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Abstract
The northern mid-latitude westerlies play an important role in the climate interactions between the low and high latitudes. 
Our understanding of the factors that control the latitudinal displacement of the westerlies remains incomplete due to insuf-
ficient climatic proxy. Here we present a latitudinal-shift record of the westerlies in the eastern Central Asia over the past 
70,000 years, on the basis of the grain size of the loess sequence from the Tacheng basin. On millennial timescale, the vari-
ation of the reconstructed westerlies resembles that of the Greenland temperature and the Atlantic meridional overturning 
circulation (AMOC), indicating the role of the AMOC on the westerlies. On orbital time scale, their variation is controlled by 
precession and insolation. Our analyses of the LOVECLIM and CCSM3 models’ results show that the impact of insolation 
and AMOC on the latitudinal shift of the westerlies is through changing the latitudinal temperature and pressure gradients.
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1  Introduction

The mid-latitude westerlies are the prevailing eastward 
winds extending from the earth’s surface up to the strato-
sphere in both hemispheres. As one of the major components 
of the large-scale atmospheric circulations, westerlies exert a 
considerable influence on the global climate by modulating 

the transport and distribution of momentum, heat, and mois-
ture. They are products of baroclinic instability that develop 
particularly intensely in winter due to the strong pole-to-
equator temperature gradient (Son and Lee 2005). Changes 
in the position and intensity of the westerly jets associated 
with storm tracks play a key role in reshaping precipitation 
patterns in middle latitudes (Yin 2005).

The last glacial period was characterized by a series of 
rapid millennial-scale climatic oscillations referred as the 
Dangsgaard–Oschger abrupt events which are best defined 
in the Greenland ice core records (Dansgaard et al. 1993). 
These events can be linked to the Atlantic meridional over-
turning circulation (AMOC) at diverse regions on mil-
lennial timescale (Clement and Peterson 2008; Sun et al. 
2012). In addition, the westerlies also transmits the high-
latitude North Atlantic signals to mid-latitude regions (Li 
et al. 2016b). They encompass a large meridional domain 
controlling climatic changes in Europe (Brauer et al. 2008) 
and Central Asia (Li et al. 2016b) (Fig. 1). Many modelling 
and proxy studies have contributed to the understanding of 
the AMOC, but few on the mid-latitude westerlies. Espe-
cially, the evolution history of the westerlies is less well 
understood due to insufficient paleoclimate records. To bet-
ter know the variations of the mid-latitude westerlies on 
millennial and orbital timescales and their forcing mecha-
nisms, we reconstructed the latitudinal-shift variations of 
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the northern westerlies during the last 70,000 years based 
on two high-resolution loess records in eastern Central Asia. 
The optically stimulated luminescence (OSL) analyses were 
performed to provide an independent chronology to assess 
the latitudinal shifts of rapid westerlies. Furthermore, we 
combine loess, speleothem and sea ice records with model 
simulations to investigate the physical mechanisms of mil-
lennial- and orbital-scale variations of the westerlies.

2 � Geographical settings and loess 
sequences

The Tacheng basin, situated at the eastern Central Asia, is 
a suitable place for reconstructing the past variability of the 
mid-latitude westerlies because the precipitation and dust 
transportation in this basin are almost entirely controlled 
by the westerlies (Figs. 1, 2). Figure 2 shows that similar to 
other westerlies-dominating regions, the dominant precipita-
tion seasons at Tacheng are spring and winter. The moisture 
there is mainly transported from the Atlantic Ocean, Medi-
terranean Sea, Black Sea and Caspian Sea by the westerlies 
(Aizen et al. 1996). Moreover, dust storms prevail in the 
Tacheng region from April to October, mainly during the 
dry summer season. To explain the relationship between the 
dust storms in the Tacheng and atmospheric circulation, we 
made the correlation between dust storm day anomalies, the 
sea ice index and the previous winter/summer North Atlantic 
Oscillation (NAO) index (Fig. 3), which are a major source 
of interannual climate change in the Northern Hemisphere 
(Hurrell and Van Loon 1997). The high positive correlation 

between the winter NAO index and the dust storm day in the 
Tacheng during 1966–1989 showed the winter NAO index 
is a main factor for dust storm outbreaks over the Tacheng 
by the transmit of the westerlies, while the lower correla-
tion during 1990–2005 maybe be attributed to a pronounced 
decrease of sea ice (Zhang et al. 2006). Our two-loess sec-
tion Tacheng (TC) (N46°53′, E82°58′) and Yumin (YM) 
(N46°12′, E82°54′) are about 300 km away from the mod-
ern Saryesik Atyrau Desert margin and are situated in the 
depocenter of the modern dust storms (Fig. 1). At present, 
the Saryesik Atyrau Desert is the main source of the dust 
transported to the Tacheng basin.

3 � Methods

3.1 � Sediment dating

All OSL samples were collected in light-tight steel tubes, 
sealed in black plastic bags to avoid light and water loss. 
Sample preparation and measurements were carried out 
under subdued red light in the Luminescence Dating Labo-
ratory of the Qinghai Institute of Salt Lakes, Chinese Acad-
emy of Sciences. In laboratory, sediments at two ends of the 
tube, which may have been exposed to daylight during sam-
pling, were scraped away and were used for radioisotope (U, 
Th and K) concentration measurement, and the remainder of 
the unexposed materials in the middle part of the tube were 
prepared for OSL equivalent dose (De) estimation.

Quartz fraction of 38–63 µm was extracted by wet siev-
ing after a series of treatments using 10% HCl and 30% 

Fig. 1   Loess sections, meteorological station and cave locations (the 
insert shows the map position in the world). Black star is for Tacheng 
loess, blue stars for Sofular and Soreq Caves, red dots for mete-
orological stations from National Climatic Data Center (http://www.
clima​te.gov/data/maps-and-data#) and China meteorological data net-

work (http://data.cma.cn/): 1—Ankara; 2—Aral Sea; 3—Kzyl-Zar; 
4—Tacheng; 5—Yining; light orange ellipse indicates the Saryesik 
Atyrau desert (S). Light blue arrow depicts wind directions of the 
westerlies

http://www.climate.gov/data/maps-and-data#
http://www.climate.gov/data/maps-and-data#
http://data.cma.cn/
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H2O2 to remove organic material and carbonates, and 40% 
fluorosilicic acid to remove feldspars and alpha-irradiated 
outer layer. We use heavy liquids with densities of 2.62, 
2.75, and 2.58 g/cm3 to separate the quartz and K-feldspar 
fractions. The silica saturated fluorosilicic acid (H2SiF6) was 
then used to treat 38–63 µm quartz for about 2 weeks, while 
the 63–90 µm quartz was etched with 40% HF for 60 min, 
and then treated with 10% HCl to remove any fluoride. The 
purity of extracted quartz was detected by IR stimulation. 
When the IR signal is obvious, the quartz particles were 
retreated with H2SiF6 or HF. Repeat these processes until the 
IR signal is negligible in order to avoid age underestimation. 
Quartz grains were then mounted on the center of stainless-
steel discs (5 mm in diameter) with silicone oil.

OSL measurements were carried out using an automated 
Risø TL/OSL DA-20 reader. The OSL signal was detected 
by a 9235QA photomultiplier tube through a 7.5 mm Hoya 

U-340 filter. Laboratory irradiation used a 90Sr/90Y beta 
source. OSL stimulation was carried out for 40 s at 130 °C. 
The stimulation used blue LEDs (λ = 470 ± 20 nm) for quartz 
OSL. A á value of 0.035 ± 0.003 was used for 38–63 µm 
quartz (Lai et al. 2008). A combination of single aliquot 
regenerative-dose (SAR) protocol (Murray and Wintle 2000) 
and standardized growth curves (SGCs) (Lai 2006) was used 
for 20 samples De determination. For each sample, six ali-
quots were tested by SAR to establish an SGC, and then 
12–16 additional aliquots were tested by SGC. The final De 
for each sample was derived from the mean of the SAR De 
and the SGC De. The net quartz OSL signals of the initial 
0.64 s of stimulation were integrated for decay curve con-
struction after subtraction of the last 8 s signals.

Typical OSL decay curves and growth curves of sample 
TC-10 and YM-6.5 are shown in Fig. 4. The blue-light stim-
ulated OSL signals decrease rapidly during the first second 

Fig. 2   Monthly mean precipita-
tion (red curve, unit in mm/
month), air temperature (black 
curve, unit in °C), and dust 
storm days (green curve, unit in 
day) from five meteorological 
stations in the westerlies domi-
nating regions (site numbers are 
shown in Fig. 1)
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of stimulation, indicating that the signal is dominated by 
the fast component. The De and calculated quartz OSL age 
for each sample are listed in Table 1. For all samples, the 
concentration of U, Th and K was measured using neutron 
activation analysis of dried samples at the Chinese Atomic 
Energy Institute for calculating the environmental dose rate. 
Calculation of the cosmic dose rate was based on Prescott 
and Hutton (1994). Considering data from previous Xinjiang 
loess studies (Lai et al. 2012; Li et al. 2016a, b), we used a 
water content of 10 ± 5% in all dose rate calculations.

3.2 � Climatic proxy measurements and their 
implications

After removing organic matter and carbonate, grain size 
distribution of the samples at 2-cm intervals was measured 
using Malvern 2000 laser instrument. The grain-size vari-
ations in the worldwide loess-paleosol records have been 
widely used as paleoclimate indicators for atmospheric 
circulation (wind strength) (An et  al. 1991; Ding et  al. 
2005). The grain size records from the Chashmanigar and 
Ili loess reflects, both located in Central Asia, have been 
used to reflect the intensity of the winds (Ding et al. 2002; 
Li et al. 2016b). Considering the large latitudinal shift in the 

westerlies in various timescales, large change in wind inten-
sity at Techeng section could be explained by the latitudinal 
change of the westerlies, which is similar to many papers 
for the interpretation of the westerlies’ latitudinal position 
(e.g., Nagashima et al. 2011). Moreover, the positive correla-
tion between the NAO and the dust storm in Tacheng region 
(Fig. 3) further indicates the increases of the grain size in 
the Tacheng section are attributed to a northward shift in the 
westerlies, accompany with a positive mode of the NAO.

3.3 � Model and experimental setup

To investigate the response of westerlies to insolation, we 
first performed sensitivity experiments with LOVECLIM, a 
three-dimensional Earth system model of intermediate com-
plexity. The detailed description of the model can be found 
in Goosse et al. (2010). It capably reproduces the major 
characteristics of the observed climate both for present-day 
conditions and for key periods of the past (Yin and Berger 
2012). In our study, the atmosphere, ocean and vegetation 
components are interactively used (Goosse et al. 2010). The 
same version of LOVECLIM has already be used to inves-
tigate the response of the southern westerlies to insolation 
forcing (Yin 2013). Two sensitivity experiments have been 

Fig. 3   Annual timescale comparison of the winter/summer NAO 
index, sea ice index at January, annual dust storm day anomalies in 
Tacheng region during 1966–2005. The winter and summer NAO 
index used here was acquired from https​://clima​tedat​aguid​e.ucar.

edu/clima​te-data/hurre​ll-north​-atlan​tic-oscil​latio​n-nao-index​-stati​
on-based​. Tacheng City dust storms data are provided by the China 
Meteorological Administration. The sea ice index was acquired from 
https​://nsidc​.org/data/seaic​e_index​

https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based
https://nsidc.org/data/seaice_index
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Fig. 4   OSL characteristics 
(decay curves and growth 
curves) for sample TC-10 and 
sample YM-6.5

Table 1   Summary of dosimetry and OSL ages at Tacheng and Yumin section

a Two OSL dates are not used for chronology construction

Site Sample no U (ppm) Th (ppm) K (%) Water content (%) Dose rate (Gy/ka) ED value (Gy) OSL age (ka)

Tacheng 0.5 1.88 8.41 1.85 10 ± 5 2.98 ± 0.21 27.27 ± 0.87 9.15 ± 0.70
1 2.17 8.23 1.83 10 ± 5 3.01 ± 0.21 50.02 ± 2.70 16.63 ± 1.69
2 3.52 9.65 3.52 10 ± 5 3.63 ± 0.25 108.60 ± 2.04 29.9 ± 2.04a

3 3.12 9.22 2.03 10 ± 5 3.45 ± 0.24 83.95 ± 2.22 24.33 ± 1.96
4 2.97 9.28 2 10 ± 5 3.37 ± 0.24 124.340 ± 2.31 36.9 ± 2.24a

5 2.69 10.2 2.02 10 ± 5 3.36 ± 0.24 119.55 ± 2.51 35.50 ± 2.71
6 2.52 9.36 2.14 10 ± 5 3.35 ± 0.24 132.29 ± 3.47 39.48 ± 2.29
7 2.41 9.36 1.99 10 ± 5 3.18 ± 0.23 142.17 ± 3.06 44.75 ± 2.61
8 2.85 11.3 1.9 10 ± 5 3.35 ± 0.24 159.87 ± 5.08 47.79 ± 4.53
9 2.63 11.3 2.14 10 ± 5 3.49 ± 0.25 176.23 ± 6.59 51.01 ± 3.24
10 2.98 11.7 2.16 10 ± 5 3.63 ± 0.26 202.17 ± 5.87 55.76 ± 3.59
11 3.16 13 2.34 10 ± 5 3.93 ± 0.28 236.82 ± 6.12 60.32 ± 4.43
12 3.09 11.6 2.23 10 ± 5 3.70 ± 0.27 241.15 ± 6.46 65.16 ± 4.25
13 2.64 8.66 1.76 10 ± 5 2.94 ± 0.21 197.71 ± 6.57 67.25 ± 4.70
13.4 2.55 8.21 1.96 10 ± 5 3.06 ± 0.22 204.36 ± 6.35 68.39 ± 4.16

Yumin 0.5 2.08 8.81 1.95 10 ± 5 3.14 ± 0.22 40.92 ± 0.87 13.03 ± 0.94
2.5 2.99 8.35 1.94 10 ± 5 3.28 ± 0.23 79.50 ± 5.35 24.23 ± 2.36
4.5 2.53 8.39 1.90 10 ± 5 3.04 ± 0.22 91.01 ± 4.21 29.91 ± 2.55
6.5 2.61 8.49 1.91 10 ± 5 3.10 ± 0.22 136.63 ± 5.26 44.09 ± 3.60
8.5 2.66 10.70 1.90 10 ± 5 3.25 ± 0.23 162.95 ± 5.85 50.18 ± 4.04
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performed. The first simulation (Exp. 1) is for the Pre-Indus-
trial time when boreal summer is at aphelion (the longitude 
of perihelion = 102°, a precession maximum) (Berger 1978). 
The second one (Exp. 2) is the same as the first one except 
that boreal summer is at perihelion (the longitude of perihe-
lion = 270°, a precession minimum).

In order to investigate the mid-latitude westerlies changes 
responding to a slowdown of the AMOC, we analyze the 
results of the TraCE-21 ka transient simulation driven by 
only freshwater forcing, which is a transient simulation of 
the global climate during the last 21,000 years (Liu et al. 
2014). The TraCE-21 ka simulation was carried out using 
the Community Climate System Model version 3 (CCSM3), 
driven by realistic external climate forcing, including orbit-
ally-induced insolation, greenhouse gas, meltwater fluxes 
and continental ice sheets. The full TraCE simulation has 
captured many key features of the reconstructed climate his-
tory since the last 21 ka, such as the North Atlantic climate 
(Liu et al. 2009, 2012), Southern Hemisphere climate (He 
2010), El Niño variability (Liu et al. 2014) and East Asian 
monsoon (Wen et al. 2016).

4 � Results and discussion

4.1 � Loess chronology

The TC and YM OSL ages (Table 1) gradually increases 
with depth from ~ 10 to ~ 70 ka and from ~ 10 to ~ 60 ka, 
respectively. There is no obvious deposition discontinuity 
at the current OSL ages. Two OSL data at 2 and 4 m are 

significantly reversed at the TC loess even when the dat-
ing errors are taken into account. We linearly fitted the 
ages of each sampling level between the independent OSL 
age controls after excluding two abnormal OSL age, and 
the R2 = 0.99 and 0.98 at TC and YM section, respectively 
(Fig. 5); this is precise enough for our study. Based on the 
OSL chronology, the sedimentation rate varies from 22 cm/
kyr at Tacheng and 20 cm/kyr at Yumin.

4.2 � Paleoclimate index comparison

The grain size of the TC and YM loess show similar vari-
ability at both millennial and orbital time scales (Fig. 6). 
To investigate the factors that directly and indirectly con-
trol the mid-latitude westerlies during the last glacial age, 
we compare the Tacheng loess records with other climatic 
records including North Greenland ice core temperature 
(North Greenland Ice Core Project 2004), AMOC proxies 
(Henry et al. 2016) and sea ice (Hoff et al. 2016) in the North 
Atlantic, and the Mediterranean Sea speleothems δ13C (Bar-
Matthews et al. 2003; Fleitmann et al. 2009). The European 
stalagmite δ13C values are controlled by the type and density 
of vegetation and are suggested to reflect local temperature/
humidity variations (Fleitmann et al. 2009). The present-day 
and last glacial climates of Black Sea and east Mediterra-
nean Sea are controlled by seasonal changes in the position 
and strength of the westerlies storm tracks (Kwiecien et al. 
2009). Therefore, the Sofular/Soreq stalagmite δ13C can 
indicate the latitudinal change the mid-latitude westerlies 
associated with the North Atlantic climatic changes, that is, 
high δ13C values correspond to relatively dry conditions, a 

Fig. 5   Linearly fitted age-depth model for Tacheng (a) and Yumin (b) loess section
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NAO+ mode and a northward displacement of the westerlies 
(Voskresenskaya and Maslova 2011).

The increases of the grain size of the TC and YM section 
around 16, 24, 30, 39, 48, 55 and 62 kyr BP correspond well 
to the North Atlantic Heinrich events H1–H6, although the 
amplitude of coarsening grain size around 16, 25, 48 and 
55 at the YM section is bigger than that of the TC section. 
Within the OSL ages error, they correspond to cooling over 
Greenland and weaker AMOC and a northward shift of the 
westerlies in the Mediterranean Sea and the Central Asia. 
Many of the millennial-scale events (DO 1–18) are well 
aligned in time between the loess, the speleothems and the 
AMOC records from the North Atlantic (Fig. 6), although 
the DO-2 and 15 events in the TC section, and DO-2, 10 and 
13 events in the YM section are not well matched among 
them.

4.3 � Forcing mechanism on millennial‑orbital time 
scale

At the millennial time scale, to examine the mid-latitude 
westerlies in response to AMOC, we analyze the mid-
latitude westerlies between the Henrich 1 (H1) and the 
Bølling–Allerød (BA) event using only freshwater-forcing 
results from the TraCE-21 ka transient simulation (Fig. 7a). 
The slowdown of the AMOC weakens the global northward 
ocean heat transport, and induces the dipole SST anomaly 
in the Atlantic (Zhang and Delworth 2005). It also causes 

the southward extension of sea ice during winter and spring, 
which leads to an intense cooling in the high-latitude North 
Atlantic (Wu et al. 2008). Consequently, temperatures in 
the high-latitude northern hemisphere deceased, leading to 
an increase in the meridional temperature gradient (Fig. 7c) 
and a high-pressure anomaly in the middle latitude and a low 
pressure one over the pole (Fig. 7b). These lead to a north-
ward displacement of the westerlies in the mid-latitudes at 
500 hPa (Fig. 7a), which is consistent with NAO+ mode 
from an AMOC shutdown experiment using FOAM model 
(Wu et al. 2008).

At the orbital time scale, the variation of the westerlies 
over Central Asia and the Mediterranean Sea follows well 
precession (Fig. 6), a northward shift of the westerlies cor-
responding to larger precession index (it means weaker sum-
mer insolation and stronger winter one in the NH), and vice 
versa. This indicates that precession and insolation control 
the variation of the westerlies at the orbital time scale. The 
difference in the latitudinal-seasonal insolation distribution 
between the two experiments due to the difference in pre-
cession is show in Fig. 8. As compared to Exp. 2, there is 
less (more) insolation in Exp. 1 over the whole Earth dur-
ing boreal summer (winter) especially in the mid and high 
latitudes of the northern (southern) hemisphere.

As the westerlies are the strongest and most zonal in win-
ter which is a main factor for loess deposits in Tacheng, 
here we focus on the winter climate fields. Figure 9a shows 
that, in agreement with the Tacheng loess records and 

Fig. 6   a The last glacial data 
comparison. NGRIP δ18O (blue) 
(North Greenland Ice Core 
Project 2004), b AMOC proxy 
(brown) (Henry et al. 2016), 
c Sea ice (cyan) (Hoff et al. 
2016), d Sofular/Soreq δ13C 
(orange/pink) (Bar-Matthews 
et al. 2003; Fleitmann et al. 
2009), and e Median grain size 
of Tacheng and Yumin (black 
and red, this study), and the 
precession (purple) (Berger 
1978). Sky-blue bars denote the 
Heinrich-like events identi-
fied in the six records. Black 
numbers (1–18, 10–70 kyr) 
denote well aligned DO events 
identified in the four records
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other mid-latitudes ones, the model simulates a northward 
displacement of the westerlies in Exp. 1 when precession 
reaches a maximum, accompany with the NAO+ mode. 
These westerlies result from a larger latitudinal pressure gra-
dient. Figure 9b shows that as compared to Exp. 2, the sub-
tropical high gets intensified and the subpolar low gets much 
deepened in Exp. 1, leading to a larger latitudinal pressure 
gradient. The larger latitudinal pressure gradient is linked 
to a larger latitudinal temperature gradient. As compared to 
Exp. 2, the temperature in the mid latitudes increases in Exp. 
1 but it decreases in the polar high latitudes (Fig. 9c), lead-
ing to a larger latitudinal temperature gradient (Fig. 9b). The 
temperature change can be explained by the difference in 

insolation between the two experiments. During boreal win-
ter, the mid-latitudes in Exp. 1 receive more insolation than 
in Exp. 2 (Fig. 8), making these latitudes warmer in winter. 
However, in the high latitudes, the energy is near zero in 
winter, therefore the winter temperature change in the polar 
region is attributed to the change in the local summer insola-
tion, a phenomenon which has been called the summer rem-
nant effect of insolation (Yin and Berger 2012). The polar 
region of Exp. 1 is much less insolated than Exp. 2 during 
boreal summer. This signal is transferred into local winter to 
reduce the air temperature through ocean-sea ice-atmosphere 
interactions (Yin and Berger 2012). Moreover, the sea ice 
during the last 70 ka is also controlled by the precession (Lo 
et al. 2018) (Fig. 6). When precession reaches a minimum, 
the sea ice loss will induce weaker poleward temperature/
pressure gradient and weaker zonal winds aloft via thermal 
wind because of Arctic amplification (Overland et al. 2016). 
This similarity between the sea ice, the mid-latitude west-
erlies and precession also support that the precession drives 
the mid-latitude westerlies.

5 � Conclusion

Both proxy records and model results show that, at the mil-
lennial and orbital time scale, the westerlies are controlled 
by AMOC and precession, respectively. A larger preces-
sion/smaller AMOC index leads to a northward displace-
ment of westerlies through its influence on the latitudinal 
temperature and pressure gradients. Given the projected 
AMOC reduction over the next century, these gradients and 
consequently, the westerlies would move north in the future 
(Fischer et al. 2017).

Fig. 7   The difference between H1 and BA in the zonal winds (m/s) 
(a), geopotential (m2/s2) (b) and air temperature (°C) (c) at 500 hPa 
during winter (December–January–February), and the locations of 

the Tacheng loess site, Sofular speleothem (Fleitmann et  al. 2009), 
Soreq speleothem (Bar-Matthews et al. 2003)

Fig. 8   Difference (Wm−2) in the latitudinal–seasonal distribution 
of insolation between Exp. 1 and Exp. 2 (Exp. 1 minus Exp. 2). The 
x-axis gives the longitude (°) of the Earth on its orbit (0°  =  spring 
equinox, 90°  =  summer solstice, 180°  =  fall equinox, 270°  =  win-
ter solstice). The y-axis gives the latitude from the North Pole to the 
South Pole
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