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Abstract The global ice volume change regulates the Earth’s climate and has been characterized by
100,000 year cycles over the last 700,000 years. The Asian inland winter climate change is proposed to show
primary 100,000 year cycles thatmimic ice volume changes. Here we calibrate the age of a high-resolution grain
size record over the last 500,000 years with a grain size agemodel. The results show a primary 41,000 year cycle
and a weaker 100,000 year cycle during the last ~ 500,000 years. We suggest that the primary 41,000 year cycle
in the grain size record can be ascribed to the 50°N integrated winter insolation. Our findings suggest that
ice volume changes have a limited effect on the Asian inland winter climate. Asian continental winter climate
changes respond to the 50°N integrated winter insolation in addition to ice volume changes.

1. Introduction

Wind-blown loess covers an area of about 440,000 km2 on the Loess Plateau in north central China. Loess is
transported from the inland deserts of northwestern China to the Loess Plateau by the northwestern East
Asian winter monsoon (Figure S1 in the supporting information). The strong winter monsoon carries coarse
loess grains to the Chinese Loess Plateau [Liu and Ding, 1998], and the strength of the East Asian winter
monsoon can be reconstructed by studying median grain size variations in the loess on the Chinese Loess
Plateau [Porter and An, 1995]. The Siberian High, centered at 50°N/100°E, has a direct and significant influence
on the surface air temperature and the East Asian winter monsoon [Liu and Ding, 1998; Gong et al., 2001;
Wu and Wang, 2002; Hao et al., 2012] (Figure 1). In summer, the Siberian High disappears (Figure S2a in the
supporting information), and the East Asian summer monsoon from the Pacific Ocean in the southeast brings
precipitation to the Chinese Loess Plateau (Figure S2b in the supporting information), enhancing soil
development. The magnetic susceptibility of loess has proven to be an excellent proxy for changes in the
East Asian summer monsoon because the loess magnetic susceptibility depends on the number of fine
ferromagnetic particles produced during soil formation [Zhou et al., 1990; Liu et al., 2007]. A high loess grain
size indicates cold and dry glacial climate and corresponds to a high accumulation of loess [Ding et al., 2001].
A high magnetic susceptibility corresponds to a relatively warm and humid interglacial climate and to a
condition of well-developed paleosols on the central Chinese Loess Plateau [Zhou et al., 1990; Liu et al., 2007].

The Milankovitch theory suggests that the intensity of solar radiation received by the Earth is paced by
Earth’s orbital parameters eccentricity, obliquity, and precession, with the commonly referred to periodicities
of 100, 41, and 23 thousand years (kyr), respectively [Milankovič, 1941]. The 41 kyr obliquity cycle dominates
climatic rhythms before the middle Pleistocene transition (1250–700 ka), and the 100 kyr eccentricity
cycle dominates in the high latitudinal ice volume and CO2 records after the middle Pleistocene transition
[Clark et al., 1999; Petit et al., 1999; Clark et al., 2006]. The low latitudinal stalagmite δ18O record reflects the
precession cycle for the past 500 kyr and is regulated by changes in summer insolation [Cruz et al., 2005;
Wang et al., 2008; Cheng et al., 2012]. The cyclicity of midlatitude climate change reveals the climatic
interactions between latitudes. The grain size records, dated by tuning them to Earth’s presumed orbital
cycles and ice volume changes, show a dominant 100 kyr cycle; thus, grain size was proposed to be regulated
by the Northern Hemisphere ice sheet [Ding et al., 1995; Liu and Ding, 1998; Sun et al., 2010; Hao et al., 2012].
The newly tuned climate record in Lake Baikal, located between the Northern Hemisphere ice sheet and the
Chinese Loess Plateau, strongly reflects the Earth’s 41 kyr obliquity cycle and the 100 kyr cycle does not
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constantly prevail over the last 600 kyr [Kravchinsky et al., 2003, 2007; Prokopenko et al., 2006]. The role of ice
volume changes in the East Asian winter monsoon variations remains to be investigated.

Although the high latitudinal insolation-tuned ice volume change and the low latitudinal absolute dated
Chinese stalagmite δ18O record show 100 and 23 kyr cycles, respectively, the times of transition from
glacial to interglacial period in both records are highly correlated [Cheng et al., 2009], are consistent globally,
and are independent of proxies and records. In this study we use (i) the times of transition from glacial to
interglacial period as age control points and (ii) the grain size age model built by Porter and An [1995]
to calibrate the age of grain size variations between the age control points of the Jiuzhoutai (JZT) loess
(the thickest loess deposit on the western Chinese Loess Plateau) to calculate themain climatic cyclicity of the
East Asian winter climate over the last 500 kyr.

2. Materials and Methods
2.1. Geological Setting and Methodology

The JZT section (36°05′51″N, 103°47′11″E) in Lanzhou city is situated on the western border of the Chinese
Loess Plateau near the Tibetan Plateau (Figure S1 in the supporting information). Its proximity to the Gobi
Desert—the inland source of the loess—and its distance from the Pacific Ocean (2000 km) results in a high
detritus deposition rate and a low rate of soil development (section 1.1 in Text S1 in the supporting
information). Bulk samples from the JZT section were collected every 10 cm to a depth of 120m and used to
analyze two proxy climate parameters—median grain size and magnetic susceptibility (Figure 2).

Three terraces developed in the Huang He River about 600 ka, 120 ka, and 55 ka [Li et al., 1997] are possibly
linked with the uplift of the northeast Tibetan Plateau [Li et al., 1997; Li and Fang, 1999]. Tectonic activities in
the region are not noted between 600 and 120 ka; therefore, we presume that the grain size variations are
regulated solely by climate change in this interval.

2.2. Measurements of Magnetic Susceptibility and Grain Size

Magnetic susceptibility was measured with an MS-2B susceptibility meter (Bartington Instruments) at a
sensor frequency of 470Hz. Grain size was measured using a Mastersizer 2000 analyzer with a size range
of 0.02–2000μm in diameter. Before the grain size analysis, organic material and carbonate formed by
pedogenesis was removed with 10% H2O2 + 10% HCl, and 0.05N (NaPO3)6 was used as a dispersant.

2.3. Age Calibration of the JZT Section

Figure 2a shows the variations in magnetic susceptibility and median grain size versus depth in the studied
section. Variations in magnetic susceptibility and grain size in the Xifeng section are comparable to those in
other sections on the Chinese Loess Plateau (Figures S3 and S4 in the supporting information). Here we

Figure 1. Sea level pressure in January during 1979–2011 and location of JZT section (white star) centered around 50°N.
The pressure data are from the National Centers for Environmental Prediction-Department of Energy Reanalysis 2 project
at http://www.esrl.noaa.gov/psd/data/gridded/reanalysis/.
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compare the variations of magnetic susceptibility and grain size in the classic Xifeng section with those in the
JZT section. Traditional age models for loess are based on a correlation between high magnetic susceptibility
and the warm intervals expressed by lower values of benthic δ18O [Kukla, 1987; Liu and Ding, 1998]. In the JZT
section, seven soil intervals—S0, L1S, S1, S2, S3, S4, and S5—with high magnetic susceptibility resemble
those of the Xifeng section [Guo et al., 2009] (Figures 2a and 2b, yellow shadow) and correspond to the
marine isotope stages 1, 3, 5, 7, 9, 11, and 13 (Figure 2c, yellow shadow), respectively [Guo et al., 2009].
However, the low magnetic susceptibility at 65.4m in the JZT section and at 25.2m in the Xifeng section
(Figures 2a and 2b) suggests a very cold climate. A cold climate is also supported by the large grain size in
the JZT loess and a high content of coarse grains in the Xifeng section. We speculate that the loess samples
at 65.4m in the JZT section and at 25.2m in the Xifeng section represent severe glacial periods, rather than
the subglacial period in marine isotope stage 7 that the traditional age model indicates [Kukla, 1987]. The
grain size variations in other sections correspond to severe glacial periods in these time intervals as well
(Figure S4 in the supporting information).

We used the times of termination in the benthic δ18O record [Lisiecki and Raymo, 2005] to represent the
times of transition from glacial to interglacial periods, because the time of each transition is consistent
globally in any proxy record. Prominent midpoints between the beginning and the end of the rapid grain
size changes that represent transitions from glacial to interglacial periods are used as age control points and
correspond to terminations in the benthic δ18O record (Table S1).

Based on the connections between loess stratigraphy and glacial periods, the midpoints (red dots) in Figure 2a
correspond to the terminations [Lisiecki and Raymo, 2005] (green dots) in Figure 2c. We do not choose any age
control point between S1 and S3 because in our interpretation themaximumgrain size at 65.4m corresponds to a
severe glacial interval, most likely themaximum inmarine isotope stage 8, which differs fromprevious agemodels.

The thickness (120m) of the JZT loess from the top to S5 (marine isotope stage 13) is more than twice the
thickness (50m) of the loess in the Xifeng section (Figure 2) and other southeast sections (Table S2, Figure S4,

Figure 2. Variations in JZT, Xifeng loess records, and the LR04 stacked benthic δ18O [Lisiecki and Raymo, 2005]. (a) Variations
in the JZT median grain size (green line) and magnetic susceptibility (blue line) with depth. Red dots are age control points.
(b) Variations in Xifeng median grain size and magnetic susceptibility versus depth from the central Chinese Loess Plateau.
The vertical yellow bar and red text in Figures 2a and 2b describe soil units. (c) LR04 stacked benthic δ18O versus age. The
vertical yellow bar and red text denote warm intervals of marine isotope stages. Green dots denote terminations. The black
dashed line denotes the glacial maximum of marine isotope stage 8 of the grain size age model suggested.
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and section 1.1 in Text S1 in the supporting information). This suggests a high loess deposition rate, a strong
winter monsoon, and a high-resolution winter monsoon signal in the JZT section. The maximum values of
magnetic susceptibility in the JZT section are about one third of those in the Xifeng section and in other
southeast sections (Figure S3 in the supporting information). The summer monsoon here is relatively weak.
We therefore used grain size variations in the grain size age model [Porter and An, 1995] to determine the age
of the JZT grain size between age control points.

A highmedian grain size value [Porter and An, 1995] corresponds to an increased capacity of the dust-bearing
wind and a higher deposition rate [Porter and An, 1995; Ding et al., 2001].

Tm ¼ T1 þ T2 � T1ð Þ
Xm
i¼1

A�1
i

 ! Xn
i¼1

A�1
i

 !�1

; (1)

where Tm is the calibrated age and T1 and T2 are the ages of control points (red points in Figure 2a). Ai is the
deposition rate at level (i), which is assumed to be proportional to the median grain size because both are
correlated with a strong winter monsoon [Ding et al., 2001; Porter, 2001]; n is the total sampling level between
T1 and T2, and m is the sampling level at T1 and T2.

2.4. Calculation of Integrated Insolation

To explore the influence of integrated insolation on the JZT grain size record, integrated summer and winter
insolation are computed following Huybers [2006].

J ¼
X

i
β
i
Wi�86; 400ð Þ (2)

where J (joules) is integrated insolation,Wi (W/m2) is themean insolation on day i, for the calculation of integrated
winter insolation—β =0 when Wi≥ τ; β =1 when Wi≤ τ—and τ (W/m2) is the daily mean insolation threshold.

Insolation at the top of the atmosphere correlates well with zonally and diurnally averaged land temperatures
[Huybers, 2006]. A daily mean insolation (Wi) value of 0°C is the daily mean insolation threshold (τ). τ is
275W/m2 at 65°N. The ice sheet in the Northern Hemisphere ablates when the 65°N Wi ≥ 275W/m2, a
condition that mostly occurs in the summer. Huybers [2006] used the sum of Wi ≥ 275W/m2 as the 65°N
integrated summer insolation.

The Siberian High develops during the winter and disappears in the summer. It has direct and significant
influence on the East Asian winter monsoon. We assume the Siberian High is associated with temperatures
lower than 0°C. The Siberian High is centered at 50°N where τ is 250W/m2. We suggest that the 50°N
integrated winter insolation is the sum of Wi ≤ 250W/m2.

3. Results

Figure 3a shows the relationship between the JZT section depth and the established age (blue) and their
fitting curve (red). The grain size age model suggests that the age at depth 65.4m is 253 ka, which
corresponds to the age of the glacial maximum of marine isotope stage 8 in benthic δ18O records which is
252 ka (Figure 2, black dashed line).

We also calculated a linear interpolated age of the JZT loess section (age at depth 120.1m (533 kyr)/
120.1 m × depth (m)). Figure 3b demonstrates the result of a spectral analysis of the JZT grain size. The
four spectral density peaks are close to 100, 41, 23, and 19 kyr Milankovitch cycles. The spectral density
of the 41 kyr obliquity cycle is more prominent than the other cycles in the JZT section.

Figure 3c compares the JZT grain size versus age with obliquity cycle variations. From 400 to 50 ka, the
grain size correlates positively with Earth’s obliquity cycle record. These results illustrate that the obliquity
cycle had a strong effect in the JZT section. The phase relationship between the JZT grain size and the
obliquity cycle is ambiguous at 50–0 and 550–400 ka (gray shadow in Figure 3c), wherein the JZT grain
size rises and falls as the ice volume changes during these two intervals (Figure S5 and section 1.2 in Text S1
in the supporting information).

A wavelet analysis [Torrence and Compo, 1998] of the JZT grain size time series reflects the 23 kyr precession
cycle only around 410 ka and 250 ka (Figure 3d). The 41 kyr obliquity cycle is well pronounced and continuous
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from 450 to 0 ka. The 100 and 132 kyr cycles appear at 533–50 ka. The periodogram illustrates that the 41 kyr
obliquity cycle has the largest amplitude over the last 500 kyr. The amplitudes of both 100 and 132 kyr cycles
are slightly weaker than that of the 41 kyr cycle. The 132 kyr cycle arises from the frequency modulation of
the 100 kyr signal with a longer period 413 kyr component [Rial, 1999] (1/100� 1/413 = 1/132).

The 41 kyr obliquity cycle dominates the global oxygen isotope record from 3Ma to 0.8Ma, which is usually
ascribed to the summer insolation gradient between high and low latitudes [Raymo and Nisancioglu, 2003;
Davis and Brewer, 2009], e.g., the 65–30°N summer insolation intensity on June 20, or the 65°N integrated
summer insolation [Huybers, 2006; Huybers and Tziperman, 2008]. The East Asian winter monsoon is
influenced by the Siberian High centered at 50°N [Liu and Ding, 1998; Gong et al., 2001;Wu and Wang, 2002;
Hao et al., 2012]; therefore, the 50°N integrated winter insolation, which is dominated by the 41 kyr obliquity
cycle, was also calculated (Figure S6 and section 1.2 in Text S1 in the supporting information). From 415 to
50 ka, the JZT grain size correlates positively with both the 65–30°N insolation difference and the 65°N
integrated summer insolation and negatively with the 50°N integrated winter insolation (Figure 4). In
addition, the JZT grain size appears to match very well with the 50°N integrated winter insolation in detail
during the highlighted intervals. Cross correlation confirms that the JZT grain size variations match with the
50°N integrated winter insolation from 415 to 50 ka (Figure S7 in the supporting information). The 50°N

Figure 3. Calibrated age of JZT median grain size. (a) Correlation between calibrated age and depth of the JZT section. The
blue line is age versus depth and the red line is the age-depth fitting curve: age=0.0098×depth2+3.0478×depth+6.699,
R2=0.999. (b) Spectral analysis of JZTgrain size versus linear interpolated age. (c) Variations of JZTgrain size versus age (blue line)
and obliquity cycle (green line). Both records do not correlatewell at the intervals highlighted by gray vertical bars. (d) Thewavelet
power spectrum of JZT grain size versus age. Four dashed lines mark the 23 kyr, 41 kyr, 100 kyr, and 132 kyr Milankovitch cycles.
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integrated winter insolation appears to be the primary driving force of the strong correspondence between
the Earth’s obliquity cycle and the 36°N JZTgrain size record from 415 to 50 ka. Moreover, the three magnetic
susceptibility peaks at depths 60.4m, 62.4m, and 68.7m follow the variations of the 50°N integrated winter
insolation (Figure S8 and section 1.3 in the supporting information).

4. Discussion and Conclusions

Although the 100 kyr cycle dominates the ice volume record over the last 500 kyr (Figure S6 in the supporting
information), the change in eccentricity is considered to be too small (less than 1%) to cause ice ages [Imbrie
et al., 1993]. The 100 kyr cycle is, however, ascribed to changes in the ice volume [Clark et al., 1999; Clark et al.,
2006]. The amplitudes of 100 kyr and 132 kyr cycles are prominent in the JZT section (Figure 3d) and the
variations in JZT grain size resemble the ice volume record during 50–0 and 550–415 ka intervals. Both
features indicate that the ice volume change had an impact on the JZT grain size variations. The increase in
ice volume indicates the expansion of ice sheets which cool the air at high latitudes, and the cold air extends
to the Siberian region, enhancing the Siberian High, strengthening the East Asian winter monsoon, and
bringing coarser grain size sediment to the Chinese Loess Plateau [Ding et al., 1995; Liu and Ding, 1998; Hao
et al., 2012].

The obliquity cycle does not change the total amount of solar radiation received by the Earth, but it alters the
amplitude of the seasonal cycle, especially at high latitudes [Milankovič, 1941]. We suggest that an increase in
the obliquity angle results in a decrease in the winter radiative flux from the Sun in both hemispheres, which
decreases the 50°N integrated winter insolation and the winter temperatures. Low winter temperatures
enhance the Siberian High and drive the East Asian winter monsoon which brings coarse grain size sediments
to the Chinese Loess Plateau; therefore, the JZT grain size record responds to the 50°N integrated winter
insolation. The presence of a strong obliquity cycle in the climate records of Lake Baikal over the last 600 kyr
[Kravchinsky et al., 2003, 2007; Prokopenko et al., 2006] supports connections among Earth’s obliquity cycles,
the Siberian High, the East Asian winter monsoon, and the loess grain size variations.

Both the Arctic weather and the Siberian High influence the winter weather on the Asian continent, as
reflected in meteorological records [Gong et al., 2001;Wu andWang, 2002], which implies that ice volume and

Figure 4. Variations in JZT grain size and insolation. (a) Grain size and summer insolation difference between 65°N and 30°N.
(b) Grain size and 65°N integrated summer insolation. (c) Grain size and 50°N integrated winter insolation. The vertical yellow
bars in Figure 4c mark similar subtle variations between JZT grain size and integrated winter insolation.
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50°N integrated winter insolation can act in concert to influence the East Asian winter climate. The relative
strengths of the ice volume and the 50°N integrated winter insolation determine which plays a decisive role
in East Asian winter climate variations. The pteridophytes spore content at the Ocean Drilling Program site
646 off southern Greenland during marine isotope stages 11, 9, and 5 is a hundred times higher than that
existing during other interglacial periods over the last million years. The abundant spruce pollen content
of sediment cores from the site suggests that boreal coniferous forests developed during marine isotope
stage 11 and that Greenland was nearly ice free during that time [De Vernal and Hillaire-Marcel, 2008]. We
suggest that the Greenland ice retreat during 415–50 ka minimized the role of the Arctic ice volume in the
East Asian winter climate; the winter climate thus mainly responded to the 50°N integrated winter insolation
and thus strongly reflects Earth’s obliquity cycles.

The 41 kyr obliquity cycle prevails in ice volume changes, CO2 variations, and other climate records before the
middle Pleistocene transition and is overtaken by the 100 kyr obliquity cycle after the transition [Clark et al.,
1999; Petit et al., 1999; Clark et al., 2006]. However, the magnetic susceptibility variations in Alaskan loess
strongly reflect Earth’s obliquity cycles over the last 250 kyr [Begét and Hawkins, 1989]. The climate records at
Lake Baikal [Kravchinsky et al., 2003, 2007; Prokopenko et al., 2006] and our JZT grain size variations strongly
reflect the 41 kyr obliquity cycle over the last 500 kyr. We suggest that the 41 kyr obliquity cycle plays a
greater role in high andmiddle latitudinal continental climate change after the middle Pleistocene transition.
We demonstrate that the strong 41 kyr cycle in the JZT grain size record can be ascribed to the 50°N
integrated winter insolation change. Therefore, we suggest that, in addition to the influence of the 65–30°N
summer insolation and the 65°N integrated summer insolation, the 50°N integrated winter insolation
contributed to the obliquity cycle signals observed in the Quaternary climate records.

The paleoclimate changes documented by loess sequences have always been considered to follow polar
ice core and deep sea δ18O record variations [Ding et al., 1995; Liu and Ding, 1998; Balsam et al., 2005; Sun
et al., 2006]. Although the polar ice cores and deep sea sediments are dominated by a 100 kyr cycle, our
new loess grain size record shows a strong 41 kyr cycle during 415–50 ka, which can be ascribed to the 50°N
integrated winter insolation change. We conclude that the Asian continental winter climate change
responded to the 50°N integrated winter insolation in addition to ice volume changes during 415–50 ka
and that northern hemispheric ice volume changes had a limited effect on the continental climate to the
south of 50°N.
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