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Key Points:
* In northern East Asia, the variation of summer precipitation is dominated by precession.

* In southern East Asia, ice volume plays a more important role on the summer
precipitation via its control on the location of ITCZ.

* The effects of obliquity and CO2 on summer precipitation are very small compared to
precession and ice volume.
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Abstract

The relative influence of insolation, CO; and ice sheets on the East Asian summer
monsoon (EASM) is not well understood especially at regional scale. Here a Gaussian emulator
based on simulations with HadCM3 is used to quantitatively assess how astronomical forcing,
CO; and northern hemisphere (NH) ice sheets affect the variation of the summer precipitation
over the last 800 ky. Our results show that in the EASM domain north of 25°N, the variation of
the summer precipitation is dominated by precession, leading to strong 23-ky cycles, while the
ice sheets only modulate the effect of insolation by influencing the land-sea pressure gradient. In
the southern part, ice sheets play a more important role, generating 100-ky cycles, through
influencing the latitude of the Intertropical Convergence Zone (ITCZ) and the Hadley cell.
Obliquity and CO; have little effect on the summer precipitation as compared to precession and

ice sheets.

Plain Language Summary

The East Asian summer monsoon (EASM) is a wind which carries moist air from the
Indian and Pacific Oceans to East Asia, and it affects the economy and life of a large population.
On astronomical time scale, its variation is controlled by insolation, CO. and ice sheets. Here we
use a Gaussian emulator based on climate simulations to assess how these factors affect the
variation of the summer precipitation. In the northern part of the EASM domain, the summer
precipitation has a strong 23-ky cycle. It is mainly controlled by precession. The effect of
insolation is further modulated by ice sheets by the variations of the land-sea pressure gradient.
In the southern part, ice sheets play a vital role on the summer precipitation via its control on the
location of the Intertropical Convergence Zone (ITCZ). Obliquity and CO. have little effect on

the precipitation.

1 Introduction

The East Asian summer monsoon (EASM) is an important component of the climate
system and it influences the economy and life of a large population. Numerous paleoclimate
records have been used to reconstruct the long-term evolution of the EASM (e.g., Guo et al.

2002; Wang et al., 2003; Sun et al., 2015, 2019; Wang, Y., et al., 2008; Clemens et al., 2010; Ao
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etal., 2011; Lu et al. 2013; Cheng et al., 2016). Climate simulations have also been used to
explore the response of the EASM to different forcings (e.g., Wang, 1999; Yin et al., 2008, 2009;
Shi et al., 2012; Jiang et al., 2013; Jin et al., 2014; Zhang et al., 2018; Shi et al., 2020; Wang et
al., 2020; Zhang et al., 2020).

Since Kutzbach (1981) proposed the important influence of precession on Asian
monsoon, the influence of summer solar radiation on the EASM evolution on the astronomical
scale has been confirmed by more and more studies. The EASM is found strong at times of high
summer insolation, when the land-ocean thermal contrast at surface is large (e.g., Kutzbach et al.,
2008; Yin et al., 2009). The variation of §!30 of the speleothems in southern China shows
dominant ~19-23-ky cycles, in phase with summer insolation at 65°N (e.g., Cheng et al., 2016),
also indicating a major control of the EASM by precession. However, in northern China, the
magnetic susceptibility of the loess record, which is considered as a proxy for the EASM (e.g.,
An et al., 1990), shows dominant 100-ky cycles, suggesting a close relationship between the
EASM and the changes in global ice volume (Lu et al., 2004). High-resolution loess records from
northwestern Chinese Loess Plateau and marine records from the marginal seas surrounding
China present three major cycles, namely ~19-23 ky, 41 ky and 100 ky (Chen et al., 2003; Sun et
al., 2006; Yi et al., 2012; An et al., 2015), suggesting the joint control of precession, obliquity
and ice volume on the EASM. The diverse periodic thythms of the EASM variations revealed by
different proxies might be related on the one hand to their different paleoclimate representations,
and on the other hand to the regional diversity of the East Asian climate response to different

forcings.

The response of the EASM precipitation to astronomical forcing and ice volume is indeed
complex. Modelling studies of Yin et al (2008, 2009) show that the effects of ice sheets on the
EASM depend on their location and size, and also on the background insolation. Weber and
Tuenter (2011) found that insolation plays a dominant role on the EASM, and ice sheets just
modulate the magnitude of the EASM's response to insolation. Recently, comparison of loess
proxy with model results shows that the sensitivity of the EASM to insolation decreases as the

NH became more glaciated after the mid-Pleistocene transition (Sun et al., 2019).

The strong regional dependence of the EASM variation as recorded in various proxy

records questions the relative role of ice sheets and insolation on the EASM precipitation in
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different sub-regions in East Asia. In this study, we aim to investigate the relative importance of
the astronomical forcing, ice sheets and CO2 on the summer precipitation in different latitudes of
the EASM domain over the last 800 ky. Sensitivity analysis of HadCM3 simulations using a

Gaussian-process emulator are performed to quantitatively assess the role of different factors.

2 Methods and experiments setting

An emulator is a statistical model which is originated from a limited number of model
runs covering a multidimensional input space (O’Hagan, 2006; Petropoulos et al., 2009). It
provides an efficient and relatively low-cost method to visualize the effects of changing one
single or a couple of parameters (Petropoulos et al., 2009). A detailed description of the
Gaussian process emulator used here can be found in Araya-Melo et al. (2015) and Lord et al.
(2017). It was generated and calibrated by interpolating the outputs of 61 snapshot simulations
performed with the model HadCM3, following an experiment plan designed to optimize the
emulator performance. The atmospheric component in HadCM3 has 19 layers in the vertical with
a 2.5°%3.75° horizontal resolution. The spatial resolution over the ocean is 1.25°x1.25° with 20
vertical layers (Gordon et al., 2000). In the assessment of multi-model simulation on East Asia,
HadCM3 shows good performances on different time scales (Jiang et al., 2005; Zhang et al.,
2013). The snapshot experiments are 300-year long simulations and the last 50 years of the
model runs are used for analyses. Using the emulator, we generate climate time series spanning
the last 800 ky, forced with astronomical parameters (Berger and Loutre, 1991), CO»
concentrations measured in the Antarctica ice core (Liithi et al., 2008) and glaciation level, which
was estimated by scaling the benthic 3'30 stack of the last 800 ky (Lisiecki & Raymo, 2005)
from Level 1 to 11. Level 1 and 11 correspond to the present day and the Last Glacial
Maximum, and level 2-10 stands for different amounts of ice volume. This method has been used
to simulate the variations of Indian and East Asia summer monsoon during the Pleistocene

(Araya-Melo et al., 2015; Sun et al., 2019).

Many studies show that the spatial variability of the summer precipitation in East Asia at
present-day and in the last 500 years is characterized by a dipolar or tripolar mode pattern (e.g.,
Shi et al., 2019). Due to the strong regional dependence of the EASM (Wang, B., et al. 2008), in
this study the East Asia (15°N-40°N and 105°E-120°E) is divided into five sub-regions every 5

degree along the meridian. Four groups of results are obtained by using only orbital forcing
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(Orb), orbital with CO, forcing (OrbCO»), orbital with ice sheet forcing (Orblce) and orbital,
CO: with ice sheet forcing (OrbCO:lce) as input, respectively. The performance of the emulator
is evaluated by a leave-one-out cross-validation approach. The output of one experiment was
compared with results predicted by an emulator based on the other 60 experiments left out (Fig.
S1). The emulator can predict most of the outputs within one standard deviation when they are
left out of the calibration procedure. To understand better the climate mechanisms, two additional
experiments were performed with HadCM3 and compared with two experiments chosen from the
61 HadCM3 simulations used to calibrate the emulator. The experiment setting, including

astronomical parameters, CO2 concentrations and ice sheet is given in Table S1.

3 Results

3.1 Sensitivity of summer precipitation to astronomical forcing, CO2 and ice sheet in

different sub-regions

Abundant precipitation is brought over East Asia in summer by warm and moist EASM.
Here we focus on precipitation in June, July and August (JJA) as precipitation is usually recorded
in paleoclimate records to indicate the EASM intensity. Precipitation in other seasons is also
analyzed by only briefly mentioned. Wavelet spectrum analysis is conducted to study the
periodicity of the emulated JJA precipitation in each sub-region. The continuous wavelet
transforms are performed using the MATLAB codes and a Morlet software package (Mallat,
1998; Torrence and Compo, 1998; Melice and Servain, 2003).

The summer precipitations emulated from Orb and from OrbCO, for the last 800 ky are
displayed in Fig. 1a, with ice sheets being fixed at pre-industrial (PI) condition. The precipitation
in the Orb group presents a consistent tendency with precession dominating in all latitudes.
Spectral analysis also shows a clear 23-ky period corresponding to the main periodicity of
precession (Fig. 1b). The important role of precession has been confirmed by many simulations
with idealized astronomical forcing (e.g., Bosmans et al., 2018). It controls the seasonality of
insolation at all latitudes and the summer precipitation is enhanced over Asia during minimum
precession when summer insolation in the NH is increased. A relatively weak ~41-ky cycle
brought by obliquity can be seen in the precipitation in 15-20°N. The effect of obliquity on

tropical climate via a direct response to changes in the cross-equatorial insolation gradient has
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been demonstrated in other studies (e.g. Bosmans et al., 2015). In contrast, there are only some

subtle differences between the precipitation in the Orb and OrbCO., implying that CO> has only

but a relatively weak effect on precipitation. As the wavelet spectrum shows, the period of

precipitation in the OrbCO: is also 23-ky, same as that in the Orb group (Fig. 1b).

Different from the Orb and OrbCO- groups, the periodicities of the summer precipitation
variation in Orblce and OrbCO:zlce depend strongly on latitudes. In general, the signals of the 41-
ky band in all latitudes in Orblce and OrbCO:lce are stronger than those in Orb and OrbCO,
which certainly reflects the influence of ice volume where strong 41-ky cycles can be found. In
both Orblce and OrbCOzlce, the precipitation variation to the north of 30°N have similar
periodicity and magnitude as the one caused by orbital forcing alone, indicating the dominant
role of insolation. In 25°-30°N, ice volume mainly affects the amplitude, but does not change the
period of the summer precipitation. The JJA precipitation is significantly reduced in most periods
of the last 800 ky except near the peaks of warm interglacials MIS-5e and MIS-11, when the
benthic-6'30 based ice volume reconstruction indicates an ice-level similar to today. However,
the precipitation variation is still dominated by the 23-ky precession cycle (Fig.1). The largest
impact of ice volume on summer precipitation occurs south of 25°N, with significant changes in
both magnitude and periodicity of precipitation variation when compared to the impact of orbital
forcing alone. In 20°-25°N, summer precipitation is mainly driven by ice volume, leading to a
major periodicity of 100- ky, although precession and obliquity cycles are also visible. In 15°-
20°N, the impact of ice volume is still strong, but its importance relative to precession is reduced
as compared to 20°-25°N, leading to both strong 23-ky and 100-ky cycles in the precipitation
variation. The response of the JJA precipitation to precession is advanced by about 3 ky in
Orblce and OrbCO:zlce as compared to Orb and OrbCO», leading to a phase difference between
the two groups of simulations. This could be related to the nonlinear response of the EASM to

different combinations of precession and ice volume as demonstrated in Yin et al (2009).

A variance-based analysis is conducted to quantify the impact of each forcing factor. To
compute the sensitivity index of one parameter, we fix it at its actual value, compute the
precipitation variance obtained by varying the other parameters throughout the 800 ky, and
average this variance over the different values of the aimed parameter to obtain a mean variance.

The total sensitivity index is defined as the mean variance divided by the full variance. The
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underlying theory and definitions are found in e.g., Saltelli (2004), and efficient computational
approaches with emulator, accounting for the uncertainty introduced by the emulator are given in
Oakley and O’Hagan (2004) and implemented in Araya-Melo et al. (2015). Figure 2 shows that
the summer precipitation between 15°-40°N shows a weak sensitivity to CO2 compared with
other factors. As already discussed above, in the north of 25°N, the precipitation variation is most
sensitive to precession, while ice volume and obliquity play a negligible role. In 20°-25°N, the
sensitivity of precipitation variation to precession is smaller than that to ice volume. In 15°-20°N,
precipitation change is sensitive to both precession and ice volume with precession being slightly
more influent.

In summary, our model results show the relative importance of insolation and ice volume
on the summer precipitation varies between regions. A strong precessional signal exists in the
long-term variation of the summer precipitation in all latitudes, while precipitation shows a
different degree of response to ice volume between the northern and southern part of the EASM
domain, with the impact of ice volume more visible south of 30°N than in the north. The spatial
difference in the summer precipitation response to precession and ice volume could at least partly
explain some of the variations in the spectral signature observed in different proxies. For
example, the stalagmite 3'30 record from Sanbao Cave (~31°N) (Wang, Y., et al., 2008), a pollen
record from Lake Biwa in Japan (~35°N) (Nakagawa et al., 2008) and a bore core from Bohai
(~37°N) (Yi et al., 2012) suggest a dominant effect of insolation and precession, while both ice
volume and insolation changes appear to influence precipitation in South China Sea (~12°N)
(Chen et al., 2003). In our study the 100-ky periodic signal in JJA precipitation in northern China
is not as dominant as in the magnetic susceptibility of the loess records usually used an indicator
of the EASM. However, the magnetic susceptibility of the loess is influenced not only by
summer precipitation, but also by temperature and dust input (e.g., Han et al., 1996; Porter et al.,
2001; Hao and Guo, 2005). Sun et al (2019, their Fig. 6) shows the annual mean temperature in
30°-40°N in East Asia has strong 100-ky periodicity due to the impact of ice volume. Therefore,
the 100-ky periodicity in the magnetic susceptibility of the loess could results at least partly from

the impact of temperature.

Unlike in northern China where summer precipitation dominates the annual precipitation,
in southern China in particular south of 30°N, the precipitation in other seasons is not much less

than the precipitation in summer. According to GPCC reanalysis data (1891-2016) (Schneider et
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al., 2011), JJA precipitation in 20°-25°N, 25°-30°N, 30°-35°N and 35°-40°N accounted for
47.5%, 38.2%, 48.9% and 61.0% of the year, respectively (There is almost no data in 15°-20°N
because of the large area of ocean). Therefore, we have analyzed also the response of
precipitation in other seasons and the whole year. Our results show that the response of
precipitation in other individual seasons to insolation and ice volume is similar to what we have
found for the summer precipitation in each sub-region. Annual mean precipitation contains more
power at 100-ky and 40-ky cycles, and less power around 23-ky, compared to the seasonal
precipitation, especially in northern China (Fig. S2). Our analysis shows that the effects of
precession on precipitation in local winter and summer are opposite, so the signals of precession
cancel each other on the annual scale. By contrast, the influence of ice sheet on precipitation in
each season is similar so that its influence appears stronger in the annual mean. Therefore, a
paleoclimate proxy for precipitation in northern China would exhibit 23-ky, 40-ky and 100-ky
cycles if it is sensitive to annual precipitation changes, rather than only to changes in summer

precipitation.

3.2 Mechanisms of diverse latitudinal response of summer precipitation to ice volume

To investigate the mechanisms causing latitudinal contrast in the response of the summer
precipitation to ice volume, we analyze four additional HadCM3 experiments (Table S1). H
insoLice and HinsoHice have similar latitudinal and seasonal distribution of insolation (Fig. S3)
and CO> concentration, with boreal summer close to perihelion. The difference between them is
mainly ice sheets, with much larger NH ice sheets in HinsoHice (Fig. S4). Their results reflect
the impact of ice sheets under high summer insolation condition. LinsoLice and LinsoHice
(Fig.S2) also have almost identical insolation and CO., and boreal summer occurs close to
aphelion. The difference between them allows to identify the effect of ice sheets under low

summer insolation condition.

The difference between HinsoHice and HinsoLice shows that large NH ice sheets lead to
significant precipitation decrease in the EASM and the Indian monsoon domains, and the
magnitude depends on regions (Fig. 3a & b). Precipitation decreases more in the south than in the
north, and the maximum occurs between 15°N and 25°N. In contrast, the precipitation increases
south of 10°N. The impact of ice sheet under low summer insolation has a similar pattern but

with smaller magnitude of precipitation change (LinsoHice minus LinsoLice) in particular in the
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southern part. This shows that the impact of ice sheets on the EASM depends on the background
insolation. Further analyses (Fig. S5) using more glaciation levels and more astronomical
configurations show that the variations of summer precipitation induced by glaciation level
depend on the background astronomical configuration, and those induced by a given
astronomical configuration depend on glaciation levels, a result which is in line with the finding
of Yin et al (2009) for MIS-13 using the LOVECLIM model. Fig. S5 shows that the relationship
between precipitation and glaciation level is nonlinear in all the latitudinal bands except in 30°-
35°N where a linear relationship is found. This nonlinear relationship is particularly pronounced
in low latitudes 15°-20°N and 20°-25°N, which is probably related to strong internal feedbacks
due to oceanic influence on the monsoon precipitation in low-latitudes such as for the Indian
summer monsoon shown in Clemens et al (2008). Moreover, the relationship between
precipitation and glaciation level varies for different astronomical configurations (Fig. S5),
showing the necessity of taking into account the background astronomical forcing when
discussing the effect of ice sheets on the EASM.

The controlling factors of EASM precipitation include the land—sea pressure gradient,
atmosphere moisture content, and the location of the Intertropical Convergence Zone (ITCZ).
Thus, the related processes are further analyzed.

First, the precipitation variation in Northern China is investigated. It is generally admitted
that the large-scale surface cooling induced by ice sheets reduces the land-ocean pressure
gradient contrast and weakens the EASM circulation. For example, in response to the forcing
under the Last Glacial Maximum (LGM) conditions, the annual precipitation decreased by 7—
29% averaged over China compared with the pre-industrial period in different models (Tian and
Jiang, 2016). Ice sheets cause a low pressure anomaly over northern Pacific and a high pressure
anomaly over the Eurasian continent, leading to a reduced land-sea pressure gradient, generating
anomalous northwesterly winds over East China (Fig. 3¢). These changes are consistent with the
effect of the LGM ice sheet as simulated in the model NESM v1, which has a similar resolution
as HadCM3 (Cao et al., 2019). Reduced land-sea pressure contrasts lead to a weakening of the
EASM. Accordingly, the water vapor flux from the Northwest Pacific, one of the major moisture
sources for the EASM precipitation, is also reduced (Fig. 3d). Low insolation causes similar
anomalous patterns in pressure, winds and temperature, but the magnitude of changes is smaller

than in the high insolation condition (not shown).
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The change in pressure gradient could explain the inland drought over China, but cannot
explain the maximum drought centered in ~20°N in Southern China. The location of the monsoon
precipitation belt and the EASM precipitation intensity are also strongly associated with the
location of the ITCZ (Chen et al., 2004; Lu et al., 2013; Ding et al., 2018). The ITCZ responses to
the differential heating between the two hemispheres, and the transport of moisture and energy
caused by the Hadley Cell partially compensates for the imbalance between the two hemispheres
(Kang et al., 2008; Schneider et al. 2014; Byrne et al., 2018). In the LGM simulations (hence, NH
cooling), the NH ice sheets shift the ITCZ southwards (Broccoli et al., 2006; Braconnot et al.,
2007). One way to quantify the movement of ITCZ is to identify the latitude closest to the equator
where the annual mean streamfunction (vertically averaged with mass weighting between 700 and
300 hPa) is zero, as done in Byrne et al. (2018). Using this method, our results show that the
location of the ITCZ is very sensitive to ice volume, and it is shifted significantly to the south
under large ice sheets condition (Fig. S6). However, compared to ice volume, the impact of

insolation on the location of ITCZ is relatively small.

Figure 4 shows the JJA vertical velocity anomalies (positive vertical velocity indicated by
negative omega) in pressure coordinates over 105°-120°E. In HinsoLice, the maximum rising
center of the JJA vertical velocity --- the ascending branch of the Hadley Cell --- is at ~19°N
(Fig. 4a). Compared to HinsoLice, in HinsoHice there is a subsidence anomaly north of ~12°N
and centered around ~20°N, and an ascending anomaly at ~10°N (Fig. 4b, HinsoHice minus
HinsoLice). This clearly indicates a southward shift of the ITCZ in response to the ice sheet. Fig.
4b also shows that the impact of the change in ITCZ is mainly over southern China (south of
25°N), which explains the stronger drought in southern China than in northern China in response
to the ice sheet forcing (Fig. 3a). The decreasing precipitation in India, Tibet Plateau, West Africa
and Tropic Pacific confirms the southward shift of ITCZ. Under low insolation condition, ice
sheets also lead to a southward shift of ITCZ (Fig. 4b, LinsoHice minus LinsoLice) but to a
lesser degree compared to what is found under high insolation condition. Hence, precipitation in
southern China is also less affected by ice sheets in low insolation condition (Fig. 3b).

In summary, as the vertical convergence/divergence of the moisture change is under the
control of the ITCZ, the convection precipitation in the south of the EASM domain is influenced

to a larger extent by ITCZ than in the north. Precipitation in the south of 25°N is more sensitive
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to the glaciation level, which influences the precipitation there through its control on the location
of ITCZ.

4 Conclusions

Insolation and ice sheets are both important factors controlling the East Asian summer
monsoon precipitation. Our study shows that in the north of 25°N of the EASM domain, the
variation of the summer precipitation is dominated by precession, and ice volume only modulates
the effect of insolation through influencing the land-sea pressure contrast. This leads to strong
23-ky cycles in the summer precipitation. However, in the southern part (south of 25°N), the
impact of ice volume becomes more important, leading to strong 100-ky cycles. Ice volume
controls the precipitation in the southern part via its dominant control on the location of the
ITCZ. The region under control of the ITCZ is more sensitive to the influence of ice volume than
other regions. The effect of ice volume on summer precipitation depends on background
astronomical configurations and vice versa. The relationship between summer precipitation and
glaciation level varies among latitudes and for different astronomical configurations. Our results
also show that obliquity and CO; have a small effect on the summer precipitation compared to

the influence of precession and ice sheets.
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Figure 1 (a) Emulated JJA precipitation for each latitude band. The black, green, blue and red
lines stand for results calculated from Orb, OrbCO,, Orblce and OrbCO:zlce, respectively. (b)
Wavelet spectrum analysis for JJA precipitation. The first, second, third and fourth column stand

for results calculated from Orb, OrbCO,, Orblce and OrbCO:zlIce, respectively.

Figure 2 The total sensitivity index of each variable.

Figure 3 JJA precipiation (mm/day) anomaly of (a) HinsoHice minus HinsoLice and (b)

LinsoHice minus LinsoLice. (¢) JJA geopotential (color shaded, gpm) and winds (arrow, m/s) on
850hPa anomaly (the regions below the topographic heights are set as missing values); (d) JJA
vertically integrated water vapor transport flux anomaly (kg/ms) (Only differences exceeding the

95% confidence level are plotted) of Hinso-Hice minus Hinso-Lice.

Figure 4 (a) JJA vertical velocity (negative omega indicates rising motion and vice versa) in
pressure coordinates integrated over 105°-120°E of four experiments; (b) JJA vertical

velocity anomaly of HinsoHice minus HinsoLice and LinsoHice minus LinsoLice.
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