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A B S T R A C T

Dust aerosol plays an important role in energy and water cycles of the earth system across multiple spatial and
temporal scales, and it is also a key factor in determining air quality in arid and semi-arid areas of Asia. Spring is
the season of peak dust activity (i.e. emission, transport, and sedimentation) in Asia. However, on the Earth's
orbit scale, spring dust activity in northern China (NC) and its relationship with atmospheric circulation have
seldom been investigated. We present the results of an analysis of the evolution characteristic on the astro-
nomical timescale, and dynamic mechanism of spring dust activity in NC, based on a transient numerical si-
mulation over the past 150 kyr spanning multiple precessional cycles. We found that within the precessional
band, spring dust transport is in-phase with insolation, the upper Westerly Jet on the north (nWJ) of the Tibetan
Plateau (TP), surface wind, and heating of the TP; whereas it is out-of-phase with Siberian high (SH), atmo-
spheric precipitation, and soil water. During the high-insolation stage, the nWJ is strengthened by the thermal
forcing of the TP, which causes a northward shift of the location of the Westerly Jet, so that dust activity is
enhanced by the propagation of upper-level waves. Meanwhile, during the high-insolation stage, the instability
of the lower atmosphere is increased due to the strengthening of the northerly wind associated with the
weakening of the SH and surface warming, together with their higher interaction, with the nWJ giving rise to
dust mobilization in the Asian arid and semi-arid source areas, and vice versa. Rainfall and soil moisture have
little influence on the dust cycle on the orbital scale, although modern observations show they have an important
inhibitory effect on dust emission.

1. Introduction

Dust aerosol plays an important role in energy and water cycles of
the earth system by linking radiation, precipitation, and atmospheric
circulation on multiple temporal and spatial scales. Many observational
and modeling studies on Asian dust cycle have been documented (e.g.,
Zhang et al., 1997; Zhao et al., 2006; Uno et al., 2009). Dust activity
(i.e. emission, transport and sedimentation) in East Asia is the strongest
in spring (Liu et al., 2004; Roe, 2009), possibly because intense dust
activity requires the simultaneous operation of three factors: the long
duration of the strong winds, abundance of dust particles, and in-
stability of the atmospheric stratification. The Asian dust source region
is relatively constant geographically, and hence wind speed and the
stability of the atmosphere are the key factors determining the dy-
namics of dust activity. As solar heating develops during the day, the

atmosphere often becomes unstable towards afternoon, leaving the
strong winds as the main factor in determining sandstorm occurrence.

The Eurasian interior contains the most extensive arid and semiarid
areas on Earth (Han et al., 2014). The Taklimakan Desert, Mu Us De-
sert, Badain Jaran Desert, Tengger Desert, and the vast Gobi Desert in
northern China (NC) are the main dust source areas of Asian arid region
(Fig. 1), and the dust hazards have become a key factor determining air
quality. With recent advances in high-resolution modeling and the in-
creasing availability of long-term geological records, there is increasing
evidence indicating that the climate of Eurasian on orbital timescales is
directly controlled by insolation. The long loess and paleosol sequences
from the Chinese loess Plateau (CLP) show that dust activity exhibits
significant orbital periodicities (Li et al., 2015). Using grain-size records
of the last glacial cycle from CLP, Sun (2004) suggested that the
strength of the westerly circulation and winter monsoon over East Asia
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were synchronously intensified during glacial stages and weakened
during interglacial stages. In addition, loess records from Central Asia
(Ding et al., 2002) and aeolian sedimentary records from the Japan Sea
(Nagashima et al., 2007) have revealed significant variations of Asian
dust activity on the orbital scale and their close relationships with at-
mospheric circulation. Other geological records, such as from sta-
lagmites (Bar-matthews et al., 2003; Yuan et al., 2004; Wang et al.,
2008a, 2008b; Cheng et al., 2012) and marine sediments (Wang et al.,
2005), also indicated that the regional climate of Eurasia experienced
pronounced cyclicity on the orbital cycles. Numerous numerical ex-
periments, including time-slice equilibrium simulations (Kutzbach,
1981; Prell and Kutzbach, 1987) and continuous transient simulations
(Kutzbach et al., 2008; Li et al., 2013; Wang et al., 2016), have con-
firmed the prominent orbital-scale cyclicity of Asian climates. However,
the precise mechanism of East Asian dust activity on the Earth-orbital
scale are still not fully understood.

The upper tropospheric mid-latitude westerly in the Northern
Hemisphere (NH), as an important component of the atmospheric cir-
culation, plays a key role in determining the weather and climate of
Asia, and it therefore affects the dust cycle over the arid areas of Asia on
multiple timescales (Li et al., 2019). The intensity and location of the
Westerly Jet axis (WJL) exhibit a pronounced seasonal evolution
(Zhang et al., 2006; Schiemann et al., 2009), and they have a major
influence on the Asian climate change and on dust cycle throughout the
troposphere (Jia et al., 2018), all year-round. As an elevated heat
source, the TP has exerted an important influence on the westerly and
its seasonal variation (Schiemann et al., 2009; Chiang et al., 2015; Li
and Liu, 2015b; Li et al., 2017; Zhang et al., 2017). In spring, as the
surface heating of the TP intensifies, the weakening zonal flow above
the TP tends to cause a latitudinal shift of the Westerly Jet or splitting
between northern (nWJ) and southern (sWJ) sides of the TP (Fig. 1).
The seasonal migration and variation of the intensity of the Westerly Jet
largely control the weather, climate and dust activity in mid-latitudes
Asia (Kohfeld et al., 2013; Chang et al., 2002; Li and Liu, 2015b). No-
tably, Li and Liu (2015b) found that the westerly around the TP is the
most unstable in term of latitudinal position in spring, which is the
season of peak dust activity in NC. In addition, the SH is much weaker
in spring, resulting in the instability of lower atmosphere which pro-
motes increased dust activity (Roe, 2009). Unlike glacial periods when
high northern latitudes were covered by ice sheets (Anderson et al.,
1988; Pinot et al., 1999), during interglacials the insolation changes
caused by Earth's orbital cyclicity was the main driver of climate
change. However, relatively little research has been conducted on the
evolution of Asian dust activity on the orbital scale, and on the

dynamical mechanism associated with atmospheric circulation and in-
solation. In the present study, we conducted a long-term transient si-
mulation in which Earth orbital forcing alone was used to analyze the
shifts of the Westerly Jet and their interaction with lower atmospheric
circulation. Our aim was to explore the dynamic mechanism of dust
activity within the precessional band.

The rest of this paper is organized as follows. Briefly describing
observational and reanalysis data, the model used, and experimental
design are presented in Section 2. In Section 3, we analyze the long-
term evolution of dust activity and relevant climatic elements within
the precessional band. In Section 4, we attempt to explain the re-
lationships between the Westerly Jet and its latitudinal shifts, SH, TP
heating, surface wind, vertical circulation, and dust activity, based on
analyses of high and low insolation stages. The major discussion and
conclusions are presented in Sections 5 and 6, respectively.

2. The data and model

2.1. Reanalysis and observational data

Two reanalysis datasets were used to analyze the relationship be-
tween modern dust activity and atmospheric circulation and to verify
the numerical simulation results. The first is the dust emission flux data
from the Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA2) dataset (Gelaro et al., 2017) pro-
duced by NASA's Global Modeling and Assimilation Office. MERRA2
includes hourly to monthly mean dust emission flux, dust column mass
density, dust surface mass concentration, dust column horizontal mass
flux, and dust sedimentation flux, at a spatial resolution of longitude
0.625° × latitude 0.5° for 1980–2016 (Buchard et al., 2017; Liu et al.,
2018). The average dust emission flux in spring during 1980–2016 is
shown in Fig. 2a. The other dataset is the National Centre for En-
vironmental Prediction (NCEP) reanalysis for 1954–2007. The NCEP
reanalysis data are the combination of the medium range forecast
(MRF) T62 model hindcast with in-situ observations (Kalnay et al.,
1996). The reanalysis data have a horizontal resolution of 2.5° × 2.5°

Fig. 1. Distribution of desert regions in Asia (shaded) and the regions of in-
terests in this study. NC: northern China (80–110°E, 30–45°N, black solid box);
nWJ: active area of the Westerly Jet on the north side of TP (80–100°E,
40–50°N, red solid box); sWJ: active area of the Westerly Jet on the south side
of TP (80–100°E, 20–30°N, red dashed box). The purple contour delineates the
distribution of TP terrain> 3-km elevation. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. Dust emission flux (colour shaded, unit: g/m2) and the 850 hPa wind
vector field (m/s) in spring. (a) MERRA2 and NCEP; (b) CESM1.2.
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and 17 vertically layers from 1000 to 10 hPa. The variables used in this
study of the NCEP reanalysis data are surface temperature, surface
sensible heat flux and winds.

Observational data of sandstorms were obtained from the China
Meteorological Information Center (http://data.cma.cn/). Each sand-
storm event (visibility < 1 km) was carefully recorded (Liu et al.,
2013) and the dataset quality was controlled with a high degree of
consistency (Zhou and Zhang, 2003). This dataset includes the start and
end times of each dust storm, visibility, and the wind speed. We se-
lected observational data on dust storms at 181 sites in NC covering the
common period of 54 years (1954–2007). The station–hour is used to
represent the intensity of a sandstorm; that is, the duration of sand-
storm in hours (Li and Liu, 2015a). This enabled us to obtain sequences
of observed strong sandstorms that link the dust activity in NC and
variability of the WJ.

2.2. Numerical model and experimental design

Version 1.2 of the Community Earth System Model (CESM1.2) of the
National Center for Atmospheric Research was used in this study.
CESM1.2 is a fully coupled global climate model consisting of five
components: the atmosphere (the Community Climate System Model,
CAM), the land (the Community Land Model, CLM), the ocean (the
Parallel Ocean Program, POP), the sea ice (the Sea-Ice Component,
CICE) and the Coupler. It is currently one of the world's most advanced
air-sea-land coupled models (Hurrell et al., 2013). The versions of each
component are respectively CAM5, CLM4, POP2, CICE4, CPL6. The
horizontal resolutions of the CAM5 and CLM4 are ~1.9° × 2.5° and the
vertical dimension contains 30 and 15 levels, respectively. The ocean
and sea ice components have a horizontal resolution of 1° × 1° and
depth (z) coordinates of 40 levels.

Notably, CAM5 in CESM1.2 incorporated a dust aerosol module
parameterizing dust emission, transport, and deposition (Neale et al.,
2010). The generation of dust particles is calculated based on the Dust
Entrainment and Deposition Module (Zender et al., 2003). The simu-
lation of the dust cycle in CAM5 was described and validated with
observational data (Mahowald et al., 2006; Yoshioka et al., 2007; Li
et al., 2016). Li et al. (2016) compared the atmospheric circulation,
dust emission fluxes, and dust optical depth from CESM1.2 with NCEP
reanalysis and Multi-angle Imaging Spectro-radiometer (MISR, http://
www-misr.jpl.nasa.gov) data. The results showed that the CESM1.2 and
dust modules can effectively simulate dust activity. The spatial dis-
tribution of spring dust emission flux averaged from MERRA2 and the
850 hPa wind field averaged for 1980–2010 from NCEP reanalysis, are
shown in Fig. 2a. It is evident that the dust emission flux was greatest
(> 50 g/m2) over the dust source regions of central Asia and northwest
China (Fig. 1). Similarly, the dust emission flux and the 850 hPa wind
field averaged for 1980–2010 derived from a 20th-century transient
(1850–2005) using CESM1.2 are illustrated in Fig. 2b. The horizontal
distribution of dust emission and the wind field from CESM1.2 resemble
the observations quite well, although the model overestimates the
amplitude of dust emission flux. The bias is probably due to the model's
coarse horizontal resolution and soil erosion factors. Overall, CESM1.2
can reliably capture the characteristics of dust activity and atmospheric
circulation.

Using CESM1.2, we conducted a long-term transient experiment
starting at 150 kyr BP using the orbital acceleration technique (Jackson
and Broccoli, 2003; Lorenz and Lohmann, 2004). The simulation was
started using fixed orbital parameters at 150 kyr BP to generate a quasi-
equilibrium state for the first 100 years, which is completely satisfied
when only changing the solar radiation. In this study, CESM1.2 used an
acceleration factor of 100 (1 model year = 100 calendar years), simi-
larly to the previous experiments using CCSM3 (Li et al., 2013). Thus,
the output 1500 model years represent the period from 150 kyr BP to
the present. In CESM1.2, a three-dimensional dynamic ocean (POP2) is
used to ensure a reasonable surface sea temperature (SST), although the

deeper seawater temperature is not realistic in the transient simulation
(Kutzbach et al., 2008). To highlight orbital irradiance effects alone, the
experiment does not consider changes in other factors such as surface
vegetation coverage, greenhouse gases, and high latitude glacial sheets.
The atmospheric CO2, CH4 and N2O concentrations are held constant at
289 ppm, 901 ppb and 281 ppb, respectively, as well as their pre-in-
dustrial values. During the entire integration, all boundary conditions
remain fixed to present day, except for Earth orbital forcing (Li et al.,
2013). All three orbital parameters (eccentricity, obliquity, and pre-
cession) are allowed to vary simultaneously during the course of the
integration.

In order to fully demonstrate the effects of Earth orbital-scale in-
solation, we choose the highest insolation stage (centered at
~129.3 ± 0.5 kyr BP, a total of 1100 calendar years and referred to as
the HI period) and the lowest insolation stage (centered at
~118.1 ± 0.5 kyr BP and referred to as the LI period) in order to
further explore how HI and LI insolation affects the TP heat source, WJ,
SH, surface wind, and dust activity in NC. The simulated long-term time
series were smoothed by a 3-kyr moving averages (30 model years) for
improved graphical clarity and to aid interpretation.

3. Long-term evolution of dust activity and relevant climatic
elements

3.1. Dust activity and geological record

Long time-series of dust activity derived from numerical simulations
and their comparison with high-resolution geological records can pro-
vide an improved understanding of the history of dust activity within
the Asian interior and its possible dynamic relationships with multiple
natural factors. This section presents the evolution of model-simulated
spring dust emission and deposition in NC during the last 150 kyr. The
dust emission (DE-NC, averaged for 80–110°E, 30–45°N) and deposition
(DD-NC) fluxes in NC comprise six complete 20-kyr cycles and are
synchronized closely with cyclicity of NH spring insolation (Fig. 3a and
d). During a precessional cycle, dust activity in NC gradually
strengthens (weakens) as solar radiation increases (decreases). Unlike
the symmetric insolation cycle, dust emission and deposition cycles are
slightly asymmetrical, with the rising phase increasing slightly faster
than descending phase (similar to temperature cycle at the eccentricity
scale: Petit et al., 1999).

High resolution loess sequences from the CLP demonstrate the high
sensitivity of Asian dust activity and monsoon variability to changing
insolation and glacial boundary conditions (Sun et al., 2015). We pre-
sent a loess time series of mean grain size (MGS) (Fig. 3b) at Gulang
(37°28′43″N, 102°52′28″E), located in the northwestern CLP, and
compare it with the simulated dust flux during the last 150 kyr. The
MGS record exhibits an obvious 100-kyr ice-age cycle associated with
glacial forcing, and the obliquity and precession cycle signals are also
clearly expressed in the MGS record (Li et al., 2015). The broken and
dotted lines linking Fig. 3a and b indicate peaks and troughs in dust
activity and MGS, respectively. As documented by geological records
and indicated by the transient simulation, the climate and dust signals
in the studied region during the last 150 kyr are overwhelmingly at the
precessional frequency. Therefore, for simplicity, we term the combined
orbital parameters as precession. Due to the low resolution of loess
samples together with chronological errors, the MGS would not be
expected to correlate precisely with the simulated dust flux. In general,
the MGS correlates with the strength of the East Asian winter wind,
with several lags or leads with respect to spring insolation (Liu and Shi,
2009).

Of the total amount of dust emitted in NC and then injected into the
atmosphere, about 30% settles in the dust source area, 20% is trans-
ported to inland China, and the remaining 50% is subject to long-dis-
tance transport to South Korea, Japan, the Pacific, and even to the
United States, Canada, Greenland, and elsewhere (Zhang et al., 1997,
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2003; Chen et al., 2017). Like the dust activity in NC, the dust de-
position flux (DD-EA) and column burden (DB-EA) for East Asia (EA,
90–115°E, 20–30°N) exhibit an obvious quasi-20-kyr period (Fig. 3c),
and the DD-EA cycle co-varies with insolation, with near-perfect timing
of the peaks and troughs. The DB-EA is consistent with that of the DD-
EA, and it co-varies synchronously with NH spring insolation. However,
the DB-EA series also exhibits suborbital- or millennium-scale cyclicity
when the insolation gradually increases from low to high. The phasing
discrepancy at some periods may be the result of other factors such as
internal feedback or variability of the climate system.

The perfect match in periodicity between dust activity, geological
records, and insolation, as well as the overwhelming dominance of 20-
kyr precession-scale variability, strongly suggest that insolation is the
major external driver of the NC dust cycle.

3.2. The Westerly Jet and heating of the TP

Driven thermally by insolation and dynamically by transient eddies,
during winter the upper westerly strengthens and expands to the

southern margin of the TP, whereas during summer it weakens and
withdraws to the north of the TP (Schiemann et al., 2009). The varia-
tion of the strength and latitudinal migration of the Westerly Jet di-
rectly influence the atmospheric circulation and Asian dust cycle during
the spring-summer seasonal transition period (Zhang et al., 1997). The
variation of the Westerly Jet may be related to the surface heating of
the TP (Krishnamurti, 2010). From an analysis of NCEP reanalysis data,
Li and Liu (2015b) found that when the TP is warmer near surface, the
Westerly Jet in the upper troposphere weakens to the south of the TP
and its axis shifts northward. Throughout the entire simulation period,
the sWJ and nWJ were out phase with each other; this means that the
sWJ and insolation were in opposite phase, while the nWJ and insola-
tion were in the same phase (Fig. 4a). The inverse phase relationship
between the sWJ and nWJ on the precessional scale may be closely
related to the thermal heating of the elevated surface of the TP.

The role of upper tropospheric circulation in the region is complex,
partly because of the high terrain of the TP together with the diversity
of the land use of East Asia. Variations in the intensity and shifts in the
location of axis of the Westerly Jet are affected by mechanical and
thermal forcing of the TP. Time series of the upper tropospheric
Westerly Jet axis in April and spring surface temperature over the TP
from the long-term transient simulation are presented in Fig. 4b. Si-
milar to the previous research results (Li et al., 2013), the evolution of
the axial position of the Westerly Jet during the past 150 kyr exhibits a
quasi-20 kyr cycle, which is synchronized with spring surface tem-
perature variations over the TP. Consistent with the finding of Li and
Liu (2015b), the sWJ weakens and the nWJ enhanced when spring TP
heating is strong. The enhancement of the heating of the surface of TP,
caused by increasing NH insolation, modulates the changes in the po-
sition of the Westerly Jet with respect to the TP. Solar radiation, as the
principal driver of global climate change at the orbital scale, via con-
vection, causes a temperature anomaly aloft during the seasonal tran-
sition. The difference in the 200 hPa temperature between May and
March (not shown) shows that, influenced by anomalous heating of the
TP surface during the HI stage, the upper tropospheric temperature in
May increase relative to March, which consequently shifts the axis of
the Westerly Jet northward.

Fig. 3. Time series of dust activities and geological records spanning the last
150 kyr. (a) Simulated spring dust emission flux (DE-NC) and deposition flux
(DD-NC) in NC; (b) geological record of the mean grain size (MGS) of loess from
Gulang in the Chinese Loess Plateau (CLP); (c) simulated spring dust deposition
flux (DD-EA) and column burden (DB-EA) in EA; (d) April insolation at 45°N.
The dashed and dotted lines linking (a) and (b) indicate peaks and troughs of
dust activity and corresponding MGS, respectively. The six vertical gray-shaded
bars represent six HI stages, same as below.

Fig. 4. Simulated time series of 200 hPa zonal wind (a) over north and south of
the TP (nWJ and sWJ, respectively), latitudinal location of the Westerly Jet
(WJL, defined as the position of the maximum 200 hPa zonal wind at each
longitude) in April, and spring surface temperature over the TP (b) during the
last 150 kyr.
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3.3. Surface wind and other relevant climatic elements

The SH is a persistent and dominating high-pressure system in NH
during wintertime, which results in a very stable air mass and inhibits
interactions between the surface and middle and upper troposphere
over the Asian dust source regions. However, in spring, the breakdown
of the SH and resulting vertical instability of the atmosphere causes the
upper-level waves propagated by the westerly to readily interact with
the surface to promote cyclone development (Roe, 2009; Li and Liu,
2015a). In this sense, the spring dust storms are closely related to
surface winds (Fig. 5a and b), rather than exclusively with the north-
westerly winter monsoon associated with SH (Roe, 2009). Analyses of
numerical simulations and observation of dust events in NC indicate
that the westerly can affect dust discharge and transport by facilitating
the downward transfer of westerly momentum to the near-surface
(Seino et al., 2005; Wang et al., 2008a, 2008b; Duan et al., 2013; Han
et al., 2019), which intensifies dust activity in spring when the SH
weakens. As a key factor for dust activity, the surface wind speed
( +U V( 2 2 ) in the dust source area is also in phase with insolation
(Fig. 5b). The northward shift, strengthening, and downward propa-
gation of momentum of the Westerly Jet over the TP, and strengthening
of northly wind caused by the weakening of the SH and surface
warming, result in the greater interaction of the upper tropospheric
westerly with the lower surface wind to produce cyclones in dust source
areas. With the increased of atmospheric instability during HI stages,
the vertical speed (Fig. 5b) is also enhanced and promotes the transfer
of dust to the upper layer.

As well as the surface wind, precipitation (Pre-NC) and soil water
content (SW-NC) over Asian dust source areas also affect dust emission.
The spring precipitation and soil water content in NC during the last
150 kyr also exhibit a quasi-20-kyr cycle and change synchronously
with spring insolation (Fig. 5c). Pre-NC and SW-NC values are both
large when insolation is high, and vice versa. This appears counter-
intuitive as moderate-excessive precipitation and wetness would be
expected to inhibit dust emission. In other words, precipitation and soil
water content are negatively correlated with dust activity on shorter
(seasonal, interannual or interdecadal) timescale (Liu et al., 2004). On
the orbital scale, Pre-NC and SW-NC within the first 10-cm of soil layer
vary slightly from 1.52 to 2.29 mm/day and from 2.32 to 2.58 kg/m2,
respectively (Fig. 5c). In comparison, surface wind can vary by 40%,
thus offsetting the inhibitory effect of precipitation and soil water on
dust activity. Thus, wind is more important in triggering dust storm
outbreaks (Kim et al., 2017) and is considered to be the main driver in
dust concentration predictions (Lu and Shao, 2001; Yin et al., 2005). A
calculated drought index based on observation station data during
1960–2005 shows that an obvious dryness/wetness trend in NC is ab-
sent, although precipitation exhibits a significantly increasing trend
(Wang and Tao, 2008). Furthermore, the dependence of dust saltation
(emission) on soil moisture is complex: when the surface is very dry
(relative humility < 25%) dust emission can even increase with in-
creased soil wetness. This increasing dust emission with wetness could
be due to the weakening of interparticle cohesion as water starts to be
adsorbed to dry particles (Csavina et al., 2014). Although precipitation
can scavenge dust via wet deposition, its effects can occur only during
rainfall events that are quite rare in the region.

4. Precessional-scale dynamic mechanism of dust activity

4.1. Shift of the WJ

The monthly variations of the axis of the Westerly Jet from March to
May show that during the HI stage the April and May Westerly Jet axes

Fig. 5. Simulated time series of relevant climatic elements in dust source area.
(a) SH; (b) surface wind and vertical speed (W); (c) precipitation (Pre-NC) and
soil water content (SW-NC).

Fig. 6. The latitudinal location of the Westerly Jet axis from March to May in
the HI (a) and LI(b) stages. The yellow shaded areas indicate the modern desert
regions in CESM1.2 as in Fig. 1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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migrate to the north side of the TP (Fig. 6). When insolation is low, only
the May axis moves to the north of the TP while the axes of March and
April remain on the south side of the TP. During the HI stage, the area
of the April–May zonal wind speed>20 m/s extends northward over
central Asia and the TP, while the maximum westerly wind is also si-
tuates to the north of the TP (Fig. 7). However, during the LI stage, the
extent of the area with zonal wind > 20 m/s is wider, and the axis
locates to the south of the TP. The difference in the zonal wind between
HI and LI stages shows that the zonal wind anomaly reaches peak va-
lues (> 4 m/s) to the north of the TP. It is noteworthy that the variation
of the East Asian subtropical Westerly Jet (EASWJ) stream is relatively
weak above Japan, and the largest negative anomaly (<−10 m/s)
occurs on the south side of the TP.

The mechanism of the westerly straddling the TP can be explained
by means of a schematic diagram (Fig. 8). Driven by differential mer-
idional radiation without the heating from the TP, the temperature

distribution is zonal, as is the mid-latitude westerly wind (Fig. 8a). The
heating of the TP induces an anomalous temperature field which in-
tensifies the temperature gradient of the upper troposphere to the north
of the TP, leading to a westerly anomaly on north of the TP and an
easterly anomaly to south (Fig. 8b). Superimposed on the heating of the
TP is the enhanced irradiance during the HI stage which peaks at
roughly the same latitude as the TP. This amplified heating induces a
negative potential vorticity (PV) center in the upper troposphere over
the TP. The combined effect of the astronomically-driven solar radia-
tion (Fig. 7f) and the TP-induced heating cause an enhanced westerly
on the north side of the TP and a weakened westerly on the south side
(Fig. 8c).

4.2. Vertical circulation associated with dust activity

Viewed from the perspective of the meridional vertical circulation

Fig. 7. The April–May 200 hPa wind (m/s) in HI (a), LI (b), difference between HI and LI (c, HI-LI), and their corresponding insolation (d-f, W/m2). For clarity, only
the wind speeds > 20 m/s are showed in (a) and (b). The yellow shaded areas in (c) represent the 95% significance level. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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field (Fig. 9), in the HI stage, the positive zonal wind anomaly present
to the north of the TP appears during the transitional period from spring
to summer. The strengthening westerly wind causes the entire upper
troposphere to extend down to surface where frequent sandstorms
occur (Fig. 9a). Affected by the elevated heat source of the TP, a spring
temperature anomaly dipole in the upper troposphere straddles the TP,
with positive values to the north (Fig. 9b). In spring, the TP is one of the
world's most powerful radiative heat sources (Zhao and Chen, 2001; Wu
et al., 2012). The strong heating during the HI stage weakens the sWJ
and strengthens the nWJ over the TP, causing the Westerly Jet to shift
northward to the north of the TP (Li and Liu, 2015b). Thus, the
anomalous radiative warming over the TP is the main reason for the
northward position of the WJ.

The average Westerly Jet axis in April in the HI stage moves to the

north of the NC desert region, which has important implications for jet
stream dynamics. The latitudinal position of the jet axis is crucial in the
four-quadrant convergence/divergence (i.e., sinking/rising motion
below) of jet stream dynamics (Bluestein, 1993). When mean position
of jet axis is shifted to the north of the desert source region, it is likely
that the nWJ-associated upward branch (Fig. 9b) of the traverse cir-
culation induced by upper-troposphere divergence/convergence is over
the Taklimakan desert, given the large variability of the position of the
WJ.

Comparison of the differences of spring sea-level pressure (SLP) and
surface temperature field between the HI and LI stages (Fig. 9c) reveals
that SLP is significantly reduced, which makes the atmospheric
boundary layer unstable. At the same time, the surface warming in the
dust source area is significantly higher than in the surrounding area,
and its temperature gradient causes the northerly wind to increase over
the entire dust emission domain. The percentage change in wind speed
( +U V( 2 2 ) for the HI stage relative to the LI stages increases sig-
nificantly on the northern side of the TP, especially in the dust source
area where the increase surface wind speed reaches 40% (Fig. 9). Over
the dust source regions, the wind speed increases by>0.6 m/s; the
local maximum reaches 0.8 m/s over the desert source area (Fig. 9d).
Given light winds near the ground surface, this 0.6–0.8 m/s difference
represents a 30–40% increase (see also Fig. 9a). This is mainly due to
the weakening of SH in spring, resulting in an increase in vertical at-
mospheric instability, and this phenomenon has been strengthened
during HI stage as illustrated in Fig. 5b at the precessional scale. SH
weakening and surface wind strengthening and their higher interaction
jointly give rise to unstable in the dust source areas. The surface wind
over the source regions is largely westerly or northwesterly (Fig. 9d).
The strengthened westerly wind is consistent with enhanced bar-
oclinicity promoted by the N-S temperature gradient. The westerly and
northerly wind increases caused by the gradients of surface pressure
and temperature are likely required by the vertical motion via mass
continuity.

4.3. Relationship between dust cycle dynamics and the upper westerlies
based on modern observations

Spring is the main season of sandstorm in the East Asian and the
most wavering season in term of the north-south shifting of the WJ. The
sequence of spring dust station-hour averaged for 181 sandstorm sta-
tions in NC during 1954–2007 is shown in Fig. 10a. The frequency of
spring sandstorm has weakened during the 54 years, which is consistent
with the previous research (Zhou and Zhang, 2003). On the inter-
decadal scale, however, the dust frequency was high in the 1960s, and
then it started to weaken from early 1970s till mid-1990s before slightly
rising afterwards.

According to the foregoing analysis, the upper-level westerly wind is
a key factor for dust activity on the precessional scale. There is a sig-
nificant positive correlation (Fig. 10a) between the April WJL and the
spring dust sandstorm series based on NCEP reanalysis and observed
dust station-hour data in NC during 1954–2007. When sandstorms were
more frequent - in the 1960s, at the end of the 20th century, and in the
early 21st century (Zhou and Zhang, 2003) - the WJL remained north of
~40°N; otherwise it was south of about 30°N. The correlation coeffi-
cient for two sequences is 0.372 (significant at the 99% level). How-
ever, correlation coefficients for the relationship between the WJL and
the sandstorm frequency in March and May, respectively, are only
−0.009 and 0.098 (not significant). This may be because the position of
the March WJL remains stable on the south side of the TP, whereas the
position of the May WJL is relatively stable on the north side. The April
WJL is the most vibrant in the latitudinal wavering. The standard de-
viations of the WJL in March, April and May are 4.26, 8.08 and 7.13°,
respectively. The red, green and purple solid lines in Fig. 10b represent
the maximum (average of 1964, 1969 and 1997), minimum (average of

Fig. 8. Schematic diagrams showing ideal distributions of mid-tropospheric
temperature (red lines) and upper Westerly Jets (blue arrows) around the TP
(black ellipses) in spring, under the influence of orbital-scale solar radiation (a),
heating from the TP (b), and the superposition of solar radiation and heating
from the TP (c). The red numbers (+1, +2, …) represent the relative tem-
perature values, and WARM indicates the TP heating area. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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1972, 1973 and 1997) and average (average of 1954–2007) of WJL
during the 1954–2007. The northernmost part of the WJL is just above
the dust source areas. In spring, the variation of zonal wind intensity on
the north side of the TP has a strong influence on the frequency of the
underlying sandstorm in NC. The stronger westerly winds and the more
northward the Westerly Jet axis, the stronger and more frequent dust
activities.

The spatial distribution of the correlation coefficients between
spring sandstorm frequency in NC and surface temperature in the TP as
a whole and the 200 hPa zonal wind speed during the 1954–2007 are
plotted in Fig. 10b and c, respectively. Of notable is that a zonally
elongated strip of positive correlation (r > 0.4, significant at the 99%
level) occurs along the northern flank of the TP. This means that a
warmer TP is more conducive to the enhancement of the westerly wind
on the north side of the TP, which leads to a strengthening of dust
activity in NC.

5. Discussion

Notably, in arid and semi-arid desert areas, changes in spring pre-
cipitation and soil water content are in-phase with dust activity and
inhibit dust emission, which is inconsistent with the modern observa-
tion results. We speculate that precipitation and soil water have a weak
influence on dust activity on precessional scale, while other factors (e.g.
surface wind, temperature, the Westerly Jet) play decisive roles.
Modern instrumental observations and reanalysis data show that the
sandstorm frequency in NC is positively (negatively) correlated with
nWJ (sWJ) strength (r > 0.4, significant at the 99% level) from 1954
to 2007, which emphasizes their close relationship; however, pre-
cipitation, soil moisture, and vegetation coverage have important ef-
fects on short time scales (e.g. seasonal, annual, decadal).

Atmospheric greenhouse gases concentration, surface vegetation
coverage, and high latitude ice sheets also influence the upper westerly
and dust activity, especially during glacial period (Li et al., 2018; Yu

et al., 2019). Geological records show that there are multiple fluctua-
tions (expansion or shrinkage) in dust source areas during the past (Lu
et al., 2013). The surface soil erosion status and drought in arid and
semiarid dust source area would affect the dust emission, transport, and
deposition on multiple spatial and temporal scales. However, the long-
term continuous transient experiment described herein only considers
insolation change caused by Earth orbital parameters. Essentially, the
present simulation can be regarded as a sensitivity study related to
insolation on the precessional scale, rather than attempt to accurately
reproduce actual dust processes; therefore, we have only made a qua-
litative comparison of the simulated dust cycles with geological records.
Based on modern observations and numerical simulations, Chen et al.
(2017) found dust emissions differences between two sub-regions
(Taklimankan and Gobi deserts), and the orbital scale changes deserve
further study. In addition, owing to the coarse resolution and inaccurate
age of the long records of loess deposits, speleothems, and marine de-
posits from East Asia, it is difficult to distinguish the seasonal varia-
bility. As proposed by Serno et al. (2017), the orbital-scale dust cycle
could be the result of the expansion of dust activity from spring to
summer, which will need to be investigated in the future research using
simulations and high-resolution geological records.

6. Conclusions

Using the latest version of the NCAR CESM, and based on the orbital
acceleration technique, including the atmosphere, land, ocean, ice and
their coupled processes, we analyzed the orbital-scale characteristics of
dust activity and relevant climatic elements, examined the possible
modulation of the upper Westerly Jet, and explored the possible me-
chanism governing interplays of insolation, the Westerly Jet and the
dust cycle. The principal results are as follows: In the long-term tran-
sient simulation, there is a dominant 20-kyr precessional cyclicity in
dust emission, sediment flux, and air column concentrations in spring
over northern China during the last 150 kyr. Dust activity is in near-

Fig. 9. Differences in circulation fields along the meridional cross-section (averaged over 80–100°E) between the HI and LI stages. (a) The zonal wind (black contour,
m/s) and its percentage (shading, %) and dust mass concentration (red contour, mg/kg); (b) the atmospheric temperature (shading, °C) and vertical circulation
(vector, the units are m/s for meridional velocity and − 0.01 Pa/s for the vertical pressure velocity); (c) sea-level pressure (shading, SLP, hPa) and surface
temperature (black contours, °C); (d) surface wind at σ = 0.95. The yellow and orange shading represents the semi-arid and arid dust source areas consistent with
Fig. 1. The black shaded regions in (a) and (b) denote the model topography in the transient experiment. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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perfect synchrony with April insolation at 45°N. During the high-in-
solation stage, the weakening of the Siberian high in spring and the
anomalous temperature gradient produce cyclogenesis which in-
tensifies dust activity in the desert regions. In addition, the elevated
heating over the TP modulates the latitudinal swings of the Westerly Jet
and thus influences the vertical circulation and dust activity. The
strengthening of the upper westerly, combined with weakening of the
Siberian high and surface warming, eventually lead to an increase in
surface wind ( +U V( 2 2 ) by up to 40% in the high-insolation stage,
giving rise to atmospheric instability which promotes dust activity over
the dust source regions.
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