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Abstract

Disentangling the links between terrestrial vegetation changes and astronomical forcing as well as
CO:z is of great help to understand the sensitivity of contemporary vegetation and predict future
vegetation and climate changes, yet it remains challenging. Given the distinct differences in
astronomical configurations and CO. concentration between Marine Isotope Stage (MIS) 11 and
13, here we investigate the role of astronomical forcing and CO. on global vegetation changes
during these two interglacials based on transient simulations performed with the model
LOVECLIM1.3. Our results show that during these two interglacials, astronomical forcing plays
a dominant role on the vegetation evolution, with the effect of CO2 being relatively small. The
effect of astronomical forcing on vegetation can be explained successively by the relationship
between climate (temperature, precipitation) and the astronomical parameters and by the
relationship between vegetation and climate. The relative effect of precession and obliquity on
vegetation strongly depends on regions and on interglacials. In general, obliquity plays a more
important role on vegetation variations during MIS-11, while precession is more important during
MIS-13. Our results also reveal a clear half-precession cycle (~10 ka) in the variations of
temperature, precipitation and vegetation in the tropical area during MIS-13, as a direct response
to the tropical insolation. However, no obvious half-precession cycle is simulated during MIS-11
due to its weak precession variation but large obliquity variation, indicating that half-precession
cycle is not stable in time.

Key words: Interglacials, MIS-11, MIS-13, paleoclimate modelling, precession, obliquity,
vegetation

L]


https://www.editorialmanager.com/cldy/download.aspx?id=552954&guid=f7528fdf-4c7c-44cd-a5e2-c9bb15eefe36&scheme=1
https://www.editorialmanager.com/cldy/download.aspx?id=552954&guid=f7528fdf-4c7c-44cd-a5e2-c9bb15eefe36&scheme=1
https://www.editorialmanager.com/cldy/viewRCResults.aspx?pdf=1&docID=16946&rev=2&fileID=552954&msid=1f7e080b-3752-4a8f-bc69-7657b3b2c956

35

36
37
38
39
40
41
42
43
44

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

67
68
69
70
71
72
73

74
75
76

1. Introduction

The spatial distribution of major vegetation types on the globe is primarily controlled by climatic
variables (e.g. temperature, precipitation) and internal feedbacks. The variations of insolation and
atmospheric CO> concentration are important factors influencing climate, and then on the
vegetation’s spatial and temporal variations. The latitudinal and seasonal distribution of insolation
is determined by three astronomical parameters: eccentricity, climatic precession and obliquity
(Berger 1978). Sufficient insolation changes caused by these parameters’ variations significantly
affect climate and vegetation (e.g. Harrison et al. 1995; Crucifix et al., 2005a, 2005b; Tzedakis et
al., 2004, 2006; Claussen et al. 2006; Fletcher and Sanchez Gofii, 2008; Sdnchez Goiii et al., 2008,
2016).

During the last decade, the generation of long and high-resolution pollen records from terrestrial
and marine sediments with improved chronological controls has provided insights into the
relationship between vegetation and climate variability as well as astronomical parameters. For
example, high-resolution pollen analysis revealed the influence of precession on forest
development and vegetation composition in the western Mediterranean basin over the last 48 ka
(Fletcher and Sanchez Gofii, 2008). Vegetation changes over the past 300 ka from South Africa
are found to be driven by precessional forcing through its impact on rainfall distribution and
seasonality (Dupont et al. 2022). The variations of the tree population in southern Europe have
been found to respond to insolation on orbital and suborbital scales during the glacial-interglacial
cycles over the last 450 ka (Tzedakis 2005). Zhao et al. (2020) and Sun et al. (2019) investigated
the varied roles of astronomical forcing and ice/CO- in the evolution of climate and vegetation
across the mid-Pleistocene transition based on the long-term records on the Tibetan Plateau and
the Chinese Loess Plateau, respectively. The paleoclimate and vegetation reconstructions during
the Mid-Pliocene reflect the impact of increased CO2 concentrations and the effect of orbital
forcing (Willeit et al. 2013). Bonis et al. (2010) found that spore peaks could be related to
precession-induced variations in monsoon strength at the Triassic-Jurassic transition. In addition
to vegetation reconstructions, Dynamic Global Vegetation Models (DGVMs) and integrated Earth
system models (ESMs) have also been used to investigate the interactions between climate,
insolation, atmospheric CO2 and vegetation, such as the individual and combined effects of
astronomical parameters and CO- on the differentiated regional vegetation (Crucifix and Loutre
2002; Tuenter et al. 2003; Jiménez-Moreno et al. 2007; Yin and Berger 2012; Bounceur et al.
2015).

The past interglacials provide the opportunity to investigate the vegetation response to different
forcing and the related feedbacks under warm climate conditions, which could help us further
understand the sensitivity of contemporary vegetation and predict future vegetation and climate
changes. Previous studies show that the response of vegetation could be very different between
interglacials and among different regions (Brovkin 2002; Granoszewski et al. 2005; Tarasov et al.
2007; Tarasov et al. 2009; Giesecke et al. 2011; Yin and Berger 2012; Zhao et al. 2014,
Rachmayani et al. 2015; Dallmeyer et al. 2021).

Marine Isotope Stage 11 (MIS-11), an interglacial about 400 ka ago, has been paid special attention
in paleoclimate studies. This is mainly because (1) MIS-11 was one of the warmest and longest
(~30 ka) interglacials characterized by the highest amplitude deglacial warming of the last million
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years with the highest stand sea level (Droxler and Farrell 2000; Masson-Delmotte et al. 2010;
Lang and Wolff 2011; Raymo and Mitrovica 2012; Coletti et al. 2015; Dutton et al. 2015), and (2)
MIS-11 had been highlighted as an analogue of the present interglacial (MIS-1) due to its similar
astronomical configurations (mainly low eccentricity), high atmospheric CO2 concentrations,
mean climate state and degree of stability with the Holocene (Loutre and Berger 2003; Mcmanus
et al. 2003; Luthi et al. 2008; Tzedakis 2010; Yin and Berger 2015). Several studies aim at
presenting vegetation/climate evolution during MIS-11 based on proxy records from different sites,
including Lake Baikal (Prokopenko et al. 2009; Shichi et al. 2009), Lake EIl'gygytgyn in Northeast
Russia (Tarasov et al. 2013; Vogel et al. 2013), Southwestern Europe (Oliveira et al. 2016) and
Northwest Africa (Helmke et al. 2008). These studies provide a view on specific climate or
vegetation evolution sequences at regional scale during MIS-11. Model simulations are also
applied to study climate and vegetation changes during MIS-11. For example, Oliveira et al. (2018)
compared the controlling factors of vegetation in MIS-11 and MIS-19 with MIS-1 in Southwest
Europe and revealed that the forest dynamics were mostly coupled to changes in winter
precipitation which is mainly controlled by precession, with CO> playing a minor role. Kleinen et
al. (2014) compared two model results and proxy-based climate/vegetation reconstructions for
different time slices in MIS-11 at global and regional scales, and addressed that different climate
states could exist during one interglacial.

In contrast to MIS-11, MIS-13, the interglacial just preceding MIS-11 and occurring about 500 ka
ago, was the most glaciated and coolest interglacial globally speaking over the last million years.
However, some studies show that MIS-13 was not a weak interglacial in some regions in the
Northern Hemisphere, including vegetation reconstructions (Tzedakis et al. 2006; Yin and Guo
2006; Yin and Guo 2008; Guo et al. 2009; Markovic et al. 2009; Prokopenko et al. 2009; Markovic
et al. 2012). Based on pollen records or plant macrofossils, the vegetation changes during MIS-13
have been revealed at regional scale, such as in Italy (Russo Ermolli et al. 2015), in Poland
(Stachowicz-Rybka 2015) and in southern Europe (Margari et al. 2018; Oliveira et al. 2020), which
show that MI1S-13 is not necessarily a weak interglacial as compared to MIS-11 in terms of arboreal
pollen abundance. Model simulations show that extremely asymmetrical polar ice sheets could
induce strong East Asian summer monsoon during MIS-13 (Shi et al. 2020). The reconstructions
from various sites reveal different magnitudes and phase patterns of regional climate and
vegetation evolution in MIS-11 and MIS-13, characterized by distinct durations of climate optima
and distinct timing of major shifts. However, systematical analyses of the global patterns of the
correlation between vegetation and astronomical forcing as well as the difference between the two
interglacials are rare.

The astronomical configurations of MIS-11 and MIS-13 are very different (Fig. 1), leading to
different latitudinal and seasonal distribution of insolation (Yin and Berger 2012). MIS-11 is
characterized by a relatively small variation in precession due to its small eccentricity, but a large
variation of obliquity. It has an atmospheric CO> concentration of about 280 ppmv, which is quite
close to the Holocene level. However, MI1S-13 is characterized by a large variation of precession
due to a large eccentricity but smaller variation in obliquity, and has a lower CO, concentration
(about 240 ppmv). Given these differences in forcings between MIS-11 and MIS-13 and in their
background global climate conditions, in this study we compare the response of vegetation to the
astronomical forcing and CO- between the two interglacials based on model simulations, with the
following questions in mind:
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(1) What is the relative influence of precession and obliquity as well as CO2 on global
vegetation distribution during these two interglacials?

(2) What are the fundamental differences between the two interglacials in global vegetation
variations?

For this purpose, we performed transient simulations for MIS-13 and MIS-11 with the model
LOVECLIM 1.3, where a dynamic vegetation model (VECODE) is included. This paper is
organized as follows. Section 2 describes the model and the experiments setup. In Section 3, we
explore the influence of astronomical parameters and CO> on vegetation during MIS-11 and MIS-
13 (Section 3.1, 3.2, 3.3 and 3.4) and the half-precession signals (Section 3.5). Conclusions are
given in Section 4.

2. Model and experiments setup

The simulations used in this study are those performed in Yin et al. (2021) with the model
LOVECLIM 1.3. The detailed information of the model and experiment design are given in their
study. Here we only briefly introduce the model and experiments with more information on the
vegetation component in the model. A previous version LOVECLIM 1.2 is described in detail in
Goosse et al. (2010). It is a three-dimensional Earth system model of intermediate complexity. In
the version we used, atmosphere (ECBIlt), ocean-sea ice (CLIO) and terrestrial biosphere
(VECODE) are interactively coupled, ice sheets and ocean carbon cycle being prescribed to their
present-day configuration. A detailed description of each component and its coupling can be found
in Goosse et al. (2010).

VECODE (VEgetation COntinuous DEscription model), is a reduced-form DGVM that simulates
changes in vegetation structure and terrestrial carbon pools on timescales ranging from decades to
millennia (Brovkin et al. 1997). The shortest time step is 1 year. Two primary plant functional
types (PFTSs), tree and grass, using the fractional bioclimatic classification, are identified as the
vegetation cover in each land grid cell. The tree fraction (Fiwee) IS represented as a function of
climate (annual mean precipitation and the growing degree days above 0 (GDDO0)). Semi-empirical
parameterizations based on the regularities of distribution of forest and desert in climatic space
(Lieth, 1975) and the climate dataset of Leemans and Cramer (1991) and Olson and Watts (1992)
which describes the correspondence between climate and vegetation were used for the Fee and the
desert fraction (Faesert) Computations (Brovkin et al., 19997; Goosse et al., 2010). After the
computation of Fee and Faesert, the rest of the grid cell is covered by grass, Fgrass = 1- Firee - Fdesert.
The sum of Fuee and Fgrass €quals the vegetation fraction (Fveg). In the VECODE version used in
this study, the vegetation fraction evolution is climate dependent only (annual mean precipitation
and GDDO0), without the effect of CO; fertilization nor leaf area on vegetation fraction. For any
given climate, there is a unique stable composition of PFTs corresponding to the climate. If climate
changes, then the vegetation model simulates the transition from the equilibrium for the previous
climate to a new equilibrium with the new climate. Studies have revealed that despite the simplicity
of its climate and the vegetation features, VECODE simulated basic global patterns qualitatively
well and in good correspondence with data of present-day observations and paleo-proxy
reconstructions as well as results from more complex dynamic global vegetation models (Cramer
et al. 2001).
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To investigate the impact of insolation and CO2 on climate and vegetation, two sets of transient
simulations were performed for each of MIS-13 and MIS-11, and the simulation periods are from
53810 471 ka BP for MIS-13 and 424 to 382 ka BP for MIS-11. The three astronomical parameters
and the CO> concentration during the simulation periods are shown in Fig. 1. In the first set of
simulations, the initial conditions are provided by a 2000-year equilibrium run with the pre-
industrial greenhouse gases (GHGs) values (CO2 = 280 ppmv, CH4 = 760 ppbv, N2O = 270 ppbv)
and the astronomical parameters (Berger and Loutre 1991) at the starting date of the simulated
period. Then we conducted the transient run with time-varying insolation and the pre-industrial
GHGs. This experiment, denoted hereafter as "Orb", allows investigating the impact of
astronomical forcing alone under the pre-industrial GHG condition. In the second set of
simulations, the initial conditions were obtained by a 2000-year equilibrium run using the GHGs
and the astronomical parameters at the starting date of the simulated period. Then in the transient
run, insolation and GHGs vary with time, denoted hereafter as "OrbGHG". Comparison between
these two sets of experiments allows investigating the impact of GHGs.

3. Results
3.1 Simulated global distributions of tree, grass and desert under extreme astronomical conditions

In order to quantify the relative importance of precession and obliquity on regional vegetation
distribution, multiple linear regression analysis was carried out between vegetation variations
and precession and obliquity using the Orb experiment of MIS-11 (section 3.2) and the Orb
experiment of MIS-13 (section 3.3). The precession parameter is defined by e sin (&), where € is
eccentricity and @ is the longitude of the perihelion measured from the moving vernal point and
the present-day value of & is 102.04° (Berger, 1978; Berger et al., 2010). When & = 0°, 90°, 180°
and 270°, fall equinox, winter solstice, spring equinox and summer solstice is at perihelion,
respectively. Therefore, precession minimum (when & = 270°, sin (&) = -1) corresponds to high
summer insolation in the Northern Hemisphere and precession maximum (when @ = 90°, sin (&)
= 1) corresponds to low summer insolation in the Northern Hemisphere. In order to study the
relationship between precession and climate from the perspective of insolation, the inverse value
of precession (the original precession value multiplied by -1, denoted by -precession) is used in
the regression analysis.

As shown in Brovkin et al (1997), the tree fraction in the major desert regions is close to zero.
Hence, regression analysis for tree fraction over these regions would not make sense. The same
happens for the regression analysis for grass fraction over the regions where grass fraction is close
to zero. Therefore, before making any interpretation of the regression results, we first examine in
our simulations the major regions where tree fraction is near zero and the regions where grass
fraction is near zero to avoid unreasonable interpretations over these regions. As the area of these
regions may vary with different astronomical configurations, we analyze the Firee, Fgrass and Fesert
under four extreme astronomical conditions: maximum and minimum obliquity conditions (417
kaBP and 395 kaBP respectively) selected from the MIS-11 Orb simulation, and maximum and
minimum precession conditions (496 kaBP and 506 kaBP respectively) from the MIS-13 Orb
simulation.
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Fig.2 shows that the large-scale distributions of tree, grass and desert are very similar between the
four extreme obliquity and precession conditions. For all the four conditions, Fire is less than 10%
in the Arctic tundra region, in Central North America and Central South America, in East Europe
and Central Asia, in the Sahara Desert and Arabian Peninsula, in Tibetan Plateau and East China,
in Australia and western South Africa. Therefore, in these regions, the regression results for Firee
will not be discussed. Actually, in most of these regions except a few permanent desertic regions,
the absence of tree is compensated by the occupation of grass. Similarly, in the regions dominated
by tree, grass fraction is very low. Under the four conditions, in addition to Greenland and
Antarctica, there are several regions that are always dominated by desertic condition, including
Central Australia, Central South America, Tibetan Plateau and Central Asia. The regression results
for both Fiee and Fgrass OVer these regions will therefore be ignored in the following sections.
Finally, the place where the vegetation distribution is the most sensitive to changes in precession
and obliquity is in the Sahara region. Under maximum obliquity and minimum precession, both
favoring high summer insolation in the Northern Hemisphere, almost the entire Sahara region is
dominated by grass with very limited deserts and the tree distribution is also extended northward
in North Africa. Under minimum obliquity and maximum precession, the Sahara Desert is enlarged
and only the Sahel region is dominated by grass.

3.2 Influence of astronomical parameters on vegetation during MIS-11

Based on the relationship of the Feee With -precession and obliquity, the global continental regions
where the tree fraction is not near zero (section 3.1, Fig.2), can be divided into the following groups
with each sharing similar characteristics (Fig. 3a, Table 1):

— In the Subarctic taiga region and the Mediterranean region, the Fuee has a positive correlation
with both -precession and obliquity, and obliquity is more important than precession. The
wavelet power spectrum analysis of pollen records from Tenaghi Philippon in the
Mediterranean also demonstrates a stronger obliquity signal (Tzedakis et al. 2006).

— In Southern Asia and East Africa, the Fee has a positive correlation with both -precession and
obliquity, but precession is more important than obliquity.

— Over most areas of the mid-latitude continent interior, including the North American Monsoon
region and the lands extending from Northeast China to Southwest Russia, the Fiee has a
negative correlation with both -precession and obliquity, and obliquity is more important than
precession.

— In South Africa monsoon region, the Fee iS negatively correlated with -precession and
obliquity.

— Inthe northern South America, the Fyee is positively correlated with -precession but negatively
correlated with obliquity.

Similar analysis has also been made for the Fgrass (Fig. 3b) and the Fveg (Fig. 3c). The results for
the Fyeg are very similar to those of the Fiee, Showing that the relationship between vegetation and
the astronomical parameters are mainly determined by trees. As far as the relationship of Fgrass with
precession and obliquity is concerned, the regions dominated by grass (section 3.1, Fig.2) can be
divided the following:
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— In the Arctic tundra region, Central North America and Central South America, East Europe
and Central Asia, Arabian Peninsula, East China, the Fgrass IS positively correlated with both
the -precession and obliquity.

— Inthe Sahel region and North Australia, the Fyrss is negatively correlated with both -precession
and obliquity, and obliquity is more important than precession.

In our model, insolation influences vegetation mainly through its effect on annual mean
precipitation and GDDO as explained in section 2. Therefore, to better understand the relationships
between vegetation and precession and obliquity, we need first to understand the relationship
between vegetation and these two climate factors, and then to understand how these two factors
respond to precession and obliquity.

We applied simple liner regression analysis to discover the relationship between vegetation and
two climate factors, because precipitation and GDDO are strongly correlated in many places (Fig.
S1). Fig. 4a shows that the Fire is significantly and positively correlated with annual precipitation
almost everywhere, while GDDO has a more diverse impact on the Fuee at regional scale. In the
high latitudes of the Northern Hemisphere, where tree growth is strongly constrained by the
number of days with the mean air temperature above 0°C (Hoegh-Guldberg et al. 2018), the Firee
is strongly and positively correlated with GDDO. In Southern Asia, the Fiee IS strongly correlated
with precipitation but its relationship with GDDO is very weak. In the lands extending from
Northeast China to Southwest Russia, Fiee is negatively correlated with GDDO. In most areas of
the Southern Hemisphere, the impact of GDDO on the Fye is less obvious. Note that the strong
correlation of Fyee With precipitation and GDDO in some subtropical desertic regions such as the
Sahara, the central Asia and Australia is not valid because the tree fraction is near zero in these
regions.

It is worth noting that the influences of annual precipitation and GDDO on the Fgrass are similar to
their influence on the Fiee in North Africa, inland Australia and some areas of temperate Eurasia.
Over these regions, with Fveg lower than 50% even in the period with maximum boreal summer
insolation (412 - 408 ka BP), the warm and humid climate favours the growth of any vegetation.

Regarding the relationships of the two climate factors with precession and obliquity, Fig. 5b shows
that GDDO is positively correlated with obliquity and -precession globally. Obliquity is more
important in the mid and high latitudes, while precession is more critical in the low latitudes and
over the Tibetan Plateau. This could be explained by the importance of obliquity on the annual
irradiation in the mid-high latitudes in both hemispheres (Berger et al. 2010) and the dominant role
of precession on the tropical climate (Pokras and Mix, 1987; Tuenter et al., 2003; Jahn et al., 2005;
Kutzbach et al., 2008; Wu et al. 2020).

As precipitation has strong regional variability, only the regions where the absolute value of
correlation coefficients between annual precipitation and the astronomical parameters greater than
0.4 are analyzed (Fig. 5a). In the high latitudes, obliquity and -precession both are in positive
correlations with precipitation. High obliquity and -precession cause high summer insolation and
then precipitation increase in this area (Yin and Berger 2012). In the mid-latitudes, -precession has
a negative effect on precipitation in temperate North America. This is in agreement with a previous
modelling study (Shin et al. 2006) which simulates a drier North America at the mid-Holocene
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when precession reaches the minimum. Data synthesis also shows a midcontinental drying during
the mid-Holocene partially related to high summer insolation (Harrison et al. 2003; Williams et al.
2010). In Western Europe and Mediterranean Region, total annual precipitation is dominated by
precipitation in winter, instead of growing seasons, while vegetation is controlled by precipitation
during the growing season. Therefore, the relationship between annual mean precipitation and
astronomical parameters cannot explain the relationship between Fyeg and astronomical parameters.
In northern China, precipitation is more sensitive to the -precession than obliquity. Itis in line with
the strong precession cyclicity of simulated mean annual precipitation during the last 0.7 Ma (Sun
et al. 2019). In North African, Indian and East Asian monsoon regions, -precession has a positive
influence on precipitation, whereas it has a negative impact on precipitation in the southern
hemisphere monsoon regions, which is related to the meridional shift of the ITCZ (the Intertropical
Convergence Zone) caused by insolation change. In Africa, obliquity has a strong positive
influence in North African monsoon regions and Sahara and a negative influence in South Africa.
A larger obliquity would lead to a stronger cross-equatorial insolation gradient and therefore a
stronger cross-equatorial pressure gradient, which brings more southerly cross-equatorial winds
into North Africa and Sahara, consequently decreasing the southern precipitation (Bosmans et al.
2015). Obliquity has a positive influence on precipitation in temperate Australia, which is similar
to what has been found by Wyrwoll et al. (2007). They found that as obliquity increases, the
equatorial belt turns colder, leading to a converging surface flow transporting towards the
extratropic over both the continent and ocean and enhanced Australian monsoon rainfall. This can
also explain why in South America, obliquity has a negative influence on the precipitation in
tropical South America and a positive influence on extra-tropical South America.

In summary, how precession and obliquity influence the vegetation can be explained successively
by the relationships between the astronomical parameters, the climate factors and vegetation,
which are summarized in Table 1 and Table 2 for different regions.

Table 1 The relationship between GDDO, annual mean precipitation and the Fye with -precession and
obliquity during MIS-11 (in red) and MIS-13 (in blue) in the Orb simulations.

precipitation GDDO Firee Ftree
Orb Firee - . - . . - .
-precession obliquity |-precession obliquity |precipitation GDDO | -precession obliquity
Subarctic taiga + ++ + ++ ++ ++ + ++
region,
Mediterranean ++ + + + ++ ++ ++ +
South Asia and T * * i * - *
East Africa i n . i i "
North American - - + T+ T+ - R .
Monsoon region,
Northeast China to
Southwest Russia -- ++ + ++ -- - -
South Africa -~ + + + - -
monsoon region B i + i ) ) )
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northern South + - ++ + ++ + N i

America +

- ++ + ++ ++ + -

The + and - stand for a positive and negative relationship, respectively. The blank stands for no significant relationship,
or the process not involved in our explanation. Columns 2 to 5 show the relationship between annual mean
precipitation, GDDO and astronomical parameters. Columns 6 and 7 present the relationship between the Fiee and
climate factors. The last two columns show the influence of astronomical parameters on vegetation. The regression
coefficients higher than 0.6 or lower than -0.6 in each sub-region are indicated by ++ or --. The regression coefficients
between -0.6 and 0.6 are indicated by + or -.

Table 2 Same as Table 1 but for the Fgpass.

precipitation GDDO Forass Forass
Orb Forass - o - o o - .
-precession obliquity |-precession obliquity [precipitation GDDO | -precession obliquity
Arctic tundra * - + i + * * *
region + + + + + + + +
Central North - * i - t * *
America _ ot + _ + + +
East Europe and * - * A A * * *
Central Asia ++ + + ++ ++ + ++ +
+ ++ + ++ + ++ + +
Arabian Peninsula

++ + + ++ ++ +
++ + + ++ + ++ +

East China
++ + + ++ ++ +
+ ++ + + - -- - -

Sahel region
++ + + ++ - -
+ ++ + - - - -

North Australia

- ++ + ++ -- - -

3.3 Differences of astronomical influence on vegetation between MIS-13 and MIS-11

The comparison between Fig. 3a and Fig. 6a shows that the relationship of the Fiee with -precession
and obliquity is obviously different between MIS-11 and MIS-13. The spatial distribution of the
sign of the coefficients of both -precession and obliquity during MIS-13 is very similar to MIS-11,
showing the robustness of the qualitative relationship of the Fee With precession and obliquity.
However, contrary to what is observed during MIS-11, precession plays a more important role
than obliquity on the Fiee in Subarctic taiga region, Mediterranean region, South Asia and East
Africa during MIS-13. Regarding the Fgrss, the spatial distribution of the sign of the coefficients
of both -precession and obliquity during MI1S-13 (Fig. 6b) is also very similar to MIS-11 (Fig. 3b),
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and in some regions (East Europe and Central Asia, Arabian Peninsula, East China, Sahel region)
precession also plays a more important role than obliquity on the Fgrass during MIS-13.

The difference between MIS-11 and MIS-13 is anticipated if the difference in their astronomical
conditions is considered. The large eccentricity during MIS-13 leads to a high-amplitude variation
of precession, whereas the exceptionally low eccentricity during MIS-11 leads only to a small
variation of precession (Fig. 1). In the meantime, the variation of obliquity during MIS-11 is larger
than that during MIS-13. Thus, obliquity plays a more important role on the Fyee during MIS-11,
whereas precession is more important during MIS-13. Obliquity being more important during
MIS-11 and precession being more important during the interglacials of high eccentricity have
also been found for other climate variables, such as surface air temperature, sea surface
temperature and sea ice (Yin and Berger 2015; Wu et al. 2020).

To better understand the different responses of the Fiee to precession and obliquity between MIS-
13 and MIS-11, we first compare the response of the Fiee to GDDO and precipitation between the
two interglacials. Fig. 7a shows that the response of the Fiee to GDDO and precipitation during
MIS-13 is very similar to that during MIS-11 (Fig. 4a) almost everywhere. Thus, the different
response of the Fiee to precession and obliquity between MIS-13 and MIS-11 is mainly due to the
different response of the GDDO and precipitation to precession and obliquity during the two
interglacials. The results of the Fyrass are the same as the Fiee (Fig. 4b and Fig. 7b).

Fig. 8b shows that, similar to MIS-11(Fig. 5b), the GDDO positively responds to both -precession
and obliquity almost everywhere during MIS-13. However, as compared to MIS-11, the effect of
precession on the GDDO is more pronounced during MIS-13, while the effect of obliquity becomes
weaker. The same happens to precipitation (Fig. 8a). Again, the different responses of the GDDO
and precipitation to precession and obliquity during the two interglacials are due to the difference
in the precession and obliquity variations between the two interglacials as explained above.

3.4 Impacts of CO, on vegetation during MIS-11 and MIS-13

To investigate the influence of CO2 on the vegetation composition during MIS-11 and MIS-13,
the results of the second set of experiments (OrbGHG) are analyzed and compared with the first
set of experiments (Orb). Fig. 9 shows that the impact of CO2 on the Fyee is much less important
than the astronomical parameters during both MIS-11 and MIS-13. As compared with Orb, CO>
has no significant effect on the relative importance of precession and obliquity. However, the effect
of COz on the Fuee is slightly more important during MIS-13 than that during MIS-11 despite a
lower CO2 concentration, which can be explained by the fact that the amplitude of variation of
CO2 is higher during MIS-13, while the CO2 concentration during most part of the MIS-11
simulation remains at a quite stable high level and is less varying (Fig. 1). Regarding the Fgrass (Fig.
10), same as the astronomical parameters, the effect of CO: is nearly opposite to its effect on the
Fiee. However, the relative importance of CO2 on the Fgass during these two interglacials is the
same as that on the Firee.

To better understand the impact of CO2 on the Fyee and Fgrass during these two interglacials, we

also investigated the response of the Fiee (Fig. S2) and Fgrass (Fig. S3) to GDDO and precipitation
with OrbGHG and compared them with the results of Orb. The results show that the response of
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the Fee and Fgrass to GDDO and precipitation have no obvious difference between these two sets
of experiments during both MIS-11 and MIS-13 (Fig. 4 and Fig. 7). Thus, we further discuss the
relationship between GDDO, precipitation and -precession, obliquity, CO2 with OrbGHG.

Fig. S4 shows that the impact of CO2 on the GDDO is very small as compared to the astronomical
parameters during MIS-11, with a slightly positive effect in the low latitudes of both hemispheres.
However, the Fiee and Fgrass have no obvious relationship with GDDO in these regions because
GDDO is indeed always large there, and sensitivity studies show that the Fiee is much less sensitive
to GDDO when GDDO is in a high level (Brovkin et al. 2002). The impact of CO2 on precipitation
is also very small in most regions as compared to the astronomical parameters during MIS-11.
During MIS-13(Fig. S5), the spatial pattern of the relationship of CO. with GDDO and
precipitation is very similar to that during MIS-11, but with a stronger impact due to larger
amplitude of variation of CO. during MIS-13. In particular, in South America, central-southern
Africa, southern and eastern Asia as well as Australia, the impact of CO2 on the GDDO is much
stronger than the impact of obliquity (Fig. S5). However, as the Fie is insensitive to GDDO in
these regions (Fig. S2), it is insensitive to COa.

3.5 Half-precession signal in equatorial vegetation

Half-precession cycle is a unique feature in the equatorial insolation because the Sun passes the
Equator twice a year so that the equatorial region receives maximum insolation twice during one
precession cycle (Berger et al. 2006). This would lead to a strong half-precession signal in the
climate variables that are sensitive to maximum insolation (Short et al. 1991). Half-precession
cycle has indeed been recorded in some tropical proxy records, such as precipitation variations
(Olago et al. 2000; Trauth et al. 2021) and lake-level fluctuations (Trauth et al. 2003; Thevenon et
al. 2004). In this section, we will examine whether half-precession cycle also exists in our
simulated vegetation over the lands near the Equator. For this, the first set of simulations where
only insolation forcing is considered are used.

Fig.11 shows that during MIS-13, strong periodicity of ~10 ka exists in the simulated equatorial
Ftree, and also in the annual mean precipitation and GDDO. Comparison with March and September
monthly mean insolation at the Equator (10°N-10°S) shows that the half-precession signal in the
simulated vegetation, precipitation and temperature is in good coherence with the maximum values
of March/September monthly insolation, indicating that the half-precession signal in the simulated
fields is a direct response to the maximum insolation at the Equator. Similar half-precession signal
has also been found in the simulated sea surface temperature at the Equator during MIS-13 (Wu et
al. 2020). These results show that the model is able to capture the half-precession signal resulting
from the tropical insolation, reproduce it in precipitation and temperature and finally lead to half-
precession cycle in the terrestrial vegetation. Different from MIS-13, the half-precession signal is
very weak in the simulated vegetation and climate of MIS-11(Fig. 11), and it does not correspond
well with the maximum insolation at the Equator. This is partly related to the relatively small
variation of precession during MIS-11, which would lead to a weak impact of precession and
therefore a weak half-precession signal in the tropics. However, this is probably not the only reason,
because fourth-harmonic of precession signal has been found in the southwestern Iberia
Mediterranean vegetation during MIS-19 (Sanchez Gofii et al., 2016), an interglacial which is also
characterized by small variation of precession due to small eccentricity. In our additional
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simulation of MIS-19 (not shown in this study), half-precession signal occurs in the simulated
equatorial vegetation although it is weaker than the half-precession signal in MIS-13. Although
MIS-11 and MIS-19 both have small variation of precession, a major reason due to which they are
considered as good astronomical analogue of the Holocene, one distinct difference is that the
variation of obliquity during MIS-11 is much larger than that during MIS-19 and the Holocene
(Yin and Berger, 2015). Therefore, the effect of precession is even more suppressed during MIS-
11 due to its large variation of obliquity. The difference between MIS-13 and MIS-11 shows that
the half-precession cycle is not stable in time. It is amplified when eccentricity is large leading to
large variation in precession, and is suppressed when eccentricity is small and the variation of
obliquity is large.

4. Conclusions

In this study, we performed two sets of transient simulations with only varied insolation and with
varied insolation and GHGs, respectively, to investigate the impact of astronomical forcing and
CO:z on climate and vegetation changes during MIS-11 and MIS-13. Our results show that the
impact of astronomical forcing and CO> have a diverse regional expression and different from one
interglacial to another, which are characterized by a dominant effect of insolation on the global
vegetation change, and COz plays a relatively minor role. The response of climate variables (annual
mean precipitation and GDDO) and vegetation cover is mainly controlled by precession during
MIS-13 whilst by obliquity during MIS-11, which is consistent with some pollen records. The
amplitude of precession variation is relatively large during MIS-13, which makes precession play
a more important role in the GDDO and precipitation during MIS-13 than that during MIS-11. In
contrast, the amplitude of precession variation is very weak during MIS-11 and the one of obliquity
is relatively large, which makes obliquity more important during MIS-11. Our simulations also
reveal the half-precession signal in the equatorial annual mean precipitation and GDDO as well as
vegetation during MIS-13, as a direct response to the maximum insolation at the Equator. However,
no obvious half-precession signal is simulated during MIS-11 due to the weak effect of precession
and strong effect of obliquity. We would like to remind that in our simulations, only the effects of
insolation and CO; are considered. In order to have a more comprehensive view on the forcings
that drive vegetation evolution during MIS-11 and MIS-13, the impact of ice sheets will be
presented in parallel in another paper, which will also allow a better and detailed comparison of
the simulated vegetation with reconstructions at some key regions.
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Fig. 1 Astronomical parameters (Berger and Loutre, 1991) and atmospheric CO, concentration (Luthi et al.
2008) used in the simulations for M1S-13 and MIS-11. Dotted lines indicate Pre-Industrial values.
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Fig. 2 Global map of the Firee, Fgrass and Faesert under four extreme astronomical conditions: maximum and minimum obliquity conditions (417 kaBP
and 395 kaBP respectively) during MIS-11 in Orb (forced by Orbital parameters only) experiment, and maximum and minimum precession
conditions (496 kaBP and 506 kaBP respectively) during MIS-13 in Orb experiment.
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Fig. 3 Multi-linear regression coefficient maps of Fyee (a), Fgrass (D) and Fueg (C) related to the -precession
and obliquity during MIS-11 in Orb experiment. Regions where the respective coefficient is not statistically
significant (p < 0.05) are grey shaded.
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Fig. 4 Simple linear regression coefficient maps of Fuee (a) and Fgass (D) related to the annual mean
precipitation and GDDO during MIS-11 in Orb experiment. Regions where the respective coefficient is not
statistically significant (p < 0.05) are grey shaded.
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Fig. 5 Multi-linear regression coefficient maps of the annual mean precipitation (a) and GDDO (b) related
to -precession and obliquity during MIS-11 in Orb experiment. Regions where the respective coefficient is
not statistically significant (p < 0.05) are grey shaded.
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Fig. 6 Multi-linear regression coefficient maps of Fuee and Fgrss related to the -precession and obliquity
during MIS-13 in Orb experiment. Regions where the respective coefficient is not statistically significant
(p < 0.05) are grey shaded.
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Fig. 7 Simple linear regression coefficient maps of Fuee (a) and Fgass (D) related to the annual mean
precipitation and GDDO during MIS-13 in Orb experiment. Regions where the respective coefficient is not
statistically significant (p < 0.05) are grey shaded.
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Fig. 10 Multi-linear regression coefficient maps of Fyrss related to the -precession and obliquity and CO;
during MIS-11 (a) and MIS-13 (b) in OrbGHG experiment. Regions where the respective coefficient is not
statistically significant (p < 0.05) are grey shaded.
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Fig. 11 Comparison between insolation and half precession signal at the Equator (10°N-10°S) during MIS-
13 and MIS-11. Blue lines indicate the monthly mean insolation in March, green lines indicate the monthly
mean insolation in September, the maximum values of these two are in red dashed lines. Black lines indicate
the detrended data of Fiee, precipitation and GDDO (standardized and 1 ka running mean) by a 12.8ka high

pass filter. Red dashed lines indicate Gaussian 6.4 -12.8 ka filter.





