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Abstract Independent inference of the Asian winter monsoon (AWM), albeit achieved at several sparse
sites, has reached no consensus for its variability through the Holocene. A sediment core from the northern
coast of the South China Sea (SCS) was utilized to analyze organic biomarkers at (bi‐)decadal resolution,
unveiling how SCS oceanic conditions fingerprint the AWM signal. Generally, alkenone sea surface
temperature (SST) record, resembling the temporal structures of integrated tropical SST over the past 7,500
years, shows abnormal cool temperatures (up to ~4 °C) during the Little Ice Age and between ~1,200 and
2,500 years BP, when windborne terrigenous hopane compounds experienced considerable increases
superimposed on a general increasing trend. Our results, together with augmented SST gradient between the
SCS coast and open ocean, consistently suggest AWM strengthening toward the late Holocene. An
intensified AWM during cold intervals like the Little Ice Age would have provided strong positive feedback
to enhance coastal cooling.

Plain Language Summary Reconstructions of the Holocene Asian winter monsoon (AWM)
history from terrestrial proxies are not only limited but also opposite, with both strengthening and
weakening trends as reported. This study sheds additional insight into this controversy by analyzing the
organic geochemistry of a sediment core at the northern coast of the South China Sea, where oceanic
conditions such as sea surface temperature intensively interact with the AWM. We observed substantial
surface cooling and a remarkable increase in terrestrial‐sourced hopane content concurrently toward the
late Holocene, with the maximum taking place during the Little Ice Age and between 1,200 and 2,500 years
ago. Together with enhanced temperature contrast between the coast and open ocean, our results clearly
demonstrate an overall intensification of the Holocene AWM toward the present, antiphased with Asian
summer monsoon changes.

1. Introduction

Despite the fundamental role played by the Asian winter monsoon (AWM) in the climate system, its long‐
term variability, particularly during the Holocene (since ~11,500 years before present, years BP hereafter),
is only poorly understood to date. Because the divergence of dry air from the Siberia‐Mongolia continent
enables the AWM to effectively redistribute a massive amount of aeolian dust and aerosol in boreal cold
months (Bollasina et al., 2011; Li et al., 2016), analyses of grain size, mineralogical, and geochemical proxies
from Chinese loess deposits are commonly carried out to determine AWM intensity (Kang et al., 2018; Li &
Morrill, 2015; Stevens et al., 2007). Paleorecords at these individual sites are helpful to offer important
insight into AWM evolution, but collectively, they point out controversies in terms of not only general
AWM structures over the Holocene but also multicentennial to millennial scale variations within this spe-
cific interval (Hao et al., 2012; Li & Morrill, 2015; Kang et al., 2018; Xia et al., 2014). Furthermore, at
Huguangyan Maar Lake near the northern coast of the South China Sea (SCS), opposite temporal features
of Holocene AWM strength have been inferred from magnetic susceptibility/the S ratio (Yancheva et al.,
2007) and diatom assemblages (Wang et al., 2012), whereas climate model simulations tend to support the
diatom view of a weakening AWM toward the present (Wen et al., 2016). As such, additional evidence of
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AWM variability over the Holocene, based on a variety of reliable indicators, is essential to scrutinize its
behavior and then to evaluate the coupling relationship with the Asian summer monsoon (ASM) (An
et al., 2012; Wang et al., 2017; Wen et al., 2016).

The SCS is strongly involved in ocean‐atmosphere processes of the Asian monsoon system (Lau & Nath,
2009;Wang et al., 2009) and is thus well suited to decipher the AWM signal. In fact, proxy‐based temperature
reconstructions in the SCS indicate thermal differences in both the horizontal and vertical directions, reveal-
ing a stronger AWM during cold intervals of the last deglaciation (Huang et al., 1997, 2011; Steinke et al.,
2011; Tian et al., 2010). Relative to the coarse resolution (>~200 year per sample) of those sediment cores
in the open ocean, recent work has shown that sea surface temperature (SST) changes at the northern coast
of the SCS, which are sensitive to the prevailing winds in different seasons (Figure 1), are quite promising for
manifesting AWM strength in a detailed manner (Kong, 2014). This concept was first verified in a pilot study
by Kong et al. (2014), who used an SST gradient between two core sites, HKUV16 (22°17′N, 113°52′E)
and NS02G (20°10′N, 115°16′E), to corroborate a gradually intensified AWM after ~7,000 years BP.
Unfortunately, the large chronological uncertainty of core HKUV16 and human disturbance on its core‐
top sediment (Kong et al., 2014) hinder a closer look into how centenary to millennial scale AWM changes
affect SCS coastal conditions. This knowledge gap is filled here by a well‐dated marine sediment core YJ,
retrieved ~200 km to the southwest of the Pearl River estuary in the northern SCS (Figure 1).

We conducted biomarker analyses of the new core YJ from the inner continental shelf with a high sedimen-

tation rate (Figure 1). In this respect, long‐chain unsaturated alkenones (UK′

37 ) and hopanoid compounds
were employed as a paleothermometer (Prahl et al., 1988) and tracer of terrigenous biomass input
(Xie et al., 2013), respectively. Paired variations of these records, with bidecadal resolution over the past
~7,500 years, allow a clear understanding of Holocene AWM variability through its impact on the SCS coast.
Our biomarker results from the coast, in addition to an identified enhanced SST gradient between the SCS
coast and open ocean in the late Holocene, effectively suggest an intensification of the Holocene AWM.

2. Materials and Methods
2.1. Core Site

The 839‐cm‐long sediment core YJ (112°8.08′E, 21°31.44′N, ~21‐m water depth) was collected largely out-
side of the Pearl River freshwater effect. At this site, available data sets AVHRR 1985‐2006 (Casey, 2013)
and CSIRO Atlas of Regional Seas CARS2009 (Dunn & Ridgway, 2002) exhibit prominent seasonal varia-
tions in SST (~29 °C in June–August and ~20 °C in December–February; Figure 1) and slight changes in
sea surface salinity (~32.8 psu in June–August and ~33.4 psu in December–February). In contrast to sedi-
ment core HKUV16, this site bears multiple times of magnitude smaller sea surface salinity differences
between summer and winter (Jiang & Wang, 2018), thus impressing minor (if any) influence of the Pearl
River freshwater. Seasonal temperatures of the water column along the northern coast of the SCS highlight
shore‐parallel gradients and strong vertical mixing in winter, while horizontal homogenization and vertical
stratification in summer (Figure 1; Jing et al., 2009; Wang, 2007). Unlike the coastal regions to the east of the
Pearl River delta and to the northeast of Hainan Island, this site experiences little summer upwelling effect
(evidenced by the absence of a ~0.5 °C cooling signal; Figure 1b). Meanwhile, based on modern observa-
tions, the AWM index (Ding et al., 2014) is negatively correlated with winter SST at the study site over the
past ~40 years, showing weakened AWMand relatively warmwinter SST around 1990s (supporting informa-
tion Figures 1 and 2). Altogether, sediment core YJ is ideal to document past AWM changes.

Based on a combination of 13 lead (210Pb)/cesium (137Cs) and 18 radiocarbon (14C) dates, the age model for
the upper 610 cm of our core YJ covers the past ~7,500 years. Particularly, these age control points were oper-
ated within the R script BACON software, incorporating a total of 10,000 age‐depth realizations, to calculate
the mean age and also the 2σ analytical uncertainty at 1‐cm resolution (Figure S3). The derived chronology
has been reported previously in Huang et al. (2018), and fully described in supporting information.

2.2. Biomarkers

The core YJ, situated on a modern mud belt formed predominantly by Pearl River sediment discharge (Liu
et al., 2014), consists of fine‐grained muddy sediment with grey clay and/or clayey silt. Downcore results of
lithology, grain size and chronology (Figure S3), as presented in Huang et al. (2018), collectively suggest that
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the sedimentary sequence is neither physically nor biologically disturbed and is suitable to investigate past
ocean‐atmosphere‐land interactions on longer timescales. To generate downcore biomarker records, we
sampled core YJ in steps of 1 cm for the upper 190 cm and then 2 cm down to its bottom. Such sampling
steps, based on our age model (supporting information), permitted resolution of ~10–25 year per sample,
except for ~80 year per sample at 60‐ to 80‐cm depth. Bulk sediment samples (~5 g) were dried, powdered,
and soaked to extract total lipids with dichloromethane (DCM) solvent: methanol (MeOH) (9:1; v/v) in 60
ml vials under ultrasonic waves in a 40 °C water bath for three cycles (~15 min each). The extract was
hydrolyzed by 6% KOH in MeOH to remove alkenoates and then separated into three fractions by silica
gel column chromatography using eluents of n‐hexane, DCM, and MeOH. Finally, alkenones were kept
in the DCM fraction, and hopanes were kept in the hexane fraction.
2.2.1. Alkenones (UK′

37 )
We analyzed long‐chain alkenones following a procedure from Kong et al. (2014) and He et al. (2014).
Measurements of the alkenone fraction were carried out on an Agilent 7890 gas chromatograph (GC)
equipped with a flame ionization detector. An internal standard of n‐C36 alkane was added repeatedly for

every 20 samples to quantify alkenones. The UK′

37 ratio was obtained via an equation from Prahl et al.

Figure 1. Location of site YJ (pink dot) and published records in the northern South China Sea (black dots) and at
Huguangyan Maar Lake (yellow star). The color scale shows long‐term average January (a) and July (b) sea surface
temperatures (SSTs) from the AVHRR data set (Casey, 2013), and the green dashed arrows sketch the dominant vectors of
corresponding surface winds.
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(1988):UK′

37 = C37:2/(C37:2 + C37:3), where C37:2 and C37:3 are the concentra-
tions of diunsaturated and triunsaturated C37 alkenones, respectively. The

mean annual SST was calculated by the following equation: SST = (UK′

37−

0.092)/0.031, which was developed specifically for the SCS (Pelejero &
Grimalt, 1997). Analytical uncertainties were typically less than 0.005 unit

for the UK′

37 ratio (equivalent to ~0.2 °C for an SST estimate) and 5% for the
C37 concentration. Below 610 cm, alkenone concentration is generally low
(<10 ng/g) and thus not presented here.
2.2.2. Hopanoids
Hopane compounds in the hexane fraction were identified by the Agilent
7890 GC equipped with mass spectrometry and subsequently quantita-
tively determined by the 7890 GC‐flame ionization detector (He et al.,
2015, and references therein). The GC temperature protocol was set as fol-
lows: 60 (1 min) to 250 °C at a rate of 20 °C/min, 250 to 270 °C at a rate of 5
°C/min, 270 to 310 °C at a rate of 2 °C/min and ultimately maintained at
310 °C for 15 min. Direct comparisons of peak areas with a n‐C36 alkane
standard of known concentrationwere drawn to quantify different hopane
components. Finally, the total hopane concentration was obtained by
adding those of the major C29‐C31 αβ hopanes together.

3. Results

The UK′

37 ‐SST record of core YJ fluctuates between 22 and 28 °C over the
past ~7,500 years, displaying a long‐term cooling trend with augmented
SST variability (Figure 2a). Generally, higher values occurred before about
3,500 years BP (27.2 ± 0.3 °C, also note a slight depression from 5,000 to
7,000 years BP), during 700–1,100 years BP (the Medieval Climate
Anomaly, MCA, 26.7 ± 0.2 °C) and after ~100 years BP, and lower values
prevailed during 1,200–2,500 years BP (26.0 ± 0.8 °C) and 150–550 years
BP (the Little Ice Age, LIA, 25.7 ± 0.9 °C). It appears that substantial cool-

ing started to take place approximately 2,000–3,000 years BP, while our SST record was relatively coarsely
resolved between ~1,200 and 2,500 years BP (owing to lower sedimentation rates or even possible hiatus;
Figure 2d). Additionally, the C37 alkenone concentration mainly varies from ~30 to 80 ng/g, except for a con-
siderable increase centered at around 6,000 years BP (Figure 2b). In contrast, variations in total hopane con-
centration characterize a long‐term increasing trend with increments of amplitude toward the present
(Figure 2c). During warm intervals, for instance, the MCA, total hopane concentration remained quite
low, at approximately the same level as earlier than ~3,500 years BP (the Holocene climate optimum,
HCO), while a marked increase (2 to 4 orders of magnitude higher) occurred during cool intervals, for exam-
ple, ~1,200–2,500 years BP and the LIA, with the maximal concentration at the onset of the LIA.

4. Discussion
4.1. SST and Hopane Variations Linked to AWM Intensity

The UK′

37 ‐SST value of the uppermost sample (25.6 °C) is slightly higher than the composite in situ mean
annual SST (24.9 °C) from the AVHRR data set (Figure 1). A similar difference (about 0.8 °C) has also been
reported in a few published cores from the northern SCS (Kong et al., 2014), but accurate calculation

remains difficult, as the UK′

37‐SST relationship for SCS coastal settings is not established. Since the alkenone

unsaturation ratio is calibrated to the mean annual SST, we interpret that UK′

37 ‐SST values, despite being
biased toward summer signals, represent the mean annual SST. Moreover, a set of modern surveys show
that, in surface waters of the northern SCS, long‐chain alkenones are primarily synthesized by species
Gephyrocapsa oceanica and Emiliania huxleyi in cold months when northeasterly winds prevail (Chen
et al., 2007). Further, taking into account that the effect of significant cooling is maintained in wintertime
in this particular geographic setting (Figure 1), SST changes in the alkenone record thus would also

Figure 2. Downcore geochemical proxies of sediment core YJ over the past
7,500 years, including (a) UK′

37‐SST record, (b) C37 concentration, (c) total
hopane concentration (reversed scale), and (d) sedimentation rate. The color
bars represent three key intervals discussed in the text, for example, the
Holocene Climate Optimum (HCO, before ~3,500 years BP), Medieval
Climate Anomaly (MCA, ~700–1100 years BP) (red), and Little Ice Age
(LIA, ~150–550 years BP) (green).
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contain a strong winter component. Indeed, Pelejero and Grimalt (1997)

suggested that core‐topUK′

37 values in the SCS have a relationship with win-
ter SST as good as that with mean annual SST. However, as alkenones are

produced within all seasons and changes in UK′

37 values could be mainly
driven by either winter (Kong et al., 2014; Zhang et al., 2019) or summer
(Kong et al., 2015; Lee et al., 2019; Zhang et al., 2013) signals, depending
on specific oceanic settings, we prefer to use mean annual calibration
(Pelejero & Grimalt, 1997) but also emphasize the more important role
of winter temperatures at our study site (Figures S1 and S2). Finally, dif-
ferent equations yield great similarity in the temporal patterns of SST
records (e.g., the remarkable cooling of the LIA, not shown) and thereby
do not affect our main conclusions.

Substantial decreases of up to ~4 °C during cool intervals, for example,
LIA and ~1,200–2,500 year BP in our SST record (Figure 2a), appear to
be abnormally high compared with ~1–2 °C cooling at the same intervals
across the open ocean of the northern SCS and western tropical Pacific
(Chen et al., 2018; Lin et al., 2006; Oppo et al., 2009). Although tropical cli-
mate (e.g., El Niño–Southern Oscillation) modulates SST over the north-
ern SCS, the small range out of which (~0.2 °C as observed from
instrumental data sets) strongly excludes a major role of El Niño–
Southern Oscillation variability in such a large amplitude of cooling at
our site. We recognize that along the northern coast of the SCS, surface
cooling and intensive vertical mixing, triggered by northeasterly winds,
greatly reduce winter SST today (Figures 1a, S1, and S2), but in summer,
the southwesterly winds‐induced upwelling causes cooler SST only in
mosaic regions outside of our study site, for example, to the east of the
Pearl River mouth and northeast of Hainan Island (Figure 1b). On this
basis, the considerable cooling in these two cold intervals in our case prob-
ably results from an extra superimposition of enhanced impact from
AWM‐related vertical mixing and/or atmospheric cooling. Accordingly,
downcore SST variations during the past ~7,500 years, within a range of
long‐term average winter and summer limits (Figure 2a), can be used to
infer the Holocene AWM variability.

In addition, the total hopane concentration experiences pulse‐like increases (2 to 4 orders of magnitude
higher) during the same cool intervals (Figure 2c). Simultaneously, large differences in sedimentation rates
(Figure 2d) and terrigenous organic matter (Huang et al., 2018) between the LIA and ~1,200–2,500 years BP,
together with a weakened ASM substantiated by numerous terrestrial records (Liu et al., 2015; Wang et al.,
2005), enable us to reject the lateral transport of riverine input as the dominant source of increased hopane
compounds. Detailed identification of corresponding samples in these two cool intervals further confirms
that hopane compounds, mainly comprising C30‐17α(H)21β(H) and C31‐17α(H)21β(H)‐S, contain little
hopene content. Thus, the dramatically high hopane concentrations, a feature not shown in alkenone con-
tents (Figure 2b), are very unlikely to originate from in situ biological production (Pearson et al., 2009; Peters
et al., 2005). Rather, an enhanced influx of terrestrial‐sourced biomass plausibly acts as a reasonable expla-
nation (He et al., 2015; Xie et al., 2013) because AWM strengthening during cool intervals promoted north-
easterly winds, which would transport more terrigenous hopanes from the continent to the northern coast of
the SCS (Figure 1a). Conversely, the co‐occurrence of increased SST and lower hopane concentrations at our
study site implies a reduction in the AWM during warm intervals, for example, the MCA and HCO.
Together, our SST and hopane records effectively reflect variations in Holocene AWM intensity, which, in
general, intensified toward the present.

4.2. Variations of AWM Intensity During the Past ~7,500 Years

Onemight argue that a stronger ASM is also able to boost coastal upwelling in the northern SCS (Figure 1b),
for example, to the east of the Pearl River delta (Kong et al., 2015; Lee et al., 2019) and northeast of Hainan

Figure 3. Comparison of UK′

37 ‐SST records of sediment cores (a) GIK17940
(blue dots) (Wang et al., 1999) and NS02G (blue cycles) (Kong, 2014),
(b) YJ (this study), and (c) HKUV16 (Kong et al., 2014), (d) integrated SST
anomaly over global tropical coasts (Marcott et al., 2013) as well as
(e) magnetic susceptibility (values increase downward, Yancheva et al.,
2007) and (f) diatom AG/CS ratio (A. granulate/C. stelligera; Wang et al.,
2012) at Huguangyan Maar Lake. The color bars mark the same intervals as
in Figure 2, and the green arrow line denotes the SST gradient between the
SCS northern coast and open ocean.
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Island (Jiang&Wang, 2018; Jing et al., 2009). This hypothesis, if applicable
to our case, is possible to explain lower SST but hard to reconcile with
exceptionally high hopane concentrations. The reason behind this is that
the prevailing southwesterly winds, activated along with the ASM, are
apparently reversed in direction to deliver land‐sourced biomass toward
the northern coast of the SCS (Figure 1b). In addition, the postulated
ASM enhancement over these cool intervals also contradicts a growing
body of compelling evidence in line with a weakened ASM for the same
time slices (Hu et al., 2008; Lee et al., 2019;Wang et al., 2005). Instead, var-
iations in AWM strength could feasibly explain our multiple proxy records
for both cold and warm intervals from multicentennial to millennial
scales. It is worth stressing that despite opposite reconstructions of the
Holocene AWM at Huguangyan Maar Lake, our results agree with that
inferred from the magnetic susceptibility/S ratio (Yancheva et al., 2007;
Figure 3e) but differ from the one based on diatom assemblages (Wang
et al., 2012; Figure 3f) and the simulated Holocene AWM (Wen
et al., 2016).

The last millennium, in which both the LIA andMCA emerged as climate
anomalies (Mann et al., 2008), is an excellent time window to disentangle
the spatial structures of how northern SCS coastal conditions interact with
the Asian monsoon system (Figure 4). Our recent work on another sedi-
ment core HKGS‐A, in the southeast waters offshore of Hong Kong
(Figure 1b) actually revealed the impact of summer monsoon‐driven
upwelling on coastal SST changes in the northern SCS (Lee et al., 2019).
It is evident that the ASM cooling effect outweighed the original signal
of global temperature change, resulting in relatively warm SST during
the LIA and cool conditions during the MCA (Figure 4d). In contrast,
the SST record in core YJ exhibits inherent features of the LIA and
MCA but with larger amplitude of SST changes (Figure 4b) and HCO as
well, following the typical temporal characteristics of integrated tropical
SST anomaly (Figures 3b and 3d) (Marcott et al., 2013). Such discrepancies
in the temporospatial patterns of SST changes across the SCS coastal
upwelling regions (Figures 4b and 4d) thus further consolidate the domi-
nant imprint of the AWM‐induced cooling effect at our study site YJ, as it
does today.

On longer timescales, coastal SST records in both core YJ and existing core HKUV16 show marked warm
conditions during the HCO (Figures 3b and 3c). This is in striking contrast to previously published SST
records from the SCS open ocean that, for instance, cores NS02G and GIK17940 (Figure 3a), witnessed rela-
tively cool HCO conditions (Lin et al., 2006; Oppo& Sun, 2005;Wang et al., 1999;Wei et al., 2007; Zhou et al.,
2012). Clearly, the SST difference between sites YJ and NS02G/GIK17940 (Figures 3a and 3b), a measure of
thermal contrast between the SCS northern coast and open ocean (Kong et al., 2014), again reinforces an
intensification of the AWM toward the late Holocene. We note that this notion also works well for the last
millennium since an increased temperature gradient between the open ocean and coast is evident during the
LIA (particularly at its onset; Figures 4a and 4b), signaling a strengthened AWM. Furthermore, in‐phase cov-
ariations in the SST record in core YJ and total solar irradiance (Steinhilber et al., 2009) also underline the
possible control of external forcing on AWM intensity (Fig. 4c), which deserves more effort (e.g., climate
models) in the future.

5. Conclusion

We have reconstructedUK′

37‐based SST changes, along with hopane contents, over the past 7,500 years from a

sediment core drilled at the northern coast of the SCS. TheUK′

37‐SST record shows warm conditions during the
HCO and MCA and remarkably cool temperatures during the LIA. In addition, hopane compounds exhibit

Figure 4. Comparison of UK′

37 ‐SST records over the last millennium in
sediment cores (a) NS02G (Kong et al., 2017), (b) YJ (this study), and
(d) HKGS‐A (higher values downward) (Lee et al., 2019). The color bars and
green arrow line outline the same intervals and SST gradient, respectively,
as in Figure 3, and the dashed gray lines hint at the correspondence of three
independent records within their chronological uncertainties. Total solar
irradiance (TSI) (Steinhilber et al., 2009) is also superimposed upon the SST
record (c). Note different temperature scale used for the three records.
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high extremes during cool intervals, such as the LIA. These proxy records together facilitate the coupled
dynamics between northern SCS coastal conditions and AWM variations frommulticentennial to millennial
timescales and strongly indicate a long‐term strengthening trend of the Holocene AWM toward the present,
with significant intensification during cool climate intervals, thus opposite to ASM changes. We further sug-
gest that SST changes at the northern coast of the SCS are considerably amplified by the AWM cooling effect,
and hence, the SST difference between the coast and open ocean could effectively capture the Holocene
AWM intensity.
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