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Forcing mechanisms of orbital-scale
changes in winter rainfall over
northwestern China during the Holocene
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Abstract

The moisture history in arid central Asia (ACA) differs from that in the Asian monsoon region during the Holocene. Much less is known about causes
of Holocene moisture changes in ACA than Asian monsoon precipitation changes, hampering our understanding of their spatiotemporal differences. In
this study, orbital-scale evolution of winter rainfall in northwestern China (a part of the core zone in ACA) during the Holocene and possible driving
mechanisms are investigated using results from a long-term transient simulation performed by an atmosphere—ocean—sea-ice coupled general circulation
model, the Kiel Climate Model, forced by orbital variations. Our results reveal a persistent wetting trend in northwestern China in winter throughout
the Holocene, which is in response to winter insolation at mid-northern latitudes. Winter insolation can influence the rainfall via three ways. First,
increasing latitudinal gradient of the incoming solar insolation at mid-latitudes strengthens the westerly intensity. Second, the evaporation is enhanced
because of insolation-induced winter temperature rising, resulting in an increase in the air humidity. Intensified westerly winds and the increased water
vapour together are conductive to enhance moisture transport towards northwestern China and thus increase winter precipitation in this area. Third, the
increasing trend of winter insolation weakens the East Asian winter monsoon, which is favourable for the formation of rainfall via crippling the Siberian

High that is beneficial for atmospheric lifting motion.
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Introduction

The mid-latitude Asian continent comprises two distinct climatic
regions (Chen et al., 2008, 2010; Dando, 2005): monsoon circula-
tion—dominated humid eastern part of Asia and mid-latitude west-
erlies—controlled arid central Asia (ACA). ACA is one of the
largest arid (desert) areas in the world, including several central
Asian countries, northwestern China, and southern Mongolian
Plateau. In the past decades, under the context of greenhouse gas
(GHG)-induced global warming, the East Asian summer mon-
soon (EASM) intensity in northern China experienced a persistent
weakening trend (e.g. Ding et al., 2008, 2009; Ye and Lu, 2012),
whereas climate in northwestern China has shifted from dry to
wet (Chen et al., 2011; Feng et al., 2007; Huang et al., 2015a;
Jiang et al., 2005; Shi et al., 2007; Su and Wang, 2007; Xu et al.,
2015). On interannual to decadal time scales, the Northern Hemi-
sphere circumglobal teleconnection (CGT) was suggested to be a
key factor affecting the leading mode of summer rainfall varia-
tions in northwestern China (Chen and Huang, 2012; Huang
et al., 2011, 2015a, 2015b). The CGT pattern is triggered and
maintained by the diabatic heating of Indian summer monsoon
(ISM) precipitation (Chen and Huang, 2012; Ding and Wang,
2005; Yang et al., 2007). During weak ISM years, the negative
phase of the CGT can induce anomalous moisture transport from
the Indian Ocean towards northwestern China, to potentially
increase summer precipitation in northwestern China (Huang
et al., 2015b). In contrast, the negative phase of the CGT tends to
reduce precipitation in the EASM region because of weakened

moisture transport from the western Pacific Ocean (Ding and
Wang, 2005). As such, the CGT pattern may have played an
important role in the inverse relationship between summer pre-
cipitation in northwestern China and the EASM region (Huang
et al., 2015a). The CGT tends to be weakened under anthropo-
genic global warming because of atmospheric stabilization and
decreasing relationship with ISM as well as weakening of the
ISM-EI Nino—Southern Oscillation relationship (Lee et al.,
2014), which can further intensify precipitation in northwestern
China and reduce precipitation in the EASM region. In winter,
precipitation in northwestern China is related to weak North
Atlantic Oscillation or Arctic Oscillation (NAO or AO) (Aizen
et al., 2001; Huang et al., 2013) and strong mid-latitude westerly
winds (Huang et al., 2013), both of which can increase moisture
transport from the North Atlantic to northwestern China and
hence enhanced precipitation in this region.
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Table 1. KCM Holocene simulation conditions and input.

Eccentricity Obliquity Precession CO, (ppm) CH, (ppb) N,O (ppb)
HOK 0.0167 23.4° 102° 286.2 805.6 276.7
HoK 0.0194 24.2° 303° Same as HOK
HT Varying from H9K to HOK Same as HOK
KCM: Kiel Climate Model; HT: Holocene transient.
The spatiotemporal features of climate and environment Methods
changes during the Holocene in the mid-latitude Asian continent L
Model description

have attracted great attention. Chen et al. (2008) revealed an
out-of-phase relationship in moisture evolution during the Holo-
cene between the ACA (synthesized from 11 lake records) and
EASM regions, showing that ACA experienced a dry early
Holocene, a wetter early to mid-Holocene, and a moderately wet
late Holocene, which was in contrast to the EASM evolution
throughout the Holocene. It is found that the out-of-phase rela-
tionship between moisture changes in ACA and monsoon-domi-
nated Asia existed on the orbital scale not only during the
Holocene (An et al., 2012; Chen et al., 2008; Huang et al., 2009;
Long et al., 2014) but also during last millennial scale (Chen
et al., 2006, 2010, 2015). In the study of Chen et al. (2008),
however, the region of ACA is divided apart from the EASM
region based on modern Asian summer monsoon limit, which
raises a question that some proxy records influenced by the
EASM during the early to middle Holocene were categorized
into ACA, causing erroneous estimation of the moisture evolu-
tion in ACA. This is due to the fact that the intertropical conver-
gence zone (ITCZ) shifted much more northward during the
early to middle Holocene compared with the present (Haug
etal., 2001), leading to a northward migration of the Asian sum-
mer monsoon limit. Recent study found that the core region
influenced by the westerlies includes Xinjiang in China during
the instrumental period (Huang et al., 2015a). Wang and Feng
(2013) synthesized four records from northern Xinjiang, show-
ing a wetting trend in northern Xinjiang over the past 8000 years
and an inverse relationship with the EASM. An aeolian sedi-
mentary sequence from Bayanbulak Basin in Tienshan Moun-
tains also indicated relatively wetter climate existed during the
middle to late Holocene in the core ACA area (Long et al.,
2014), which is also supported by the vegetation history in and
around the middle Caspian (Leroy et al., 2014).

The weakening EASM during the Holocene is attributed to
reducing summer insolation (e.g. Jin et al., 2014; Wang et al.,
2005). Driving factors for the climate change in ACA during
this period, however, were only sporadically investigated. The
increasing trend of winter insolation and associated cold-sea-
son temperature in northwestern Europe were suggested to be
responsible for the wetting trend of northern Xinjiang during
the past 8 ka (Wang and Feng, 2013). This is partially supported
by the modelling work from Jin et al. (2012). Jin et al. (2012)
indicated that the early Holocene (8.5 ka BP) desertification in
ACA was mainly caused by orbital forcing that weakened mid-
latitude westerlies and reduced the upstream evaporation in
boreal winter. In addition, the presence of the remnant Lauren-
tide ice sheets (LIS) and deglacial freshening of the North
Atlantic reduced the water vapour transport from the Mediter-
ranean, Black and Caspian Seas to ACA in winter during the
early Holocene, exacerbating the early Holocene desertifica-
tion in ACA (Jin et al., 2012). Despite the above studies, it is
still insufficient to reveal physical mechanisms of moisture
changes in ACA throughout the Holocene. In this study, we
investigated the behaviour of winter precipitation in northwest-
ern China (a core zone in ACA) and associated driving factors
during the Holocene via analysing results from a transient sim-
ulation performed by a coupled general atmosphere—ocean—
sea-ice model.

The model used in this study is the Kiel Climate Model (KCM)
(Park et al., 2009), a coupled general atmosphere—ocean—sea-ice
model. The model comprises the spectral atmospheric model
ECHAMS (Roeckner et al., 2003) and the Nucleus for European
Modelling of the Ocean (NEMO) (Madec, 2008) ocean—sea-ice
general circulation model, coupled through OASIS3 (Valcke,
2006). Models described here did not couple anomalies or use a
flux correction. The horizontal resolution of ECHAMS is T31
(3.75°x3.75°), and in the vertical direction there are 19 levels up
to 10hPa. The horizontal resolution of NEMO is on average 1.3°
based on 2° Mercator meshes with grid refinement in the tropical
regions, where the meridional grid-point separation reaches 0.5°.
NEMO assumes 31 vertical levels. The KCM has been used for
studies of internal climate variability (Park and Latif, 2008,
2010), external forced variability (Latif et al., 2009) and the Holo-
cene Asian summer monsoon precipitation changes (Jin et al.,
2014; Zhang et al., 2015). A detailed description of the KCM is
given by Park et al. (2009), including further information on the
performance of the model.

Numerical experiments

We conducted three simulations using the KCM. First, two equi-
librium simulations for two time slices were performed using the
KCM: the early Holocene (9500 years before present (BP), HOK)
and the pre-industrial (AD 1800, HOK), respectively. The experi-
ments HOK and HOK were both initialized with Levitus climatol-
ogy data (Levitus, 1982) and integrated for 1000 years under the
orbital configurations (eccentricity, obliquity and precession;
Berger and Loutre, 1991) for 9.5 and 0 ka BP, respectively. GHG
(i.e. the atmospheric concentrations of CO,, CH, and N,O) con-
centrations were held constant at pre-industrial levels.

After the two equilibrium simulation experiments, we per-
formed a Holocene transient (HT) simulation forced by the
Earth’s orbital forcing for the period from 9.5 to —0.5 ka BP
(500 years after present). The HT simulation started from the last
year of the equilibrium experiment H9K. The orbital parameters
(Berger and Loutre, 1991) were varied from 9.5 to —0.5 ka BP
under a 10% acceleration scheme (Lorenz and Lohmann, 2004) to
efficiently manage computational resources. As such, the climate
trends and feedbacks of the last 9500 years (9.5-0 ka BP) and the
next 500 years (0 to —0.5 ka BP), imposed by the external orbitally
driven insolation changes, were represented in the experiment by
1000 model years in 10-year intervals. The GHG concentrations
were the same as in the control run. Boundary conditions for the
three simulations are further summarized in Table 1.

The performance of the KCM in modelling Holocene climate
in Asia has been examined by Jin et al. (2014) and Dallmeyer et al.
(2015). The KCM reproduces well the general feature of Holocene
climate (precipitation and temperature) in northwestern China.

Definition of westerly intensity index

It is essential to define an index to measure the strength of the
mid-latitude westerlies that have been suggested to be a key factor
affecting Holocene moisture evolution in ACA (e.g. Wang and
Feng, 2013). The strength of the mid-latitude westerlies can
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simply be measured by zonal mean winds (westerlies) averaged
over a selected area (e.g. 35°-55°N and 0°-90°E in this study). In
addition, the westerly geostrophic wind (u,), which is described in
detail in the following, is used to indicate the westerly intensity
and to reflect the dynamic mechanism of westerly circulation.

Due to the difference in solar heating between mid-latitudinal
and subpolar regions, winds across the mid-latitudes would blow
in a poleward direction if the Earth were a non-rotating planet.
However, the Coriolis effect caused by the rotation of Earth
induces winds to steer to the right (left) in the Northern (South-
ern) Hemisphere (Figure 1). Therefore, winds across the mid-lat-
itudes tend to blow from the west towards the east, referred to as
the prevailing westerlies. The strength of the mid-latitude wester-
lies then can be estimated using the geostrophic balance (Holton,
2004), in which the Coriolis force ( f'® u,, where fis the Coriolis
parameter) is balanced by the pressure gradient force (—0®/dy,
where @ is the geopotential height) (Figure 1). Therefore,

oD
0y, =———
Sfoug o
We thus obtain
1 00
Uy =——®
ooy

The westerly intensity index can be further simplified to the dif-
ference in geopotential height between 35°N and 55°N (Rossby
et al., 1939). Since geopotential height is closely related to air
temperature, this westerly intensity index can dynamically and
thermodynamically relate the mid-latitude westerlies to insolation
forcing on orbital time scales.

Evolution of boreal winter rainfall
in northwestern China

Boreal winter (December—January—February, DJF) precipitation
in northwestern China during the Holocene has been revealed to
contribute a great deal to moisture evolution in northwestern
China (Jin et al., 2012; Kutzbach et al., 2014; Wang and Feng,
2013). Figure 2 depicts the evolution of boreal winter rainfall in
northwestern China (averaged rainfall over the region of 35°—
50°N and 75°-100°E, black line) on orbital time scales (99-point
filtered), showing a general increasing trend from 9 to 0 ka BP.
This model result coincides with the synthesized moisture index
from four proxy records in northwestern China (Figure 2, blue
line) except a mismatch during the early Holocene. Proxy records
revealed much drier climate in northwestern China during the
carly Holocene than the middle Holocene. However, the modelled
DIJF precipitation during the early Holocene resembled the mid-
dle Holocene, probably resulting from the neglecting of ice sheets
and deglacial freshening of the North Atlantic in the HT simula-
tion. The remnant LIS and meltwater into the North Atlantic
could have weakened precipitation in northwestern China during
the early Holocene (Jin et al., 2012), and their effects were negli-
gible during the middle and late Holocene when the remnant LIS
was disappearing by 7 ka BP (Peltier, 2004).

Physical mechanisms responsible
for Holocene changes in boreal
winter rainfall over northwestern
China

Orbitally driven insolation forcing is considered to be the most
prominent forcing mechanism for Earth’s long-term climate
changes (Milankovitch, 1941). It is generally believed that varia-
tion of winter (DJF) precipitation in northwestern China is closely

h-2
pressure gradient force

h-1 westerly
geostrophic
wind

h coriolis force
h+1
h+2

Figure 1. Schematic of the formation of the mid-latitude
westerlies. h corresponds to geopotential heights.
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Figure 2. Comparison of simulated boreal winter (December—
January—February, DJF) precipitation in northwestern China
averaged over the region of 35°~50°N and 75°-100°E (black line,
99-point filtered) and synthesized moisture index from proxy
records in northwestern China (blue line,Wang and Feng, 2013)
during the Holocene.

linked to changes in the Northern Hemisphere westerly circula-
tion during the Holocene (e.g. Chen et al., 2008; Jin et al., 2012;
Wang and Feng, 2013). As shown in Figure 3a, mid-latitude win-
ter westerly winds (red line) at 500 hPa upstream of northwestern
China (35°-55°N, 0°-90°E) have shifted from weak to strong
from the early to late Holocene, coinciding well with DJF rainfall
in northwestern China (black line), with a correlation coefficient
0f 0.83 (p<0.05) on orbital time scales during the Holocene (9-0
ka BP). This significantly positive relationship between DJF rain-
fall in northwestern China and mid-latitude winter westerly winds
is also seen in the middle and upper troposphere (Figure 4). How-
ever, it is in contrast to the result of Li et al. (2013), who found an
inverse relationship between winter (DJF) precipitation in ACA
and the westerly index on orbital time scales during the last 150
ka BP in a transient simulation. This is probably due to that the
‘westerly index’ defined in the study of Li et al. (2013) is different
from ours, which was the global average of the sea level pressure
(SLP) differences between 35°N and 55°N. This surface westerly
index (Li et al., 2013) is similar to the AO index that is defined as
the normalized difference in global zonal-averaged SLP anoma-
lies between 35°N and 65°N (Li and Wang, 2003), which was
suggested to be negatively correlated with boreal winter precipi-
tation in ACA (Aizen et al., 2001; Huang et al., 2013).

The Coriolis effect is the key factor in the large-scale dynam-
ics of the atmosphere driving prevailing westerlies at middle—
high latitudes (Holton, 2004). Since DJF rainfall has a consistent
significant positive relationship with westerlies throughout the
middle to upper levels in the troposphere (Figure 4), we only use
westerly winds at 500hPa in the following analyses. The mean
zonal winds over 35°-55°N and 0°-90°E at 500hPa (Figure 3b,
blue line) fit well with the westerly geostrophic wind (Figure 3b,
black line), the latter is defined as the geopotential height gradient
between 35°N and 55°N at 500hPa over the area of 0°-90°E
(Rossby et al., 1939), which is mainly controlled by temperature
gradient (R=0.94, p<0.05) (Figure 3b, magenta line) that itself is
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Figure 3. Holocene (9-0 ka BP) climate simulations as estimated by KCM HT experiment: (a) DJF precipitation in northwestern China
averaged over the region of 35°~50°N and 75°—100°E (black line) and a comparison with DJF zonal mean winds (westerlies) averaged over
35°-55°N and 0°-90°E at 500 hPa (red line) on orbital time scales (99-point filtered); (b) Westerlies (blue line) and westerly geostrophic wind
(black line) compared with the difference in tropospheric temperature between 35°N and 55°N at 500 hPa over the area of 0°-90°E (magenta
line) on orbital time scales (99-point filtered). The difference in boreal winter (December) insolation between 30°N and 60°N (red line) is
plotted for comparison.The westerly geostrophic wind is defined as the difference in geopotential height between 35°N and 55°N at 500 hPa
over the area of 0°~90°E. (c) DJF precipitation in northwestern China (black line) compared with the absolute humidity (magenta line) and
vapour flux (blue line) over the region of 35°~55°N and 0°-90°E at 500 hPa on orbital time scales (99-point filtered). December insolation at
45°N (red line) is plotted for comparison; (d) DJF precipitation in northwestern China (black line) compared with the strength of the EAWM
(blue line) on orbital time scales (99-point filtered). December insolation at 45°N (red line) is plotted for comparison. The EAWM index is
defined as the mean sea level pressure over the region of 40°~60°N and 70°-120°E (Gong et al.,2001).
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Figure 4. Correlation coefficients between DJF precipitation in
northwestern China (35°~50°N and 75°-100°E) and westerlies at
different geopotential heights. The dashed line is significant at the
95% significance level estimated with a Monte—Carlo experiment
(Di Lorenzo et al., 2010; Livezey and Chen, 1983;Thompson, 1979).

dominated by the latitudinal insolation gradient (Figure 3b, red
line). Accordingly, the westerly wind intensity is originally related
to the insolation gradient. In other words, winter precipitation in
northwestern China is closely related to the winter insolation gra-
dient at mid-latitudes.

Resembling summer monsoonal winds that carry plenty of
moisture from the Indian and Pacific oceans to the EASM region
causing heavy rainfall during boreal summer, one important way
that westerlies exert their influence on winter rainfall in north-
western China is via transporting moisture from North Atlantic

and Mediterranean, Black, Caspian Seas to northwestern China
(Jin et al., 2012). The water vapour content (Figure 3¢, magenta
line) upstream of northwestern China experienced an increasing
trend from the early to late Holocene. The upstream moisture con-
tent is closely related to winter precipitation in northwestern
China, with a correlation coefficient of 0.73 (p<0.05) on orbital
time scales during the Holocene (9—-0 ka BP). The gradually
increasing atmospheric moisture content follows the evolution of
winter insolation at 45°N during the Holocene (9-0 ka BP) (Fig-
ure 3c, red line), which is because an enhanced winter insolation
induced an increase in the evaporation over the North Atlantic,
Mediterranean, Black and Caspian Seas. The strengthened west-
erly winds and the increased atmospheric moisture content can
thus enhance moisture transport towards northwestern China
(Figure 3c, blue line), which is significantly correlated with pre-
cipitation in this area (R=0.81, p<0.05). The atmospheric mois-
ture over the North Atlantic, Mediterranean, Black and Caspian
Seas can be transported to ACA via a wave train in the middle—
upper troposphere (Figure 5a—c).

In addition to atmospheric moisture condition, the lower level
atmospheric circulation (vertical movement) is an important fac-
tor for the formation of precipitation. During boreal winter, the
lower level atmospheric circulation over Eurasia is dominated by
the East Asian winter monsoon (EAWM) system with powerful
Siberian High generating dry sinking airflow, which is unfavour-
able to the formation of precipitation in northwestern China. Sim-
ulated EAWM intensity was stronger during the early—middle
Holocene (9—4 ka BP) and weaker during the late Holocene (4-0
ka BP) (Figure 3d, blue line), which is consistent with the proxy
record revealed from aeolian sediments at the southern edge of
the Gobi Desert, western China (Li and Morrill, 2014). The
EAWM is negatively correlated with winter rainfall in northwest-
ern China (Figure 3d), with a correlation coefficient of —0.81
(»<0.05) on orbital time scales during the Holocene. Holocene
evolution of the EAWM corresponds to the increasing winter
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Figure 5. Composite differences in DJF mean wind fields (unit:
m/s) at (a) 200 hPa, (b) 500 hPa and (c) 700 hPa between the late
(0.5-0 ka BP) and the early (9-8.5 ka BP) Holocene. Blue vectors
indicate that differences are significant at the 95% significance level.
The magenta box indicates the study area (35°~50°N and 75°-
I00°E) in northwestern China.

insolation (Figure 3d, red line). At ~8 ka BP, a relatively wet cli-
mate was accompanied by the weakest westerly intensity (Figure
3a, shading), which was probably related to the weak EAWM at
that time (Figure 3d, shading).

In addition, cloud condensation nuclei (also known as cloud
seeds) that serve as surfaces on which water vapour condenses are
crucial to form rain. Tiny particles of dust can act as cloud con-
densation nuclei. ACA area, which is known as a main dust source
of Asia, can provide sufficient cloud condensation nuclei to atmo-
sphere to form rain. Moreover, the grain sizes of sediments in
ACA area have shifted from coarse to fine from the early to late
Holocene (An et al., 2011; Li and Morrill, 2014), suggesting more
sufficient cloud condensation nuclei in the atmosphere during the
late Holocene than that during the early Holocene.

Conclusion

In this study, using simulation results from an atmosphere—ocean—
sea-ice coupled general circulation model (KCM) forced by
orbital variations, we analysed the physical mechanisms for
orbital-scale evolution of winter rainfall in northwestern China
during the period of 9-0 ka BP. Our simulations neglected other
forcing factors, such as GHGs and ice sheets, which may misesti-
mate the evolution of winter rainfall in northwestern China and
hinder a full understanding of the associated physical mecha-
nisms. However, these forcing factors are of minor importance
compared with orbital forcing during the Holocene (Schneider
et al., 2010), as also supported by the model-data comparison in
this study (Figure 2).

Water vapour, vertical movement and condensation nucleus are
critical to the formation of precipitation. In ACA, the condensation
nucleus is not the limitation for precipitation since widely distrib-
uted deserts and sandy lands can provide sufficient condensation
nucleus. The formation of winter rainfall in northwestern China is
thus mainly determined by water vapour and vertical movement
(dominated by the Siberian High). Hence, the responses of water
vapour transportation and the EAWM to insolation forcing as well

as internal feedbacks of climate system are crucial to understand
the physical mechanisms for winter precipitation in northwestern
China during the Holocene.

Winter rainfall in northwestern China during the Holocene as
estimated from the KCM simulation shows a persistently increas-
ing trend, which is generally consistent with the moisture index
evidenced by proxy records in northwestern China since ~8 ka BP
(Wang and Feng, 2013). The continuously increasing winter pre-
cipitation in northwestern China during the Holocene is closely
related to the mid-latitude westerly winds and the increase in
vapour flux upstream this area. The westerly wind intensity is
influenced by the insolation gradient at mid-latitudes that controls
the meridional thermal difference. The water vapour content is
closely related to insolation at mid-latitudes that affects surface
temperature and thus the evaporation. In addition, winter rainfall
in northwestern China is negatively related to the EAWM, which
is also controlled by insolation at mid-latitude that regulates the
surface temperature and thus the strength of the Siberian High
during boreal winter season. Since Holocene evolution of the
Asian summer monsoon is mainly controlled by summer insola-
tion (e.g. Jin et al., 2014; Wang et al., 2005), we suggest that
changes in the seasonal cycle of incoming solar radiation driven
by Earth’s orbital changes have probably played an important role
in the out-of-phase relationship in the moisture evolution between
the ACA and EASM regions during the Holocene.
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