rach-
mayani et al., 2015). Several studies indicate considerable
spatial variations in the nature of this transition (Shanahan
et al., 2015; Tierney et al., 2017; Dallmeyer et al., 2020).
Moreover, the transition rate varies among data and models,
and thus the character of the transition remains controversial
(e.g., Pausata et al., 2016; Tierney et al., 2017). DeMeno-
cal et al. (2000) inferred from marine sedimentary data that
dramatic desertification in North Africa occurred abruptly
within centuries, while several other studies have suggested
slower desertification in response to the gradual decline in
summer insolation (Wang et al., 2005; Renssen et al., 2006;
Kropelin et al., 2008; Francus et al., 2013; Shanahan et al.,
2015). One reason for these contrasting rates of desertifica-
tion could be related to variations in the strength of vege-
tation feedbacks that amplify the regional climate response
to gradually declining orbital forcing. This is supported by
a recent modeling study that showed that the abruptness of
the green—desert transition is highly dependent on the model
setup (Hopcroft and Valdes, 2021).

Understanding the termination of the AHP thus sheds light
on the nonlinear response of the African monsoon to orbital
forcing and the role of vegetation feedbacks. Several studies
(e.g., Tuenter et al., 2007; Rachmayani et al., 2015, 2016)
have investigated to what extent the AHP can be attributed
to the long-term changes in the orbital forcing and the feed-
back processes, respectively. Tuenter et al. (2007) and Rach-
mayani et al. (2016) demonstrated that the long-term vary-
ing precession is the pacemaker of the African monsoon and
thereby of precipitation over northern Africa. However, a fac-
tor analysis by Rachmayani et al. (2015) found an amplify-
ing effect of vegetation feedback on mid-Holocene precip-
itation over West Africa. Moreover, the importance of sur-
face albedo processes due to vegetation changes was sup-
ported by several studies (e.g., Levis et al., 2004; Liu et al.,
2006, 2007; Notaro et al., 2008; Wang et al., 2008; Fischer
and Jungclaus, 2010; Vamborg et al., 2011; Rachmayani et
al., 2015). Still, the mechanism of the termination of the
AHP remains controversial, and only a few studies have fo-
cused on the abruptness of this termination. We consider the
desertification—vegetation transition to be abrupt when the
rate of the transition is faster than the gradual decline in or-
bital forcing and discuss the role of orbital forcing and vege-
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tation feedback in the termination of the AHP through com-
parisons with two sets of conceptual models (Liu et al., 2006;
Claussen et al., 1999, 2017). Liu et al. (2006) proposed two
possibilities: either the abrupt vegetation transition in North
Africa was caused by a strong vegetation feedback combined
with abrupt precipitation reduction (so-called unstable col-
lapse or UC) or by a weak vegetation feedback combined
with a strong low-frequency variability of gradual decline in
precipitation (so-called stable collapse or SC). In the model
experiments of Liu et al. (2006), the vegetation transition in
northern Africa was caused by SC. In another modeling study
(Claussen et al., 1999), support for the first possibility (UC)
was found, with vegetation collapse resulting from strong
positive vegetation feedback combined with abrupt precip-
itation changes. In order to understand the rate of vegetation
change during the termination of the AHP, the magnitude of
vegetation feedbacks is thus the key factor under the gradual
change in summer insolation in NH during the Holocene.
The magnitudes of climate—vegetation feedbacks have
been investigated by several studies. For example, a posi-
tive vegetation—albedo feedback was found to be an impor-
tant factor amplifying changes in North African precipitation
during the Holocene (Charney, 1975; Claussen and Gayler,
1997; Texier et al., 1997; Knorr and Schnitzler, 2006). Com-
pared to desert, vegetated surface is characterized by a lower
albedo (e.g., 0.20 vs. 0.33 in our iLOVECLIM model), which
enhances the absorption of shortwave radiative energy and
therefore leads to a warmer surface. Model studies suggest
that vegetated surfaces in North Africa are warmer than
desert, inducing larger land—sea temperature contrasts and
a stronger African summer monsoon, which promotes veg-
etation development because of the enhanced precipitation.
Therefore, the key factors adjusting the magnitude of this
vegetation—albedo feedback are vegetation cover and differ-
ences in surface albedo between vegetated and bare soil sur-
faces. However, a vegetated surface affects climate not only
through a lower surface albedo compared to bare soil, but
also through its impacts on evaporation and transpiration.
Compared to desert, on the one hand, vegetated surfaces pro-
mote evapotranspiration, leading to evaporative cooling of
the surface, resulting in lower temperature and a reduced ten-
dency for convective precipitation. On the other hand, an in-
creased latent heat flux (evapotranspiration) leads to more
humidity in the air, which can lead to enhanced precipitation
through local recirculation. Whether the net vegetation feed-
back through changes in evaporation and transpiration is pos-
itive or negative to precipitation is related to several factors,
e.g., soil moisture availability, surface albedo, the percentage
of organic matter, and the amount of evaporation from differ-
ent types of land surfaces. For example, a dark wet soil (Levis
et al., 2004) and the inclusion of canopy transpiration (Rach-
mayani et al., 2015) positively impact precipitation, while the
feedback negatively affects precipitation when the evapora-
tion from bare soil is stronger than transpiration from veg-
etated surfaces (Liu et al., 2007; Wang et al., 2008; Notaro
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et al., 2008). The net effect on the surface temperature of
vegetation depends on the balance between the impact of the
relatively low albedo, promoting shortwave radiation absorp-
tion and warming, and the effect of an enhanced latent heat
flux, leading to evaporative cooling.

The last interglacial (LIG) is an interesting test period
with insolation changes between 129 and 120ka that were
stronger than in the Holocene (Fig. 1; Berger, 1978) but
with similar greenhouse gas (GHG) concentrations and con-
tinental configurations (Otto-Bliesner et al., 2017). In ad-
dition, proxy-based evidence indicates that the Sahara was
also green and humid in the early LIG and experienced a
transition from green to desert during the LIG. This evi-
dence for a humid period during the LIG is based on ma-
rine sediment records (Rohling et al., 2002; Osborne et al.,
2008), speleothem records (Fleitmann et al., 2011), and ter-
restrial sediment data (Ehrmann et al., 2017; Scussolini et al.,
2019). The impacts of vegetation feedback on climate dur-
ing the LIG were also studied by several modeling studies
(e.g., Groger et al., 2007; Schurgers et al., 2007). For ex-
ample, Schurgers et al. (2007) suggested as much as 20 %
local albedo changes in northwestern Africa during the early
LIG and more than 10 % increases in global latent heat loss
compared to the present day. Groger et al. (2007) simu-
lated a more than doubling of precipitation in the Sahara
(North Africa) due to vegetation feedbacks during the LIG.
In a previous study, we performed a series of model exper-
iments assessing the vegetation impacts on the LIG climate
(Lietal., 2020). Our global results generally compared favor-
ably to proxy-based reconstructions, including clear warm-
ing over North Africa (Turney and Jones, 2010; McKay et
al., 2011; Li et al., 2020). In addition, we found consistent
magnitudes of vegetation feedback with previous modeling
studies, including about twice as large amounts of precip-
itation (~ 60cmyr—!) and higher surface temperatures by
about 2.5° in North Africa in response to dynamical vegeta-
tion evolution during the early LIG compared to simulations
with fixed pre-industrial vegetation.

The controversial abruptness of vegetation transitions and
vegetation feedback during the AHP could be related to
the gradual changes in external orbital forcing during the
Holocene, which may not be strong enough to counter-
balance the effects of internal vegetation—climate interac-
tions. During the LIG, conditions were different from the
Holocene, and therefore a comparison of North African veg-
etation transition between the LIG and the Holocene could
help us disentangle the relative contribution of the external
and internal processes to North African desertification.

In this paper, we first compare the LIG and Holocene tran-
sient simulations from an intermediate-complexity model
(iLOVECLIM), including different vegetation components
with different complexities (VECODE and LPJ-GUESS).
The LIG results cover 127 to 116 ka and are the same as re-
ported in our previous study (Li et al., 2020). The Holocene
simulations cover 8.5 to 1ka. The simulations of the two
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interglacials with the same climate model offer the oppor-
tunity to analyze the impacts of the external forcings with-
out model dependence. In addition, the use of two vege-
tation models increases our insight into the model depen-
dency of the simulated vegetation states. Thus, by perform-
ing transient climate model experiments on two different in-
terglacials and by applying two different vegetation models
of different complexity, we are able to provide a thorough
evaluation of the abruptness and the most important fac-
tors contributing to the green—desert transitions. In our sim-
ulations, VECODE was synchronously coupled, while LPJ-
GUESS was asynchronously coupled to iLOVECLIM. We
then assess the North African vegetation feedback by switch-
ing on and off interactive dynamic vegetation in each cou-
pled version. Finally, we compare the climate and vegetation
simulations with the same standardized spatial scale between
the two interglacial periods. We analyze the vegetation tran-
sitions during both interglacials with the aim of addressing
the following questions.

1. Are the evolutions of North African (NA) vegetation
during the two interglacials simulated by iLOVECLIM
with different vegetation components consistent?

2. Are the evolutions of NA vegetation different during the
Holocene and LIG, and what are the dominating fac-
tors?

3. How do the NA vegetation geophysical feedbacks affect
the climate during the Holocene and LIG?

2 Methods

2.1 Model descriptions

We applied the climate model, iLOVECLIM version 1.0,
which is an updated version of LOVECLIM 1.2 (Goosse et
al., 2010; Roche et al., 2014). This intermediate-complexity
model includes the main climatic system components and has
been successfully applied to analyze climate—vegetation in-
teractions during the Holocene AHP (Renssen et al., 2003,
2006) and the LIG (e.g., Li et al., 2020). In the present study,
we make use of three dynamical components in iLOVE-
CLIM representing the atmosphere (ECBIlt), the oceans
(CLIO), and land-based vegetation (either VECODE or LPJ-
GUESS). ECBilt is a three-level quasi-geostrophic atmo-
spheric model at T21 resolution, corresponding to ~ 625 km
at the Equator (Opsteegh et al., 1998). ECBilt calculates the
climatic forcing for the applied vegetation component (ei-
ther VECODE or LPJ-GUESS). Cloud cover is prescribed
according to present-day climatology (ISCCP D2 dataset,
Rossow et al., 1996). In ECBIilt, the hydrological cycle is
closed by applying a bucket for soil moisture (Goosse et
al., 2010). Every bucket is connected and drains to a nearby
oceanic grid cell to calculate river runoff. The surface albedo
is a function of the fraction of the grid box covered by
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Figure 1. Evolution of 20° N July insolation, North African precipitation, surface temperature, and values of evaporation minus precipitation
during the LIG (a, b, ¢, d) and Holocene (e, f, g, h). Our target area is delimited by 10° W to 35° E and 15 to 30° N. The blue lines and red
lines are simulated results from transient experiments with dynamical vegetation and fixed pre-industrial vegetation, respectively. The green
dots with error bars are simulated results from experiments with asynchronously coupled “dynamical” vegetation.

the different surface types, i.e., ocean, sea ice, trees, desert,
and grass (Goosse et al., 2010). CLIO consists of a three-
dimensional, free surface ocean general circulation model
coupled to a dynamic—thermodynamic sea ice model (Goosse
et al., 2010). This oceanic component has a horizontal reso-
lution of 3° latitude by 3° longitude and 20 unevenly spaced
vertical layers in the ocean.

Asin Li et al. (2020), we apply three model configurations
here: (1) ECBilt-CLIO fully coupled to VECODE (ECBilt-
CLIO-VECODE), (2) ECBilt-CLIO asynchronously cou-
pled to LPJ-GUESS (ECBilt-CLIO_LPJ-GUESS), and
(3) ECBilt-CLIO with prescribed pre-industrial vegetation
(ECBIlt-CLIO-LUH2). The difference among these three
model configurations is their vegetation component and
thereby the surface albedo and soil moisture.

In ECBilt-CLIO-VECODE, with climate forcing from
ECBilt, VECODE calculates cover for two plant functional
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types (PFTs: grasses and trees) and bare soil as a dummy type
at an annual time step (Brovkin et al., 1997). The climate
forcing for VECODE includes annual mean temperature,
precipitation, and GDDO (growing degree days above 0°).
We note that using annual mean climate input implies that
the vegetation in VECODE is not directly affected by sea-
sonal variations in precipitation and temperature, although
some seasonal information is provided through the GDDO.
This simplification could potentially lead to an underestima-
tion of the impact of orbital forcing on vegetation in North
Africa.

Similar to ECBilt-CLIO-VECODE, LPJ-GUESS also cal-
culates PFT cover in ECBilt-CLIO_LPJ-GUESS based on
climate input from ECBilt, but LPJ-GUESS requires more
specific climate input and calculates vegetation dynamics
in more detail than VECODE. We apply version 3.1 of
LPJ-GUESS (Smith et al., 2001, 2014). The climate in-
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put required by LPJ-GUESS includes monthly mean sur-
face temperature, precipitation, and cloud cover. The model
employs biophysical and physiological process parameteri-
zations identical to the equilibrium model BIOME3 (Hax-
eltine and Prentice, 1996). Vegetation dynamics in LPJ-
GUESS result from growth and competition for light, space,
and soil resources among 11 PFTs (Smith et al.,, 2001).
These 11 PFTs are boreal needle-leaved evergreen trees, bo-
real needle-leaved evergreen shade-intolerant trees, boreal
needle-leaved summer-green trees, temperate broadleaved
summer-green trees, boreal-temperate broadleaved summer-
green trees, temperate broadleaved evergreen trees, tropi-
cal broadleaved evergreen trees, tropical broadleaved ev-
ergreen shade-intolerant trees, temperate broadleaved rain-
green trees, Csz grass, and C4 grass. Physiological processes
are simulated with a daily time step. The net primary pro-
duction (NPP) is accrued at the end of a simulation year
(Smith et al., 2001), resulting in changes in height, diame-
ter, and biomass growth of each PFT. In ECBilt-CLIO_LPJ-
GUESS, LPJ-GUESS is asynchronously coupled to iLOVE-
CLIM and calculates the cover of the 11 PFTs. This asyn-
chronous coupling procedure is identical to the study ana-
lyzing climate—vegetation interactions during the LIG (Li et
al., 2020). Here, monthly climate inputs from the fully cou-
pled iLOVECLIM model (ECBIilt-CLIO-VECODE) are fed
to LPJ-GUESS in an initial step, which simulates vegeta-
tion distributions. Then, the resulting vegetation distributions
are given back to ECBilt as a fixed vegetation component in
iLOVECLIM (ECBilt-CLIO_LPJ-GUESS) during the next
round of climate simulation. A new climatology from this
integration is simulated and subsequently used offline as cli-
mate forcing by LPJ-GUESS to produce a new global vegeta-
tion distribution that is subsequently used as a boundary con-
dition by iLOVECLIM, and so on. A frequency of vegetation
simulation for 10 years is chosen, and four iterations are per-
formed for the asynchronous couplings with this frequency.
We treated vegetation results from the last iteration as vege-
tation responses to climate and analyze vegetation feedbacks
to climate. As explained in Li et al. (2019a), the 11 PFTs
of LPJ-GUESS were converted to the three vegetation types
(trees, grasses, and bare soil) used in iLOVECLIM.

In the configuration with prescribed pre-industrial vege-
tation (ECBilt-CLIO-LUH?2), pre-industrial vegetation from
the CMIP LUH2 (2012) dataset is upscaled to the same res-
olution as ECBIilt. The LUH2 (Land-Use Harmonization,
Phase 2) project prepared a harmonized set of land use sce-
narios that smoothly connects the historical reconstructions
of land use with future projections in the format required for
Earth system models. We applied the land use data from the
CMIP LUH2 dataset at 850 CE (Fig. S1 in the Supplement).
The land surface albedo is based on this prescribed vegeta-
tion and is therefore fixed at a constant value in ECBilt during
the simulations.

In the three applied configurations, the land surface albedo
and soil hydrology are computed in a simple land surface and
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bucket model (LBM) embedded in ECBilt, in which land sur-
face albedo and the maximum water volume of the bucket
are a function of vegetation cover. The land surface albedo
depends on the percentage of PFT cover in the LBM, which
is negatively related to tree cover. In contrast, the maximum
water of the bucket is positively related to total vegetation
cover. In our experiments, the fractional surface albedo of
trees, grassland, and desert are seasonally fixed at a constant
value in the LBM, which is at 0.13, 0.20, and 0.33, respec-
tively. The land surface albedo is thus calculated in the LBM
based on dynamical vegetation cover in either VECODE or
LPJ-GUESS and is then given back to ECBilt in both the
fully and asynchronously coupled versions of iLOVECLIM.
In ECBIlt-CLIO-LUH2, however, the land surface albedo is
fixed to prescribed pre-industrial level.

In both ECBIilt-CLIO-VECODE and ECBilt-CLIO_LPJ-
GUESS, soil hydrology depends on dynamic vegetation
modeled in either VECODE or LPJ-GUESS, while soil hy-
drology depends on prescribed pre-industrial vegetation in
ECBilt-CLIO-LUH2. The water exchanges calculated in the
full hydrology model in LPJ-GUESS only impact vegetation
within LPJ-GUESS, but we keep the soil hydrology calcu-
lated in the LBM in the asynchronous coupling of ECBilt-
CLIO to LPJ-GUESS. In other words, the hydrology model
in LPJ-GUESS affects the vegetation dynamics but the cal-
culation of vegetation feedbacks to soil hydrology is outside
LPJ-GUESS, which is in the LBM embedded in ECBilt in the
asynchronously coupled configuration (ECBilt-CLIO_LPJ-
GUESS).

2.2 Experimental design

The LIG transient experiments are from Li et al. (2020).
Our Holocene experiments were set up in a similar way as
the LIG experiments described in detail by Li et al. (2020).
We performed transient simulations (Table 1) with two ver-
sions of our model configuration (ECBilt-CLIO-VECODE
and ECBIilt-CLIO-LUH2) for the Holocene (8.5-1ka). The
Holocene transient experiments start from the equilibrium
simulation of 8.5ka by Li et al. (2019b). The name of each
experiment reflects both the period of interest and vegetation
component used. For example, HOL_VEC and HOL_FIX
refer to transient experiments during the Holocene with the
vegetation component of VECODE and fixed pre-industrial
vegetation, respectively. In addition, we performed a se-
ries of time-slice simulations (HOL_LPJ) with the asyn-
chronously coupled version (ECBilt-CLIO_LPJ-GUESS) for
the Holocene (8-1ka) at 1kyr intervals. These simulations
were run for 1000 model years per time slice, the last
30 years of which we used for the analysis. The initial cli-
matic forcing for each time-slice simulation is a 100-year
monthly mean climatology (surface temperature, precipita-
tion, and cloud cover) from fully coupled transient simu-
lations (HOL_VEC), and then the asynchronous coupling
starts with vegetation from LPJ-GUESS. Although these
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time-slice simulations do not provide a continuous view of
the transitions, the results at 1 kyr intervals cover the full evo-
lution from green to desert in North Africa during both the
LIG and the Holocene.

The transient forcings for experiments during the LIG and
the Holocene include variations in orbital parameters and
greenhouse gas (GHG) concentrations. The orbital forcings
for the Holocene are identical to the PMIP4 protocol (Otto-
Bliesner et al., 2017). Changes in insolation received by the
Earth are calculated in iLOVECLIM during transient sim-
ulations according to Berger (1978). From 8.5ka to about
1 ka, the NH received more insolation during boreal sum-
mer and less insolation during boreal fall and winter com-
pared to pre-industrial values. Both the Holocene and the
LIG are characterized by substantial changes in the spatial
and temporal distribution of insolation. The magnitude of
the climatic precession changes during the LIG is stronger
than the Holocene. The mean levels of eccentricity are also
higher during the LIG, while the obliquity is higher during
the Holocene. These differences result in higher summer in-
solation at 20° N during the early periods of the LIG than
during the Holocene and stronger changes in the annual,
seasonal, and latitudinal insolation during the LIG than the
Holocene (Fig. 1a, e).

The GHG concentrations during both interglacials were
similar to those of the pre-industrial period. The greenhouse
gas (GHG) concentrations for the Holocene in our simu-
lations are taken from the PMIP3 protocol (https://pmip3.
Isce.ipsl.fr, last access: 3 March 2022) to keep the GHG
forcing consistent with the 8.5ka equilibrium simulation
(8.5 ka_VEC) from which the initial conditions were derived.
In contrast, the GHG for the LIG is identical to the PMIP4
protocol (Otto-Bliesner et al., 2017). Compared to PMIP3,
the GHG concentration has been updated in PMIP4 using
new data and a revised chronology that provides a consistent
history of the evolution of these gases across the Holocene
(Otto-Bliesner et al., 2017). The difference in GHG forcing
between PMIP4 and PMIP3 was estimated to be —0.8 W m—?2
by Otto-Bliesner et al. (2017), inducing a mean global cool-
ing by 0.24 £0.04°. A linear interpolation was applied to
GHG data to get annual values for transient simulations, and
100-year mean values of these interpolated values were used
for asynchronously coupled simulations, e.g., mean values
from 7.95 to 8.05 ka for the simulation HOL_LPJ in 8 ka.

In our experiments we kept the other boundary conditions
identical to the pre-industrial setup. These include the config-
urations of the ice sheets, the land—sea distribution, and the
solar constant.
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3 Results and discussion

3.1 North African climate changes
3.1.1 The LIG

All the LIG experiments simulate relatively large amounts
of precipitation in North Africa during the early LIG
(Fig. 1b), corresponding to the relatively high summer in-
solation at 20° N (Fig. 1a). Background information is pro-
vided in Figs. S2 to S6. During the early LIG (about 127-
125ka), LIG_VEC and LIG_LPJ simulate about twice as
large amounts of precipitation (58cmyr~—!) as LIG_FIX
(28cmyr!). The two simulations with dynamical vege-
tation (LIG_VEC and LIG_LPJ) thus indicate compara-
ble stronger declines in precipitation than the simulation
with fixed pre-industrial vegetation (LIG_FIX). From 125
to 117 ka, precipitation decreases by 48 cmyr~! from about
58cmyr~! to less than 10cmyr~! in North Africa in
LIG_VEC/LIG_LP]J, while this decline in LIG_FIX is only
about 15cmyr~!.

A relatively cooler early LIG (29.0°) in North Africa com-
pared to pre-industrial (30.2°) is simulated in LIG_FIX, and
an upward temperature trend during the LIG is seen in this
simulation (Fig. 1c), which is consistent with multi-model
simulations (Lunt et al., 2013; Bakker et al., 2013, 2014) and
PMIP4 experiments for the early LIG during which North
Africa was cooler by about 1.0° (Williams et al., 2020). Even
without the albedo effect, the precipitation in northern Africa
was still significantly higher in the early part of the inter-
glacial due to the enhanced summer monsoon, forced by el-
evated insolation values. This high precipitation resulted in
relatively humid soils and enhanced evaporation, leading to
evaporative cooling in the first part of the LIG relative to
the end of the LIG_FIX experiment. This created the posi-
tive temperature trend. Different from this positive temper-
ature trend in LIG_FIX, the surface temperature in North
Africa decreases during the LIG in LIG_VEC and LIG_LP]J.
A warmer early LIG (about 31.5°) than pre-industrial is seen
in experiments LIG_VEC and LIG_LPJ, in particular in the
northwestern part of NA (Li et al., 2020), which confirms
the positive impacts of dynamical vegetation on surface tem-
perature. After 121 ka, the temperature differences between
LIG_VEC/LIG_LPJ and LIG_FIX are small, indicating the
end of desertification in North Africa. During the desertifi-
cation phase, between about 123 and 121 ka, the changing
rates of surface temperature reach a maximum in all three
LIG simulations.

3.1.2 The Holocene

Precipitation declines in all simulations (Fig. 1f) during the
Holocene, corresponding to the reduction in July insola-
tion at 20° N (Fig. le). Similar precipitation trends in North
Africa during the Holocene were suggested by previous stud-
ies (Renssen et al., 2003; Schurgers et al., 2006). Com-
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Table 1. Overview of the performed experiments.
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Pre-industrial experiments

PI_VEC Pre-industrial run with dynamical vegetation in VECODE (ECBilt-CLIO-VECODE)
PI_FIX Pre-industrial run with fixed vegetation from CMIP LUH2 (ECBilt-CLIO-LUH2)
PI_LPJ Pre-industrial run with asynchronous dynamical vegetation in LPJ-GUESS (ECBilt-CLIO-LPJ-GUESS)

LIG experiments

127K_VEC  127Xka ctrl run with dynamical vegetation in VECODE (ECBilt-CLIO-VECODE)

LIG_VEC The LIG (127-116 ka) run with transient insolation forcing and dynamical vegetation in VECODE (ECBilt-CLIO-VECODE)
LIG_FIX The LIG (127-116 ka) run with transient insolation forcing and fixed vegetation from CMIP LUH2 (ECBilt-CLIO-LUH2)
LIG_LPJ The LIG (125-117 ka) run with 1 kyr interval insolation forcing and asynchronous dynamical vegetation in

LPJ-GUESS (ECBilt-CLIO-LPJ-GUESS)

Holocene experiments

8.5ka_VEC  8.5ka ctrl run with dynamical vegetation in VECODE (ECBilt-CLIO-VECODE)

HOL_VEC The Holocene (8.5—1 ka) run with transient insolation forcing and dynamical vegetation in VECODE (ECBilt-CLIO-VECODE)
HOL_FIX The Holocene (8.5-1 ka) run with transient insolation forcing and fixed vegetation from CMIP LUH2 (ECBilt-CLIO-LUH2)
HOL_LPJ The Holocene (8-1 ka) run with 1 kyr interval insolation forcing and asynchronous dynamical vegetation in

LPJ-GUESS (ECBilt-CLIO-LPJ-GUESS)

parable to precipitation features during the LIG, precipita-
tion also saw larger magnitudes of decline in experiments
with dynamical vegetation (HOL_VEC) than in the experi-
ment with fixed pre-industrial vegetation (HOL_FIX). Pre-
cipitation gradually decreases from 20 to 16cmyr~! dur-
ing the period (8.5-2ka) in HOL_FIX, corresponding to the
gradual reduction in summer insolation at 20° N (Fig. le).
From 8.5ka to about 7ka, the amount of precipitation in
North Africa remains at a relatively high level in HOL_VEC
and HOL_LPJ (45cmyr~') in comparison to the value
(22cmyr~!) in HOL_FIX. Compared to this early period,
the amount of precipitation decreases from 40 to 30 cm yr~!
with increased variability during the period between 7 and
5ka in HOL_VEC, and this precipitation trend is more grad-
ual in HOL_FIX than in HOL_VEC. Subsequently, the an-
nual precipitation decreases gradually to a relatively low
level (around 20 cm yr~!) at 2 ka, in particular in experiments
HOL_VEC and HOL_FIX. However, the reduction in pre-
cipitation in HOL_LPJ is much more modest (from about
40 to 35cmyr— ') over the 8.5 to 2ka period, which could
be related to the simulated vegetation distribution and spatial
divergence in North Africa (Fig. 3).

During the period from 8.5 to 7 ka, a warmer North Africa
(31.2°) compared to pre-industrial (30.2°) is suggested by
HOL_VEC and HOL_LPIJ (Fig. 1g), but a lower surface tem-
perature is shown in HOL_FIX (29.0°). Compared to the
temperature evolution in HOL_FIX, a subsequent cooling
trend from 7 to 2 ka is found in HOL_VEC, indicating posi-
tive impacts of vegetation feedbacks on temperature consis-
tent with earlier studies (Renssen et al., 2003; Bakker et al.,
2014). In contrast, no clear temperature change is simulated
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in HOL_LPJ, similar to HOL_FIX. This difference in sur-
face temperature between HOL_VEC and HOL_LPJ reflects
different magnitudes of vegetation feedbacks under different
dynamical vegetation conditions.

3.2 North African vegetation evolution and feedbacks
3.2.1 ThellG

Vegetated North Africa experienced desertification during
the LIG in experiments LIG_VEC and LIG_LPJ. Compared
to LIG_FIX, the magnitudes of vegetation feedbacks to cli-
mate in both experiments vary with simulated vegetation dis-
tributions through vegetation-induced changes in albedo and
surface evaporation. During the early LIG (127-125 ka), the
Sahara region is covered with vegetation (> 70 %) in both
LIG_VEC and LIG_LPJ (Fig. 2a). Vegetation cover mainly
declines in the northwestern part of the region from 123 ka
onwards (Fig. 3). The decreases in vegetation cover accel-
erate from 123 ka in these two experiments (Fig. 2a), with
a steeper trend in LIG_VEC. The sharp decline in vege-
tation in LIG_VEC is simultaneous with a strong reduc-
tion in precipitation (Fig. 1b), but also with stronger cool-
ing (Fig. 1c), showing that feedbacks between vegetation and
climate are behind the enhanced desertification. The rate of
this decline reaches a peak at 122ka in LIG_VEC, while
it is later in LIG_LPJ (at about 121 ka). This faster vegeta-
tion transition in LIG_VEC than in LIG_LP]J is related to the
different complexities of vegetation components, as we dis-
cussed in detail in earlier studies (Li et al., 2019a, 2020). We
found that the complexity of VECODE and LPJ-GUESS af-
fects vegetation simulations mainly through diversity when
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Figure 2. Total vegetation cover during the LIG (a) and the Holocene (b). The blue lines are simulated results from transient experiments
with dynamical vegetation (LIG_VEC and HOL_VEC). The light green dots with error bars are simulated results from experiments with
asynchronously coupled “dynamical” vegetation (LIG_LPJ and HOL_LPJ). The dark green dots with error bars are vegetation results from
LPJ-GUESS forced offline with climatic forcing from LIG_VEC and HOL_VEC. The blue, red, and light green horizontal lines indicate
pre-industrial vegetation cover from PI_VEC, PI_FIX, and PI_LPJ, respectively.

the atmospheric CO; level is around the pre-industrial level
(280 ppmv), while the difference in complexity affects veg-
etation simulations mainly through ecophysiological pro-
cesses when the atmospheric CO; level is largely different
from this pre-industrial value. This finding that higher veg-
etation diversity leads to a more gradual vegetation change
is consistent with previous studies on vegetation transitions
during the Holocene (Claussen et al., 2013; Hély et al., 2014;
Liet al., 2019a).

Corresponding to the vegetation transitions in the LIG ex-
periments, the impacts of vegetation—climate feedbacks are
revealed by comparisons between LIG_VEC/LIG_LPJ and
LIG_FIX. Enhanced vegetation cover (Fig. 2a) accompanied
by relatively high levels of precipitation (Fig. 1a, b) is sim-
ulated in LIG_VEC and LIG_LPJ, indicating the effects of
vegetation feedbacks on precipitation. These effects are pos-
itive with maximum magnitudes during the early LIG due
to high vegetation cover (Fig. 2a). This positive feedback of
vegetation to precipitation has been associated with changes
in albedo (Charney, 1975; Eltahir, 1996; Eltahir and Gong,
1996; Braconnot et al., 1999; Schurgers et al., 2007; Levis
et al., 2004; Vamborg et al., 2011). During the LIG, the ef-
fect of vegetation feedback on precipitation decreases with
the decreasing vegetation cover due to the increasing sur-
face albedo, and this effect on precipitation becomes close
to Ocmyr~! at 121 kyr after desertification.

3.2.2 The Holocene

Vegetation cover (Fig. 2b) decreases gradually from 60 % to
5 % during the period between 8.5 and 2ka in HOL_VEC,
while more fluctuations occur in HOL_LPJ. A minor de-
cline in vegetation cover around 6 ka is shown in HOL_LP]J,
and this decline continues with large variability after 6ka.
Such gradual vegetation declines have also been found in
terrestrial records (e.g., Kropelin et al., 2008; Amaral et al.,
2013) and simulations (e.g., Renssen et al., 2006; Schurg-
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ers et al., 2006), but they are inconsistent with the abrupt
decline suggested by dust records (deMenocal et al., 2000)
and some simulation studies (Liu et al., 2007; Notaro et
al., 2008). One important reason for this discrepancy is the
spatial heterogeneity during the vegetation transition. For
example, Renssen et al. (2003) found a gradual vegetation
decline in most of the Sahara, yet Liu et al. (2007) sug-
gested abrupt vegetation decrease in the eastern part of the
Sahara. The other reason for the gradual vegetation decline
and large variability in HOL_LPJ could be the asynchronous
coupling of LPJ-GUESS to iLOVECLIM. In such coupling,
the simulated vegetation is averaged every 10 years and is
then passed back to ECBilt as static land surface parameters.
Thus, the vegetation transition could be easily smoothed.
Likewise, the discrepancy between the vegetation decline
simulated by LPJ-GUESS offline (directly forced by climate
from HOL_VEC) and HOL_LPJ also increases from 6Xka,
confirming the increasing impacts of the asynchronous cou-
pling on vegetation during the Holocene when the summer
insolation and precipitation decline gradually (Fig. 1). The
large error bars for the HOL_LPJ snapshot experiments for
5 and 4 ka (Fig. 2b) indicate that there was a strong increase
in the interannual variability in the simulation of PFT cover.
This is likely related to one or more PFTs being very close
to their climatic limit such that relatively small variations in
precipitation cause large shifts between the area covered by
the involved PFT. In this case, bare ground was also involved.

To investigate the spatial heterogeneity of Holocene veg-
etation transitions in the Sahara, we calculated regional-
scale (the western and eastern parts of North Africa) fea-
tures for climate and vegetation changes in HOL_VEC and
HOL_LP]J. Similar to the evolution of vegetation in the whole
Sahara, the vegetation cover declines gradually during the
Holocene in the western part of the Sahara (Fig. 4a), but it
experiences a slight drop around 6 ka in the eastern part, es-
pecially in HOL_VEC (Fig. 4b). Consistently, an earlier end
of the AHP in the eastern than the western part of the Sa-
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Figure 3. Total vegetation cover anomalies during the LIG (left two columns) and Holocene (right two columns) in the top panel compared
to simulated pre-industrial vegetation (PI, bottom panels) from VECODE (left) and LPJ-GUESS (right).

hara is seen in HOL_VEC (Fig. 4), indicating considerable al. (2020, 2021). Moreover, the rate of decline at the end of
variations in the AHP termination in both space and time. the AHP indicates complexity. The gradual decline in veg-
This spatial and temporal complexity implies that the termi- etation cover over western North Africa is consistent with
nation of the AHP could have been locally abrupt. Regionally simulations by Renssen et al. (2006) in response to the grad-
different responses to the Holocene insolation decrease are ual declines in precipitation and summer insolation at 20° N
also suggested by Shanahan et al. (2015) and Dallmeyer et In contrast, although the slight drop around 6 ka over eastern
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Figure 4. Evolution of western (a) and eastern (b) North African
precipitation, surface temperature, evaporation, soil moisture, and
total vegetation cover during the Holocene. The longitudinal bound-
aries were between 10° W-—10° E (western part) and 10-35° E (east-
ern part), both with latitudinal limits at 15 and 30° N.

North Africa is also seen in simulations by Liu et al. (2007),
the magnitude of our vegetation decline is much weaker than
in their study that shows a decline of about 30 % from 6 to
Ska. The different magnitudes could be related to the dif-
ferences in model complexity and also to the selection of
a specific area in eastern North Africa. This spatial hetero-
geneity suggests that the abruptness of vegetation decline is
a regional-scale feature (Brovkin and Claussen, 2008).

The magnitudes of vegetation feedback to climate during
the Holocene depend on differences in vegetation cover. The
difference between HOL_VEC and HOL_FIX, interpreted
here as the impact of dynamical vegetation on precipitation,
declines gradually from 27 cmyr~! at 8.5ka to Scmyr~! at
2 ka in response to the reduced vegetation cover (Figs. 1f, 3).
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A similar impact of 25cmyr~! on precipitation is shown
for HOL_LPJ (Fig. 1f) at 8 ka due to the similar level of
vegetation cover as HOL_VEC. However, the trends of this
vegetation feedback indicate large fluctuations in HOL_LPJ
(Figs. 1f, 2b) due to its complex vegetation cover changes
after 6 ka. The increased precipitation (roughly a factor of
2) at around 8 ka in HOL_LPJ and HOL_VEC compared to
the fixed pre-industrial vegetation counterpart (HOL_FIX)
is consistent with strong vegetation feedbacks suggested by
previous simulations (Claussen and Gayler, 1997; Renssen
et al., 2003; Rachmayani et al., 2015) and mid-Holocene re-
constructions (Bartlein et al., 2011). The strong vegetation
feedback to precipitation shows that the pure insolation forc-
ing (as in HOL_FIX) is not sufficient to reproduce the re-
constructed rainfall, implying that vegetation feedbacks sub-
stantially amplify the rainfall response in North Africa in the
early Holocene.

3.3 Comparison between the LIG and Holocene

The climate and vegetation changes in North Africa dur-
ing the LIG and the Holocene share many common aspects
(Figs. 1 and 2): (1) the amount of precipitation decreases
in response to the reduction in summer insolation at 20° N,
(2) the land surface in this region experienced a transition
from vegetated cover to desert cover, and (3) the positive im-
pacts of vegetation feedback on precipitation reach a max-
imum during the early period of both interglacials. In ad-
dition to these common features, the main differences be-
tween the two interglacials are the stronger amplitudes of cli-
mate and vegetation changes during the LIG compared to the
Holocene.

Based on the results of our experiments, during the early
period of both the LIG and Holocene, land surface was
dominantly covered by vegetation with only a small pro-
portion of desert in North Africa. This is in agreement with
the “green Sahara” suggested by reconstructions (e.g., Pren-
tice and Jolly, 2000) and simulations (e.g., Renssen et al.,
2003; Schurgers et al., 2006, 2007). The summer insolation
at 20° N around 125ka is higher by 15 W m™2 than around
8.5ka (490 W m~2), resulting in a higher amount of precip-
itation in the LIG over North Africa by about 12cmyr™!
and slightly higher vegetation cover by 14 % around 125ka
than the early Holocene. Compared to the pre-industrial, the
higher summer insolation during the early LIG and Holocene
induces a stronger summer monsoon, resulting in more mois-
ture transported from the Atlantic to the continent and there-
fore supporting larger vegetation cover (Fig. 2). In addition
to the amount of precipitation induced by the high insola-
tion, vegetation feedbacks also positively affect the amount
of precipitation in North Africa. The large vegetation cover
amplified regional climate through changes in surface albedo
and evaporation, acting as biogeophysical feedbacks to cli-
mate. The amounts of precipitation in experiments with dy-
namical vegetation are about twice the values in experiments
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with fixed pre-industrial vegetation during both interglacials
when their total vegetation cover is above 60 %. This fact in-
dicates that vegetation cover plays a central role in the mag-
nitude of vegetation feedbacks, which is consistent with the
highlighted role of vegetation in climate by studies based on
fully coupled Earth system models (Braconnot et al., 2012;
Shanahan et al., 2015; Dallmeyer et al., 2020).

During the transition period from vegetation to desert, veg-
etation declined faster during the LIG (about 12 % kyr~')
than in the Holocene (about 4 % kyr~!), corresponding to
a faster reduction in summer insolation at 20° N (compare
Fig. 2 with Fig. 1a and e). Indeed, in the LIG between 120
and 118 ka, the summer insolation decreases to a value well
below that of the Holocene. This faster transition during the
LIG can also be seen in the development of precipitation,
evaporation, and soil moisture in all our simulations (Fig. 1).
In the Sahara, the amount of precipitation is the most impor-
tant limiting factor for vegetation growth. In our simulations,
the vegetated Sahara is sustained when the amount of pre-
cipitation is larger than about 40 cmyr~! (Fig. 5), which is
consistent with earlier studies suggesting a requirement for
precipitation of more than 37 cmyr~! to sustain vegetation
in the region between 18-23°N and 11-36°E (Liu et al.,
2006; Hopcroft et al., 2017). During the vegetation transi-
tion in both interglacials, the reduction in vegetation cover is
associated with an increasing surface albedo, leading to de-
creased amounts of precipitation (Fig. 5), showing the active
role of surface albedo in the vegetation feedback to precipi-
tation.

In the transition periods during both interglacials, the
amount of precipitation decreases with the reduction in sum-
mer insolation at 20° N, and the slope of the relationship
between precipitation and summer insolation at 20° N in-
creases when this insolation is greater than about 470 W m—2
(Fig. 6). The nearly linear relationship between precipitation
and summer insolation at 20° N indicates that insolation is
the driver of precipitation change. Moreover, the enhanced
slopes in the experiments with dynamical vegetation (green
and blue circles in Fig. 6) suggest that the positive biogeo-
physical vegetation feedbacks adjust the amount of precip-
itation in North Africa in response to the high vegetation
cover (Fig. 5a, d). In contrast, several studies found negative
vegetation feedbacks to precipitation during the Holocene
through the mechanism whereby evaporation from the bare
ground appears to be stronger than evapotranspiration from
grassland under wet conditions, during which the differences
in surface albedo between wet soil and vegetation are small
(Liu et al., 2007; Notaro et al., 2008; Wang et al., 2008).
However, this negative feedback is not seen in our Holocene
experiments, which could be related to the fixed surface
albedo of bare soil that is not a function of water content
in both our dynamical vegetation experiments, leading to an
overestimation of the positive vegetation—albedo feedback.
In addition, no seasonal variations in albedo were applied,
which likely also affected the strength of this feedback.
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In the LIG the simulated precipitation was lower than in
the Holocene, even with similar insolation values at 20° N
(Fig. 6). This is likely related to differences in the thermal
contrast between the Atlantic Ocean and the continent, as
well as to differences in the strength of vegetation feed-
backs. The thermal contrast determines the strength of the
monsoonal precipitation, and since the Atlantic Ocean was
slightly warmer in the LIG than in the Holocene, this could
partly explain stronger precipitation in the Holocene with the
same summer insolation. In addition, comparing 122 ka with
8ka (Fig. 3), the vegetation cover is more extensive in the
early Holocene, which enforces the precipitation through the
vegetation—climate feedbacks.

Although the positive vegetation feedbacks enhance the
amount of precipitation in North Africa during both inter-
glacials, the mechanism of vegetation transitions during the
two interglacials could be different, in particular during the
transition periods. During the transition in the LIG (Figs. 1b,
2a), the declines in vegetation and precipitation are charac-
terized by large variability, but these reductions during the
Holocene are relatively gradual (Figs. 1f, 2b). Based on a se-
ries of sensitivity experiments by Liu et al. (2006), vegetation
collapse in North Africa could occur either when the vegeta-
tion feedback to precipitation is relatively strong with rapid
declines in precipitation or when the feedback is weak with
gradually decreasing precipitation. In their study, the vegeta-
tion feedback to precipitation is strong when the amount of
vegetation-induced precipitation is greater than the lowest re-
quirement of precipitation for a vegetated Sahara. In our case,
the vegetation feedbacks to precipitation are greater than the
lowest requirement of precipitation for a vegetated Sahara
during the early periods of both interglacials. Therefore, the
abrupt vegetation transition during the LIG is likely to be
due to the combination of the strong vegetation feedback and
rapidly decreasing precipitation, while the gradual vegetation
transition during the Holocene is a result of the combination
of strong vegetation feedback with gradually decreasing pre-
cipitation. Moreover, during both interglacials, larger vari-
ability in precipitation and vegetation is seen in experiments
with dynamic vegetation in VECODE than in LPJ-GUESS.
One reason for this difference is the higher complexity of
LPJ-GUESS, which simulates more gradual vegetation re-
sponses when more plant types interact with climate, con-
sistent with other studies (Claussen et al., 2013; Hély et al.,
2014; Li et al., 2019a).

3.4 Uncertainties

One source of uncertainty is related to the spatial vegetation
variability in North Africa, in particular during the Holocene
when the reduction in summer insolation at 20° N is rather
gradual compared to the LIG. In order to find the signal of
abrupt vegetation decline in Sahara during the Holocene, we
investigated the evolutions of vegetation and climate over the
western and eastern part of North Africa. We find vegetation
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declines consistent with previous studies and regional-scale
features of vegetation changes. However, the coarse resolu-
tion of our climate model limits our scope of spatial varia-
tions in vegetation distribution, implying, for instance, that
regional abrupt vegetation changes are not well represented.
This tends to smooth the simulated results and affects the
abruptness of transitions, especially when the external forc-
ing (insolation) is around the threshold of vegetation transi-
tion. In addition, Bathiany et al. (2012) pointed out the im-
portance of spatial interactions; i.e., abrupt changes in one
region can be induced by critical transitions in the neigh-
boring region. These abrupt changes can occur in one re-
gion triggered by strong vegetation—atmosphere interaction
in a neighboring region, which is called “inducing tipping of
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ecosystems” by Bathiany et al. (2013a, b). However, this in-
ducing tipping of ecosystems is not seen in our simulations.
We therefore recommend more studies on regional-scale
vegetation—climate interactions by fully coupled AOVGCMs
(atmosphere—ocean—vegetation general circulation models),
as well as comparisons with results from EMICs (Earth
system models of intermediate complexity) to explore the
regional-scale features and to improve our understanding of
climate and vegetation sensitivity to these small-scale fea-
tures in North Africa. In addition, these model results should
be thoroughly evaluated using proxy-based reconstructions
of the green—desert transition during the Holocene and LIG.

A second major source of uncertainty is related to the land
surface parameters (surface albedo and vegetation cover)
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provided to ECBIlt, resulting in vegetation feedbacks to cli-
mate. In our study, the value of albedo for each PFT is pre-
scribed, implying that this value in each grid cell is decided
by fractions of PFTs and is passed back to ECBilt through
full or asynchronous coupling. The prescribed albedo value
for bare soil (0.33) could exaggerate the simulated posi-
tive vegetation—albedo feedback during the interglacials, es-
pecially during the transition periods when the soil mois-
ture could be higher than typically found in deserts. This
overestimation is obvious, in particular during the Holocene
when the summer insolation at 20° N declines rather grad-
ually. Therefore, more studies on albedo values of bare soil
with different water retentions and the parameterizations of
these mechanisms in climate models could improve the un-
derstanding of vegetation—climate interactions.

In addition, there are two vegetation models in this study.
VECODE, fully coupled to ECBilt, suggests more abrupt
vegetation and climate changes than LPJ-GUESS, which is
asynchronously coupled to ECBilt during both interglacials.
The main reason for this difference in our results could
be related to their different complexity. The faster vegeta-
tion transition in VECODE confirms the hypothesis that the
low diversity implies a high likelihood of abrupt transitions
(Scherer-Lorenzen, 2005; Claussen et al., 2013; Hély et al.,
2014; Li et al., 2019a). Moreover, the simulated vegetation in
the asynchronously coupled LPJ-GUESS is averaged every
10 years and is then passed back to ECBIlt as static land sur-
face parameters. Hence, the transition from green Sahara to
desert is easily smoothed, and the feedback is thereby under-
estimated. In order to narrow down the uncertainty in terms
of the asynchronous coupling during simulations, we pre-
fer the full dynamical coupling of LPJ-GUESS to ECBIlt in
the future, which could enhance the robustness in climate—
vegetation interaction simulations.

4 Conclusions

In this study, we compare the climate and vegetation changes
over North Africa during the Holocene and the LIG using the
climate model iLOVECLIM in which the vegetation compo-
nent is either the fully coupled VECODE model or the asyn-
chronously coupled LPJ-GUESS model. We address three
scientific questions. (1) Are the evolutions of NA vegetation
during the two interglacials simulated by iLOVECLIM with
different vegetation components consistent? (2) Are the evo-
lutions of NA vegetation different during the Holocene and
LIG, and what are the dominating factors? (3) How do the
NA vegetation geophysical feedbacks affect the climate dur-
ing the Holocene and LIG?

During both interglacials, we find overall agreement with
a transition from a vegetated Sahara (with more than about
60 % vegetation cover) to desert and positive vegetation feed-
back to climate. The simulations with a relatively complex
vegetation component (LPJ-GUESS) suggest a gradual veg-
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etation transition compared to simulations with a simple veg-
etation component (VECODE). This more gradual vegeta-
tion transition in simulations with LPJ-GUESS is a result
of the smoothness of the desertification trend due to the in-
creasing vegetation diversity and features of different PFTs
in the more complex vegetation component. Except for the
impacts of the applied vegetation model, the simulated Sa-
hara vegetation transitions are nearly linearly related to the
decreasing summer insolation at 20° N. Due to the faster de-
crease in 20° N summer insolation during the LIG than in
the Holocene, the vegetation cover experienced a stronger
reduction in the LIG. The decline of vegetation cover peaks
at 25 % kyr~! at around 122 ka, while the steepest vegetation
cover change is 10 % kyr~! at around 6 ka.

In both interglacials, the abruptness of vegetation changes
is nearly linearly related to the changes in summer insola-
tion at 20° N, and the effects of vegetation feedback to cli-
mate positively depend on vegetation cover. Vegetation feeds
back to precipitation by a factor of 2 to 3 when the vegetation
cover is greater than 60 % during the early LIG and Holocene
through vegetation—albedo feedbacks. Due to the different
magnitudes of declines in summer insolation at 20° N, the
abruptness of vegetation transitions during the LIG and the
Holocene is different. During the LIG, the abrupt transition is
a result of strong vegetation feedback combined with rapidly
decreasing precipitation, while the gradual transition during
the Holocene is related to the strong vegetation feedback and
gradually decreasing precipitation.
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