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Holocene variability in sea surface temperature off the 

southwest coast of Korea and its implications for East 

Asia climate changes

Bae, Si Woong

Department of Convergence Study on the Ocean Science and Technology

Ocean Science and Technology School

 Korea Maritime and Ocean University

Abstract

To reconstruct the variations in sea surface temperature (SST) 

during the Holocene, the alkenone unsaturation index of marine 

sediments from two deep-drilled cores and 81 different core-top 

surface sediments recovered from the Heuksan Mud Belt, located off the 

southwestern coast of the Korean Peninsula, was measured. First, 

comparison of the alkenone temperature estimates of 81 core-top 

sediments with in situ temperatures indicates that the alkenone 

temperatures correspond to the average SST in April to October. The 

spatial distribution pattern of the core-top alkenone SST shows a 

north-south temperature gradient, which represents the in situ 

temperatures well. This indicates that the effects of the resuspension 

and lateral transport of sediments on the past temperature estimation 

might be insignificant. Based on the two deep-drilled cores, 

variations in the alkenone SST during the Holocene were reconstructed. 

In general, the alkenone SST decreased by less than 1℃ from the early 

to late Holocene. An interesting feature is the presence of two long 
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and pronounced cold (approximately 2℃) periods, which occurred at 3-5 

kyr and 6.6-8.4 kyr B.P. These cold periods were also observed in 

other mid-latitude regions in East Asia, indicating that the cooling 

pattern was regional. The cold periods appear to be associated with 

the southward migration of the westerly jet at that time. 

Investigations into the effects of local sea level changes and 

resultant changes in tidal regime on changes in the SST during the 

Holocene period suggest that they were insignificant in the study 

area. 

Herein, we elucidate continuous variations of alkenone SST over the 

last 6.5 kyr B.P. at a high-resolution (10-20 year) by using records 

from marine sediments of deep-drilled core HMB-103, which are 

recovered from the Heuksan mud belt. The high-resolution SST record 

allows the detection of centennial-scale fluctuations with various 

cycles. The spectral and wavelet analysis of alkenone SST revealed 

significant periodicities of 415, 227, 145, 102, 83, and 73 years at 

>90% confidence level. These periods exhibit extreme proximity to the 

solar activity cyclicities of ~400, 210 (Suess/de Vries cycles), 150, 

and 120-60 years (Gleissberg cycles). This indicates a linkage between 

the variations of HMB-103 alkenone SST and solar activity at the 

centennial scale over the last 6.5 kyr B.P. 

KEY WORDS: Alkenone; Sea surface temperature; Holocene; Yellow Sea; 

Palaeoclimatology; Centennial variance; Solar Activity  
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홀로세 한반도 서남해 연안 표층수온변화와 

동아시아 기후변화

배시웅

한국해양대학교 해양과학기술전문대학원

해양과학기술융합학과

요약

본 연구에서는 한반도 서남해 연안에 위치한 흑산머드벨트에서 채취된 2개

의 심부시추코어 (HMB-102, HMB-103) 퇴적물과 같은 곳에서 별도로 채취된 

81개 표층퇴적물의 알케논 분석을 통해 홀로세동안 표층수온변화를 복원하

였다. 먼저 81개 표층퇴적물의 알케논수온과 관측수온을 비교하여 연구지역

에서 해양퇴적물로부터 복원한 알케논수온은 4-10월 평균 표층수온을 대표

함을 확인하였다. 특히 표층퇴적물 알케논 수온분포는 북쪽은 낮고, 남쪽은 

높은 관측수온 분포와 유사하다. 이는 퇴적물의 재부유나 수평이동이 과거 

표층수온 복원에 주는 영향은 작다는 것을 의미한다. 심부시추코어 퇴적물 

알케논 분석을 통해 지난 홀로세동안 표층수온변화를 복원하였다. 초기 홀

로세부터 현재까지 알케논수온은 전반적으로 1℃정도 감소한다. 그리고 특

징적으로 3-5 kyr B.P.와 6.6-8.4 kyr B.P. 사이에 2℃정도의 강하고 지속

적인 한랭기간이 존재함을 발견하였다. 이 기간은 동아시아 다른 지역 (티

벳고원, 중국 북동부, 양쯔강 유역, 오키나와트러프)에서도 발견되며 동아

시아 중위도 지역의 지역적인 특징임을 확인하였다. 동아시아 중위도 지역

에서 전반적으로 관찰되는 홀로세동안 두 번의 장기간 한랭기는 당시 

Westerly Jet 경로가 상대적으로 남쪽으로 이동한 것과 연관된 것으로 생각
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된다. 반면 홀로세 해수면 변동과 그와 관련된 조석변화를 고려하면 이들은 

흑산머드벨트 표층수온 변화에 큰 영향을 주지는 못한 것 같다.

HMB-103 시추코어퇴적물의 추가적인 알케논 분석을 통해 지난 6.5 kyr 

B.P. 동안 표층수온 변화를 고해상도로 (10-20년 변화) 복원하였다. 이때 

연구지역에서 수백 년 규모의 수온변동이 존재함을 확인하였다. 알케논 수

온자료의 spectral과 wavelet 분석결과 90%이상의 신뢰구간에서 415, 227, 

145, 102, 83, 73년의 주기가 뚜렷하다. 알케논 수온변화에서 발견된 주기

들은 홀로세동안 태양활동변화 주기인 ~400, 210 (Suess/de Vries cycles), 

150, and 120-60 years (Gleissberg cycles)와 유사하다. 이는 지난 6.5 

kyr B.P.동안 태양활동변화와 HMB-103 알케논 수온의 수백 년 주기변동 사

이에 관련이 있음을 의미한다.    

KEY WORDS: 알케논; 표층수온; 홀로세; 황해; 고기후; 수백 년 규모 변동성; 태양활

동 
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Chapter 1. Introduction

The reconstruction of the paleoclimate is important to understand the 

natural variation and evolution of the current climate because instrumental 

records only span a tiny part (~100 years) of Earth's history. In particular, the 

reconstruction of historical sea surface temperature (SST) is important as it 

aids the understanding of ocean behavior during climate change; it allows us 

to validate numerical climate models and assess the significance of current 

climate trends. Recently, numerous researchers have attempted to reconstruct 

spatio-temporal changes in historical SSTs and synthesize them. Global SST 

reconstructions for the Last Glacial Maximum and the Holocene were 

published by the Multiproxy Approach for the Reconstruction of the Glacial 

Ocean Surface (MARGO) project (MARGO Project Members, 2009) and the 

Global Holocene Spatial and Temporal Climate Variability (GHOST) project 

(Leduc et al., 2010), respectively. 

The Holocene corresponds to the last 11,700 years of the Earth's history. 

This period represents the present interglacial after the last deglaciation 

followed by the Last Glacial Maximum. The Holocene was known to have a 

relatively warm and stable climate compared to the last glacial and 

deglaciation periods. However, with the accumulation of more paleoclimate 

records, it seems that the Holocene climate was not as stable as previously 

thought. Millennial- to centennial-scale paleoclimatic variations during the 

Holocene have been reported in various parts of the world (Bond et al., 2001; 

Wang et al., 2005; Marchitto et al., 2010; Masson-Delmotte et al., 2013; 

Bakker et al., 2017). The cause of climate variation at millennial to centennial 

time scales during the Holocene remains under debate; this is particularly due 
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to the lack of high-resolution and continuous paleoclimate records. 

Chapter 2 describes the carefully reconstructed SST records during the 

Holocene using the alkenone unsaturation index of marine sediments of two 

deep-drilled cores (HMB-102 and HMB-103) and 81 different core-top 

sediments that were recovered from the southwest coast of Korea. First, we 

compared the alkenone SSTs of 81 core-top sediments with in situ SSTs to 

test the applicability of alkenone paleothermometry in the study area. Second, 

we reconstructed the Holocene SST record from deep-drilled sediments. We 

found that there were two long and pronounced cold periods at 3-5 and 

6.6-8.4 years B.P. Finally, we examined several factors affecting SST changes.

Chapter 3 discusses the further alkenone analyses of HMB-103 sediments 

that were carried out to reconstruct a high-resolution SST record over the 

last 6.5 kyr B.P. The records have an average temporal resolution of 

approximately 10-20 years. Hence, centennial to millennial time scale SST 

variations can be investigated based on the alkenone record. The spectral and 

wavelet analyses of alkenone SST revealed significant (>90% confidence level) 

periodicities at the centennial time scale. We investigated the relationship 

between centennial-scale SST changes with solar activity.
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Chapter 2. 

Two long and pronounced cold periods 3,000-5,000 and 

6,600-8,400 years B.P. in East Asia and the southward 

migration of the westerly jet

2.1 Introduction

Spatial and temporal reconstructions of surface temperature changes during 

the Holocene (i.e., the last 11,700 years) help us to understand natural climate 

variability and forcing mechanisms. According to a study on the synthesis of 

73 globally distributed terrestrial and oceanic temperature proxy records 

(Marcott et al., 2013), the temperature during the early–middle Holocene was 

high and was followed by 0.7℃ cooling in the late Holocene. However, 

variations in regional temperatures during the Holocene were not always 

consistent with those of the stacked temperature and variations occurred even 

at similar latitudes (Kim et al., 2004; Leduc et al., 2010; Clegg et al., 2011; 

Marcott et al., 2013; Harada et al., 2014; Marsicek et al., 2018).

The Holocene temperature records of East Asia have rarely been included 

in global temperature reconstruction studies (Wanner et al., 2011, 2015; 

Marcott et al., 2013; Masson-Delmott et al., 2013) because of limitations in 

data availability. Recently, the Holocene temperature variations in this region 

have been quantitatively reconstructed based on various proxies, including 

pollen, alkenone, and branched glycerol dialkyl glycerol tetraethers (brGDGT) 

from peat and lake sediments (Herzschuh et al., 2014; Hou et al., 2016; Li et 
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al., 2018; Zhang and Feng, 2018; Zhang et al., 2018; Zheng et al., 2018). 

However, most temperature variations have been reconstructed in 

high-altitude areas (e.g., Tibetan Plateau, Altai Mountains) with low temporal 

resolution. To accurately determine the climate change in East Asia, it is 

necessary to reconstruct a high-resolution and continuous temporal sea 

surface temperature (SST) record for the Holocene using marine sediment. 

Furthermore, compilation of regional temperature records, including SST, and 

comparison with high- and low- latitude temperature records is necessary to 

identify the characteristics of the surface temperature changes in East Asia 

and the associated forcing mechanism. 

The Yellow Sea is a semi-enclosed marginal sea surrounded by Korea and 

China (mean water depth: 44 m; Fig. 1a). The Yellow Sea has undergone 

dramatic environmental changes due to global eustatic sea level changes 

during the late Quaternary period. During the last glacial maximum, when sea 

levels were ~120 m lower than today, the Yellow Sea shelf was subaerially 

exposed (Yoo et al., 2016). Subsequently, the sea level rose rapidly during the 

deglacial period, and it reached to present position at early Holocene (Qin et 

al., 1996; Liu et al., 2004). During the Holocene, thick mud deposits developed 

in certain areas of the Yellow Sea (Fig. 1a). These mud deposits are 

characterized by high sedimentation rates, allowing high-resolution studies of 

paleoenvironmental changes. The changes in SST in the area can be 

influenced by various factors, including changes in solar radiation (Lee et al., 

2007), tidal mixing (Lie, 1989), the monsoon system, and the connection 

between atmosphere and ocean circulation and climate modes (Yeh and Kim, 

2010; Kim et al., 2018).
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Fig. 1. (a) Distribution of Holocene mud deposits (dark gray shading) and 

surface currents in the Yellow Sea and East China Sea. Blue (red) arrow 

represents cold (warm) current. Dashed arrow indicates seasonally varying 

current. Orange dashed line represents the thermohaline front. TWC, 

Tsushima Warm Current; CWC, Cheju Warm Current; YSWC, Yellow Sea 

Warm Current; KCC, Korean Coastal Current; CCC, Chinese Coastal Current; 

CDW, Changjiang Diluted Water. (b) Bathymetric map of the study area 

(contours in m) and core locations. The Heuksan Mud Belt (HMB) is marked 

by yellow shading. Red and black square indicates the location of the two 

deep-drilled cores (HMB-102, HMB-103) and piston cores (YS-C11, YS-C04) 

(Park et al., 2000), respectively. Blue dot indicates the location of the 

core-top sediment. Black triangle indicates the Heuksando Weather Station and 

Chilbaldo Buoy Station of the Korea Meteorological Administration. Green 

zigzag line represents the distribution of the tidal front.
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In this study, alkenone temperatures, estimated using 81 core-top sediments 

from the Heuksan Mud Belt (HMB) in the southeastern Yellow Sea, were 

compared with in situ temperatures to test the applicability of alkenone 

paleothermometry in the study area. In addition, we reconstructed variations 

in the SST during the Holocene by using the alkenone unsaturation index of 

marine sediments of two deep-drilled cores (HMB-102 and HMB-103) 

recovered from the HMB. We identified the characteristics of the HMB SST 

record during the Holocene and examined several factors affecting SST 

changes.

2.2 Geological and oceanographic settings

The HMB developed in a north–south direction along the southwestern coast 
of Korea (Fig. 1b). Water depths in the HMB range from 20 m in the north 

to 110 m in the south (Fig. 1b). In previous studies, the stratigraphy and 

evolution of the HMB during the Holocene has been investigated using seismic 

profiles and sediment cores (Lee et al., 2015; Chang and Ha, 2015). Based on 

210Pb (Park et al. ,2000) and 14C (Chang and Ha, 2015) dating (Table 1), it has 

been demonstrated that surface sediments collected above the latitude of 

34°N are modern-day sediments, whereas those collected below 34°N are 

sediments from 6–7 kyr B.P.    
Since the study area is located in relatively shallow water, changes in the 

SST are closely related to changes in air temperature and solar radiation. 

Comparison of the monthly mean in situ SST recorded at the Chilbaldo Buoy 

Station for the period of 1998–2018 (dataset from the Korea Meteorological 

Administration, KMA) with the concurrent in situ surface air temperature 

(SAT) obtained at the Heuksando Weather Station (dataset from the KMA) 

revealed similar temperature changes (Figs. 1b and 2a; r2=0.89, P<0.0001, 
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n=235). The SST decreases to 5℃ in winter due to cold and dry northwesterly 

winds and weak solar radiation, whereas it increases to 25℃ in summer due 

to warm and wet southeasterly wind and strong solar radiation.

Oceanic fronts develop around the HMB throughout the year. In winter, a 

thermohaline front is established between the Cheju Warm Current (CWC), 

which rounds Jeju Island clockwise, and the Korean Coastal Current (KCC), 

which flows southward along the west coast of Korea (Fig. 1a; Lie and Cho, 

2016). The Yellow Sea Warm Current (YSWC) intermittently penetrates into 

the Yellow Sea across the front (Lie et al., 2001; Lie and Cho, 2016). In 

summer, the CWC retreats to the west coast of Jeju Island due to the 

intrusion of Changjiang Diluted Water (CDW); the thermohaline front also 

weakens. A strong tidal front is established in summer between well-mixed 

coastal regions and stratified open ocean regions (Fig. 1b; Lie, 1989).   

The Yellow Sea is strongly affected by semidiurnal tides. The tidal range in 

the HMB exceeds 3 m and the maximum current velocity ranges between 80 

and 100 cm/s (Lee and Chu, 2001; Chang et al., 2015). The summer SST in 

the well-mixed coastal region is lower than in the stratified regions due to 

vertical mixing by tidal stirring (Lie, 1989). However, if 5-year average 

temperatures, which correspond to an approximately 1 cm-thick sediment 

layer in the study area, are calculated using the monthly temperatures (Fig. 

2b), the effect of tidal mixing on the SST decrease is smoothed and becomes 

insignificant. 
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Fig. 2. (a) Monthly fluctuation (1998 and 2018) and (b) 5-year average values 

of the SST at the Chilbaldo Buoy Station (red) and SAT at the Heuksando 

Weather Station (blue). Considering the sedimentation rate (0.2 cm/yr) in the 

study area, a 1 cm-thick sediment is deposited during the 5-year period. 

Monthly mean SST in (c) February 2012 and (d) August 2012, derived from 

NOAA satellite data. Images are provided by the National Fisheries Research 

and Development Institute (NFRDI), Korea. White rectangle indicates the study 

area.
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2.3 Materials and methods

In this study, marine sediments from two deep-drilled cores, HMB-102 

(34°7.96'N, 125°40.94'E, water depth: 57 m) and HMB-103 (34°43.50'N, 

125°37.51'E, water depth: 48 m), were used. They were obtained by the 

Korean Institute of Geoscience and Mineral Resources (KIGAM) in 2013 using 

the Chinese drill ship KAN 407 (Fig. 1b). These cores mainly consisted of gray 

mud with silt streaks and wave-formed ripples (Chang and Ha, 2015). Only 

Holocene muddy sediments from the upper 21 meters below sea floor (mbsf) 

in HMB-102 and upper 13 mbsf in HMB-103 were used for alkenone analyses. 

The 1 cm-thick samples were collected at approximately 10-30 cm intervals 

for HMB-102 and at 15 cm intervals for HMB-103. In addition, 81 core-top 

sediments (0-1 cm) were used for the alkenone analyses. They were 

subsampled from box, piston, and vibro cores obtained by the KIGAM during 

HMB cruises in 2012-2014 (Fig. 1b). 

The ages of the two deep-drilled cores, HMB-102 and HMB-103, were 

determined by radiocarbon dating in a previous study (Table 1; Chang and Ha, 

2015). The accelerator mass spectrometry (AMS) 14C ages of benthic 

foraminifera and bivalve shells were measured at the Institute of Geological 

Nuclear Science, New Zealand and KIGAM, Korea, respectively. The AMS 14C 

ages were converted to calendar ages using CALIB 7.1 (Stuiver et al., 2015). 

The marine reservoir correction (ΔR) was used as the zero value due to 

uncertainty in the study area. The results of 210Pb dating of the HMB marine 

sediments were presented in the previous study (Table 1; Park et al., 2000). 

They observed excess 210Pb activities at core YS-C11 collected above the 

latitude of 34°N, indicating that the core-top surface sediments are 

modern-day sediments. In contrast, the absence of excess 210Pb activities in 

core YS-C04 collected below 34°N suggests that the core-top surface 
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Core 
ID

Sample 
Depth 
(cm)

Material
AMS

14C age
(yr B.P.)

Total 
210Pb

(dpm/g)

226Ra 
(dpm/g)

Excess 
210Pb

(dpm/g)

Calendar 
Age

(yr B.P.)

Calendar 
Age

(yr before 
1997)

Ref

HMB
-103 300 Shell 1,570±40 - - - 1,123±55 - (1)

500 Bulk benthic 
foram. 2,761±21 - - - 2,473±70 - (1)

720 Bulk benthic 
foram. 3,581±22 - - - 3,476±42 - (1)

1,140 Bulk benthic 
foram. 5,435±24 - - - 5,815±48 - (1)

HMB
-102 500 Bulk benthic 

foram. 6,201±25 - - - 6,648±41 - (1)

610 Bulk benthic 
foram. 6,922±27 - - - 7,434±27 - (1)

650 Bulk benthic 
foram. 7,890±60 - - - 8,354±59 - (1)

800 Shell 8,484±30 - - - 9,078±60 - (1)

1,100 Bulk benthic 
foram. 8,935±30 - - - 9,570±44 - (1)

1,280 Bulk benthic 
foram. 8,995±31 - - - 9,636±65 - (1)

YS-
C11 0 Dry sediment - 4.2 1.5 2.7 - 0 (2)

3 Dry sediment - 3.1 1 2.1 - 8 (2)

10 Dry sediment - 2.1 1.1 1 - 26 (2)

14 Dry sediment - 2 1.1 0.9 - 36 (2)

YS-
C04 0 Dry sediment - 1.4 - - - - (2)

10 Dry sediment - 1.3 - - - - (2)

20 Dry sediment - 1.2 - - - - (2)

25 Dry sediment - 1.5 1.4 - - - (2)

30 Dry sediment - 1.5 - - - - (2)

35 Dry sediment - 1.2 1.1 - - - (2)

　 　 　 　 　 　 　

Table 1. 14C ages for core HMB-103 and HMB-102 and 210Pb ages for core 

YS-C11 and YS-C04

(1) indicates Chang and Ha (2015).

(2) indicates Park et al. (2000).
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sediments in the southern part are old sediments. The old sediment could be 

6.5 kyr B.P. according to 14C dating (Chang and Ha, 2015). The calendar age 

of HMB-103 is 1.1 kyr B.P. at 3 mbsf and 5.8 kyr B.P. at 11.4 mbsf. For 

HMB-102, the interval of 5-12.8 mbsf contains records dating from 6.6-9.6 kyr 

B.P. Therefore, these two deep-drilled sediment cores allowed us to 

reconstruct SST changes during the entire Holocene.

We analyzed C37 alkenone by using freeze-dried sediments (2 g) for SST 

reconstruction. The C37 alkenones were measured at the Korea Maritime and 

Ocean University. The sediments were extracted using an accelerated solvent 

extractor (ASE-200, Dionex Corporation) with the solvent (CH2Cl2:MeOH, 99:1) 

maintained at 100℃ and 1500 psi for 10 min. The extracted organic matter 

was cleaned by elution with CH2Cl2 (500 μL × 3) through a silica cartridge 

(Silica SPE cartridge, 100 mg/ml, Agilent Technologies). Subsequently, 0.1 M 

hydroxide potassium (KOH) was added to the samples for saponification. The 

samples were maintained at 70℃ for 2 h to allow the chemical reaction to 

occur. The alkenone fraction was obtained by partitioning into hexane. After 

being concentrated under N2, the alkenones were separated from the final 

extract using a gas chromatograph (Shimadzu 17-A) equipped with a flame 

ionization detector and fused-silica capillary column (J&W DB-1, 0.32 mm × 

0.25 μm × 60 m, Agilent Technologies). The degree of unsaturation (
′ ) 

was calculated using Eq. (1) (Prahl and Wakeham, 1987) and the alkenone 

temperature was reconstructed using Eq. (2) (Prahl et al., 1988). 


′  = [C37:2] / ([C37:2] + [C37:3]) (1)


′  = 0.034T + 0.039 (2)
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The reproducibility of the alkenone temperature assessment for replicate 

samples (n=84) of a homogeneous marine sediment laboratory standard exhibits 

differences of less than ±0.3℃ at the 95% confidence level.

2.4 Results

2.4.1 Core-top sediments

The spatial distribution patterns of the alkenone temperatures, estimated 

using 81 core-top sediments, are illustrated in Figure 3a and b. The results of 

210Pb dating (Park et al., 2000) indicates that core-top sediments located above 

the latitude of 34°N were present-day sediments (Fig. 3a), whilst 14C dating 

(Chang and Ha, 2015) indicates that the age of the sediments located below 

this latitude (Fig. 3b) were 6.5 kyr B.P. For the present-day sediments shown 

in Figure 3a, the alkenone temperatures in the northern part of Heuksan 

Island (34°40'N) were relatively low, ranging between 16℃ and 17.5℃. 

However, those in the southern part were generally high, ranging between 

17.5℃ and 18.5℃ (Fig. 3a). For the core-top sediments shown in Figure 3b, 

collected below 34°N, the alkenone temperatures were 18℃-22℃ and the 

temperatures markedly increased toward the southern limit of the HMB. This 

pattern was consistent with that of the in situ SST derived from National 

Oceanic and Atmospheric Administration (NOAA) satellite data (Fig. 2c and d). 

Hence, the alkenone temperatures derived from both the present-day and 6.5 

kyr B.P. sediments showed a north-south temperature gradient, which 

resembled the in situ SST pattern, indicating that the effects of the 

resuspension of sediments and lateral transport of suspended materials on the 

past temperature estimation might be insignificant in the study area. 

To determine the season of alkenone production in the study area, the 
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alkenone temperatures of present-day sediments (Fig. 3a) were compared with 

in situ temperatures obtained by the National Fisheries Research and 

Development Institute (NFRDI), Korea (Fig. 3c). These are 5-year (2010-2014) 

average in situ SST data obtained at two-month intervals from two landward 

stations at each of the 310, 311, and 312 NFRDI observation lines (Fig. 3a). 

The alkenone temperatures and their spatial distribution patterns corresponded 

well with those of the average in situ SST in April to October. In addition, 

the monthly mean concentrations of chlorophyll-a at the HMB, obtained by 

the Korea Marine Environment Management Corporation (KOEM) during 

2012-2013, were higher in spring and summer than in winter (Fig. 3c). These 

results were consistent with those of previous studies, which investigated the 

season and depth of alkenone production in the East Sea and East China Sea 

(Lee et al., 2014; Ko et al., 2018). Therefore, the alkenone temperature in the 

study area represented the average SST in April to October. 
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Fig. 3. Spatial variations of the core-top alkenone temperature at (a) present 

and (b) 6.5 kyr B.P. Colored circle indicates temperature (see index). Black 

lines (310, 311, and 312) and small dot in (a) indicate the oceanographic 

observation lines and station of the NFRDI. (c) 5-year (2010-2014) average in 

situ SST obtained at two-month intervals at the two landward observation 

stations. Dashed line indicates the average in situ SST in April to October at 

each of the NFRDI observation line. Yellow shading represents the present 

range of the core-top alkenone temperature. Gray shading indicates the 

monthly chlorophyll-a concentration in the HMB during 2012-2013 (datasets 

from the Korea Marine Environment Management Corporation, Korea).
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2.4.2 Deep-drilled core sediments

Variations in the SST of the southeast Yellow Sea during the Holocene, 

reconstructed from two deep-drilled cores, are illustrated in Figure 4. The 

long-term change in the alkenone temperature exhibited a decrease of 1℃ 

during the entire Holocene (Fig. 5b). In HMB-102, the alkenone temperature 

from 8.4-9.6 kyr B.P. was relatively warm, with an average temperature of 1

9℃. It then decreased by more than 1℃ until 6.6 kyr B.P.; the average 

temperature from 6.6-8.4 kyr B.P. was 17.5℃. In HMB-103, the average 

alkenone temperatures for the periods 5-6.5 and 0-3 kyr B.P. was 18℃. From 

3-5 kyr B.P., the temperature dropped by 2℃ and the average temperature 

was 16.5℃. Thus, two long and pronounced cold periods occurred at 3-5 and 

6.6-8.4 kyr B.P., although in general, the Holocene was characterized by a 

relatively stable climate compared to the glacial-interglacial changes. 

Considering that globally averaged surface temperature data shows a warming 

of 0.85℃ during the period 1880-2012 (Masson-Delmott et al., 2013), the two 

cold periods during the Holocene were distinct and the magnitude of cooling 

was large.



- 17 -

Fig. 4. Alkenone-based SST changes versus calendar age for cores HMB-103 

and HMB-102. Inverted triangle indicates radiocarbon date and calendar age. 

Horizontal bar represents 1σ error range of calendar age.
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2.5 Discussion

2.5.1 Regional surface temperature changes

To investigate whether the two long and pronounced cold periods from 3-5 

and 6.6-8.4 kyr B.P. were local characteristics of the Yellow Sea or regional 

patterns in East Asia, the HMB SST record was compared with Holocene 

surface temperature records from the mid-latitudes of East Asia (Fig. 5). 

Seven previously published surface temperature records were chosen because: 

(1) they provide quantitative temperature records; (2) the seasonality of the 

records has been well documented; and (3) the stratigraphy and age dating of 

the cores are reasonable. For pollen-based temperature records, statistically 

meaningful data were collected by counting at least 300 pollen grains in each 

sample (Fig. 5c, d, f). Recent attempts have been made to reconstruct the 

quantitative Holocene SAT using brGDGT in Chinese peat and lake sediments 

(Li et al., 2017; Zheng et al., 2018). However, these records were not included 

because the pattern of the reconstructed SAT could vary depending on the 

calibration equations used.  

The locations at which the East Asia surface temperature records were 

reconstructed are illustrated in Figure 5a. The pollen-based summer SAT 

record was reconstructed from Lake Bayanchagan, Northeast China (Fig. 5c; 

Jiang et al., 2010). The pollen-based annual mean SAT record was 

reconstructed from Lake Chaohu in the lower Yangtze region (Fig. 5d; Chen 

et al., 2009; Li et al., 2018). The alkenone-based summer temperature record 

was reconstructed from Lake Qinghai in the northeastern Tibetan Plateau (Fig. 

5e; Hou et al., 2016). The pollen-based annual mean SAT record was 

reconstructed from Lake Ximencuo in the eastern Tibetan Plateau (Fig. 5f; 

Herzschuh et al., 2014). The δ18O record from the Guliya ice core from the 
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Fig. 5. Comparison of Holocene surface temperature records for East Asia. (a) 

The map shows the location of the HMB and other sites used for comparison 

in this study. (b) Alkenone-based SST changes in the southeastern Yellow Sea. 

(c) Pollen-based summer SAT changes at Lake Bayanchagan (Jiang et al., 

2010). (d) Pollen-based annual SAT changes at Lake Chaohu in the lower 

Yangtze region (Li et al., 2018). (e) Alkenone-based summer SAT changes at 

Lake Qinghai, northeastern Tibetan Plateau (Hou et al., 2016). (f) Pollen-based 

annual SAT changes at Lake Ximencuo, eastern Tibetan Plateau (Herzschuh et 

al., 2014). (g) δ18O record from the Guliya ice core, western Tibetan Plateau 

(Thompson et al., 1997). (h) G. ruber Mg/Ca-based summer SST changes in 

the northern East China Sea (Kubota et al., 2010). (i) G. ruber Mg/Ca-based 

summer SST changes in the middle Okinawa Trough (Sun et al., 2005). Dashed 

line represents the linear regression. Inverted triangle indicates radiocarbon 

dating.
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western Tibetan Plateau was used as a proxy for the past summer SAT (Fig. 

5g; Yao et al., 1996; Thompson et al., 1997). For the SST records, 

Globigerinoides ruber Mg/Ca-based summer SST records, reconstructed from 

the northern East China Sea (Fig. 5h; Kubota et al., 2010) and middle 

Okinawa Trough (Fig. 5i; Sun et al., 2005), were used. Although the resolution 

of these surface temperature records from mid-latitudes in East Asia is lower 

than that recorded in this study, they show that variations in the surface 

temperatures at other sites in East Asia exhibit fluctuations on a 

multi-millennial timescale during the Holocene, similar to those observed in 

the HMB.

The cold period of 6.6-8.4 kyr B.P. observed in the HMB SST record could 

be identified in the summer and annual SAT records from the eastern part of 

China (Fig. 5c and d). A similar cooling was observed in the Mg/Ca summer 

SST records from the East China Sea and Okinawa Trough (Fig. 5h and i). In 

contrast, both the summer and annual SATs in the Tibetan Plateau above an 

altitude of 3000 m remained warm throughout the same period (Fig. 5e-g). 

During the period 3-5 kyr B.P., the surface temperatures were consistently 

low throughout East Asia, except for the northern region of the East China 

Sea. These results indicated that the two long and pronounced cold periods 

during the Holocene were regional patterns in the mid-latitudes of East Asia, 

although the cooling from 6.6-8.4 kyr B.P. was confined to the eastern part 

of Asia. 

In the eastern part of Asia, the vegetation of the lower Yangtze region, 

Lake Chaohu, consists of a "subtropical evergreen-deciduous mixed 

broadleaved forests" at the present (Li et al., 2018). During the cold periods 

at 6.6-8.4 and 3-5 kyr B.P., conifers (e.g. Pinus) were dominant in East Asia, 

whereas the percentage of broadleaved evergreen trees (e.g. 

Quercus-Cyclobalanopsis) decreased. This vegetation change corresponded to 
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surface temperature changes in this area. On the other hand, in the western 

part of Asia near Lake Ximencuo (elevation, 4000 m), during the early 

Holocene, Picea/Pinus forest dominated until 5 kyr B.P. (Herzschuh et al., 

2014). Then, the composition of vegetation changed from Picea/Pinus forest to 

mixture of alpine meadows and shrublands after 5 kyr B.P. This vegetation 

change is also consistent with temperature change at the highland area. 

A long-term decline in the surface temperature in East Asia was apparent 

throughout the entire Holocene (Fig. 5). The magnitude of the long-term 

cooling of the terrestrial temperature (-2.6℃/10 kyr on average) was larger 

than that of the HMB SST record (-1℃/10 kyr). The overall cooling pattern 

was consistent with that of the Northern Hemisphere mid- to high-latitude 

Holocene temperatures, which is characterized by a warm early Holocene and 

gradual cooling in the middle-late Holocene (Marcott et al., 2013). The 

high-latitude Barents Sea summer SST record also shows an overall cooling 

trend during the Holocene (Fig. 6c; Sarnthein et al., 2003). These patterns 

correspond with a declining Northern Hemisphere summer insolation of ~40 

W/m2 during the Holocene. In contrast, the annual mean SST records from 

low-latitudes show a gradual warming trend (Fig. 6d; Ruhlemann et al., 1999; 

Kienast et al., 2006; Zhao et al., 2006). This coincides with the increase in the 

annual mean insolation in the tropics during the Holocene. However, the two 

cold periods at 3-5 and 6.6-8.4 kyr B.P., simultaneously observed in the East 

Asia and Barents Sea, could not solely be explained by the gradually 

decreasing summer insolation during the Holocene but might be related to 

changes in regional atmospheric and oceanic conditions. 

2.5.2 Potential factors affecting the SST changes

The mid-latitudes of East Asia are located on the migration route of the 

westerly jet (WJ), which seasonally moves in a north-south direction. At 
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present, the main route of the WJ lies in the south of the Himalayas 

(<30°N) during winter and moves to the north of the Tibetan Plateau 

(>42°N) during summer (Schiemann et al., 2009; Chiang et al., 2015). It has 

been suggested that the strength and position of the WJ are related to 

changes in the temperature gradient between the equator and poles (e.g., 

Holton, 2004; Kong et al., 2017; Zhang et al., 2018). An increased temperature 

gradient leads to a strengthened WJ and southward shift in its location. The 

variations in the WJ position during the Holocene were previously reported 

(Nagashima et al., 2013). Figure 6f shows the changes in the electron spin 

resonance (ESR) intensity of silt-sized quartz in marine sediments from the 

East Sea (Nagashima et al., 2013). A large ESR value indicates increased dust 

input from the Mongolian Gobi Desert, suggesting the southward displacement 

of the WJ position. Although no ESR data are available for the period from 

6.6 to 8.4 kyr B.P., a clear increase in the ESR intensity can be observed 

between 3 and 5 kyr B.P. Calculations of the SST gradients between the 

high-latitude Barents Sea (Fig. 6c) and low-latitude tropics (Fig. 6d) 

demonstrated that the gradients at 3-5 kyr and 6.6-8.4 kyr B.P. increased by 

>3℃ compared with those of other periods (Fig. 6e). This supported the 

possibility of a southward displacement of the WJ during cold periods. 

Therefore, the two cold periods in East Asia during the Holocene might have 

been caused by the southward-shifted WJ. The difference in temperature 

between the eastern and the western parts of Asia for 6.6-8.4 kyr B.P. might 

be due to difference in altitude between the western (Tibetan Plateau) and 

eastern parts of Asia. Generally solar irradiance increases along altitude above 

sea level (Blumthaler, 2012). In the early Holocene when orbital driven 

insolation was higher (~512 W/m2) than the present level (~476 W/m2), the 

Tibetan Plateau highland region may be more sensitive to surface heating 

associated with strong insolation compared to the East Asia coastal area. It 

may cause the relative warming of the highland area, although the East Asia 
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Fig. 6. (a) The locations of cores from high- and low-latitudes used in this 

study. (b) Alkenone-based SST changes in this study. (c) Planktonic 

foraminiferal MAT-based summer SST changes in the Barents Shelf (Sarnthein 

et al., 2003). (d) Alkenone-based annual SST changes in the western equatorial 

Atlantic (Ruhlemann et al., 1999), eastern equatorial Pacific (Kienast et al., 

2006), and South China Sea (Zhao et al., 2006). (e) SST gradient between the 

high-latitude Barents Sea and low-latitude tropics. (f) ESR intensity of 

silt-sized quartz from core D-GC-6 in the East Sea (Nagashima et al., 2013). 

Inverted triangle indicates radiocarbon dating.
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experienced cooling by the southward migration of the WJ. However, after 5 

kyr B.P., insolation decreased (~484 W/m2 at 4 kyr B.P.) and the WJ migrated 

southward, and these two together caused cooling of both the western and 

eastern areas.

It was necessary to evaluate the effects of Holocene sea level change and 

resultant changes in the tidal mixing and ocean current of the Yellow Sea on 

the variations in the HMB alkenone SST. The magnitude of coastal tidal 

mixing can be estimated using Eq. (3) (Simpson and Hunter, 1974):

Simpson-Hunter index (S) = log (H/u3) (3)

where H is the water depth and u represents the velocity of the tidal 

current. Small S values indicate that tidal mixing becomes active and the SST 

becomes low (Lie, 1989). Between 7 and 10 kyr B.P., the sea level rose 

rapidly from -40 to -30 m to its present position (Fig. 7b). A previous study 

on the reconstruction of the tidal regime changes in the Yellow Sea, based on 

a two-dimensional tidal model (Uehara and Saito, 2003), demonstrated that the 

u values in the study area were almost constant at ~0.7 m/s during the entire 

Holocene. Therefore, variations in S are solely attributed to the variations in 

H. The variation in the water depth of 30-40 m would cause a change in S 

of only 0.2 (Fig. 7c). This indicates that the change in the tidal regime during 

the early Holocene was small. The tidal front that is marked as the boundary 

between well-mixed regions of shallow water depth and stratified regions of 

deep water depth generally coincides with Simpson-Hunter parameter (S= log 

(H/u3)) value of approximately 2 in the study area (Simpson and Hunter, 1974; 

Lie., 1989). Since variation in S distribution was very small (~0.2), there 

appear to be no change in the location of the tidal front. Sea levels remained 
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Fig. 7. (a) Alkenone-based SST changes in this study. (b) Reconstructed 

sea-level curves for western Pacific regional seas (Chough et al., 2004; Liu et 

al., 2004; Zong, 2004; Choi, 2009; Tjallingii et al., 2014). (c) Calculated 

Simpson-Hunter parameter [log(H/u3)], which indicates the magnitude of coastal 

tidal mixing at the location of core HMB-102. (d) Abundance of P. 

obliquiloculata in the Okinawa Trough (Jian et al., 2000). Inverted triangle 

indicates radiocarbon dating.
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constant after 7 kyr B.P. There is little sea level data for the period of 3-5 

kyr B.P. (Chough et al., 2004; Choi, 2009) because of an unconformity in the 

coastal deposits on the west coast of Korea. Choi (2009) suggests that the 

unconformity might have been caused by the erosion of sediments due to 

lowering of the sea level. However, even if the sea level lowered, its 

magnitude might have been much smaller than that in the early Holocene. 

Therefore, it can be assumed that the change in the S value at 3-5 kyr B.P. 

was small and the effects of changes in sea level and tidal mixing on 3-5 kyr 

B.P. cooling would be insignificant (Fig. 7c).

The inflow of warm Kuroshio branch currents into the shelf area near the 

Korea Peninsular started between 7 and 8 kyr B.P. when the sea level rose 

to its present position (Kim and Kucera, 2000; Domitsu and Oda, 2008; 

Koizumi, 2008; Takata et al., 2019). Yet, the alkenone SST of core HMB-102 

decreased from 6.6-8.4 kyr B.P. This might have been because the warm 

currents were blocked by the tidal front and did not directly flow into the 

HMB. The spatial distribution of the core-top alkenone SST at 6.5 kyr B.P. 

(Fig. 3b) showed that the temperature markedly increased southward, 

corresponding to the shape of the tidal front. According to a recent study in 

which the trajectories of 433 satellite-tracked drifters, deployed between 1989 

and 2004, were analyzed, warm currents do not flow into the study area all 

year round (Lie and Cho, 2016). In addition, there is an insignificant 

relationship between the volume transport of the Kuroshio Current and 

variations in the SST of the Yellow and East China seas between 1982 and 

2014 (Kim et al., 2018). Recent studies reported that variations in the SST in 

this area are associated with changes in atmospheric circulation related to 

climate variability (Yeh and Kim, 2010; Park et al., 2015). The cold period 

between 3 and 5 kyr B.P. coincides with the Pulleniatina Minimum Event 

(PME, 2.7-4.6 kyr B.P.) (Fig. 7d; Jian et al., 2000). The PME is characterized 
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by a low abundance of P. obliquiloculata, which is an indicator species of the 

Kuroshio Current in the Okinawa Trough. Lin et al. (2006) suggest that the 

abundance of P. obliquiloculata reduced during the PME, but what caused the 

PME remained enigmatic, because there were no significant changes in the 

Mg/Ca SST and δ18O of seawater (hence salinity) during the PME in the 

southern Okinawa Trough. Our study suggest that the weakening of the 

Kuroshio Current did not appear to have caused the cooling of the HMB SST. 

Instead, the southward-shifted WJ at that time (Fig. 6f) appeared to have 

caused both cooling of the surface temperature in the mid-latitudes of East 

Asia and a weakening of the Kuroshio Current. The variations in SST and 

productivity during the Holocene reconstructed in the northern East China Sea 

(Wang et al., 2019) showed little changes during the two cold periods 3-5 kyr 

B.P. and 6.6-8.4 kyr B.P. This difference might be due to different 

oceanographic settings between the two regions. Upwelling caused by the 

counterclockwise cold eddy located in the northern East China Sea strongly 

affects the variation in SST and primary productivity in this region (Yuan et 

al., 2018; Wang et al., 2019).

2.6 Conclusions

The alkenone SSTs have been reconstructed using the alkenone unsaturation 

index of 81 different core-top sediments from the HMB. Comparison of the 

core-top alkenone SST with the in situ SST, together with the seasonal 

records of the chlorophyll-a concentration, indicated that the alkenone SST in 

the study area represented the average SST in April to October. The spatial 

distribution pattern of the core-top alkenone SST showed that it was generally 

higher in the south than in the north. This pattern corresponded well with 

that of the in situ SST, indicating that the effects of the resuspension and 
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lateral transport of sediments on past temperature estimation might be 

insignificant in this area. The alkenone SST record during the Holocene was 

reconstructed from the marine sediments of two deep-drilled cores from the 

HMB. The alkenone SST showed a long-term decrease of 1℃ during the 

entire Holocene. In addition, two long and pronounced cold periods were 

observed at 3-5 kyr and 6.6-8.4 kyr B.P. in the Holocene. These cold periods 

were also observed in other regions in the mid-latitudes of East Asia (e.g., 

Northeast China, lower Yangtze region, Tibetan Plateau), indicating that the 

cooling pattern was regional. The southward-shifted WJ probably contributed 

to the pronounced cold periods in East Asia. In contrast, the influence of sea 

level changes during the Holocene and resultant variations in tidal mixing on 

the HMB alkenone SST changes was insignificant. The cold period at 3-5 kyr 

B.P. corresponded with the PME event in the Okinawa Trough, which is 

characterized by a low abundance of indicator species in the Kuroshio 

Current. However, it is unlikely that the weakening of the Kuroshio Current 

directly affected the cooling of the HMB SST. Instead, the southward-shifted 

WJ seemed to have affected both the cooling of the surface temperature in 

East Asia and the weakening of the Kuroshio Current. 
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Chapter 3. 

Holocene centennial-scale variability in sea surface 

temperature in the southeast Yellow Sea

3.1 Introduction

Variations in solar activity influence the Earth's climate. According to 

sunspot observations and cosmogenic isotope measurements (e.g., 14C in 

tree-rings and 10Be in ice cores), solar activity has varied on decadal to 

millennial timescales during the Holocene (Usoskin, 2017). A general solar 

cycle (i.e., the Schwabe cycle) lasts 11-years and includes several rises and 

falls in the number of sunspots (Schwabe, 1843). The polarity of the sunspot 

magnetic fields changes every two Schwabe cycles. This 22-year magnetic 

cycle is known as the Hale cycle (Hale, 1919). The amplitude modulation of 

the Schwabe cycles over a period of ~60-120 years is known as the 

Gleissberg cycle (Gleissberg, 1939). In addition, longer solar cycles have been 

previously identified: the 210-year Suess/de Vries (Suess, 1980) associated with 

the recurrence of Grand minima, the 1,000-year Eddy (Eddy, 1976), and the 

2,400-year Hallstatt (Vasiliev and Dergachev, 2002) cycles.

Previous studies have shown that periodic centennial-scale surface 

temperature changes in East Asia during the Holocene might be induced by 

solar cycles (Sagawa et al., 2014; Xu et al., 2014; Nan et al., 2017; Park, 

2017; Jia et al., 2019). Periods of low surface temperature roughly 

corresponded to those of weak solar activity. However, the exact relationship 

between surface temperature and solar activity in this region is not yet clear. 
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In fact, the resolution of published proxy records is low and spectral analyses 

have shown that these variables share only 1-2 cyclicities. High-resolution and 

continuous temporal sea surface temperature (SST) records are needed to 

clarify the relationship between these parameters. 

The degree of unsaturation in C37 alkenones (
′ ) has been widely used as 

a biomarker for the reconstruction of paleo-SST. The alkenone temperature 

estimates obtained from 81 core-top sediments recovered from the Heuksan 

Mud Belt (HMB) (off the southwestern coast of the Korean Peninsula) were 

compared with in situ temperatures. The correspondent results indicated that 

the alkenone unsaturation index can be used effectively as a proxy for SST in 

this geographical area (see previous chapter). The study area is characterized 

by high sedimentation rates (~0.2 cm/year), allowing the reconstruction of the 

SST record at decadal resolution. Hence, Holocene centennial- to 

millennial-scale SST variations can be investigated based on the alkenone 

record. In this study, we reconstructed a high-resolution (10-20 year) SST 

record covering the last 6.5 kyr B.P. by using the alkenone unsaturation index 

obtained from marine sediments (from the deep-drilled core HMB-103, 

recovered from the HMB). Subsequently, we investigated centennial- to 

millennial-scale SST variability and its relationship with solar activity.

3.2 Materials and methods

This study was based on marine sediments samples obtained from the 

deep-drilled core HMB-103 (Fig. 1b). This core was originally collected in the 

HMB in 2013 by the Korean Institute of Geoscience and Mineral Resources 

(KIGAM), using the Chinese drill ship KAN 407. For the alkenone analyses, we 

used only Holocene muddy sediments collected from the upper 13 m of core 

HMB-103. The sediment samples were collected at 3 cm intervals in the form 
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of 1-cm thick slices. As mentioned in the previous chapter, the age of the 

sediments was estimated by 210Pb (Park et al., 2000) and through the 14C 

analysis of shells and benthic foraminifera (Table 1; Chang and Ha, 2015). 

The dating results indicate that the sediments of core HMB-103 were 

deposited during the last 6.5 kyr B.P. The analytical process used for the 

extraction of alkenones from the sediments was the same described in the 

previous chapter.

Spectral analyses of the alkenone SST and other proxy records were 

conducted using the REDFIT 38 software (Schulz and Mudelsee, 2002) with the 

following parameter settings: Monte Carlo simulations (Nsim) = 1,000, 

oversampling factor (ofac) = 4, highest frequency factor (hifac) = 1, 

Welch-overlapped-segment-averaging (WOSA) segment (n50) = 3, and Welch 

window (Iwin) = 1. A continuous Morlet wavelet transform was performed in 

MATLAB R2017a using the toolbox of Grinsted et al. (2004). Moreover, a 

linearly interpolated time series at 10-year intervals was used for the spectral 

and wavelet analyses.

3.3 Results

The high-resolution SST record for the last 6.5 kyr B.P., reconstructed from 

the sediments of the deep-drilled core HMB-103, is illustrated in Fig. 8a. 

Along with a long and pronounced cold period between 3-5 kyr B.P., we 

observed centennial- to millennial- scale fluctuations in the alkenone SST (of 

maximum 1℃). The spectral analysis of alkenone SST revealed significant 

(>90% confidence level) periodicities of 2,584, 145, 102, 83, and 73 years (Fig. 

8b). In order to remove the cooling pattern between 3-5 kyr B.P. and check 

for periodicities >1,000 years, we extracted the periodicities comprised 

between 2,000-50 years from the raw dataset by applying a band-pass filter 
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(Fig. 9a). The spectral analysis of the band-pass filtered alkenone SST data 

showed that the periodicities of 145, 102, 83, and 73 years identified from the 

raw data spectrum analysis were still significant (>90% confidence level) (Fig. 

9b). Periodicities of 415 and 227 years were also significant, while periodicities 

>1,000 years were not significant. Overall, the alkenone SST record 

demonstrated the occurrence of centennial-scale variability over the last 6.5 

kyr B.P.   



- 35 -

Fig. 8. (a) High-resolution alkenone-based SST changes versus calendar age 

for core HMB-103. Inverted triangles indicate the radiocarbon dates. Gray 

shading indicates the error range of SST. Inverted triangle indicates 

radiocarbon dating. (b) Spectral analyses result for HMB-103 alkenone SST 

(raw data). 
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Fig. 9. (a) 2000-50 years band-pass filtered HMB-103 alkenone SST, and (b) 

the result of spectral analyses. Inverted triangle indicates radiocarbon dating.
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3.4 Discussion

3.4.1 Centennial variations in SST and solar activity 

To check the accuracy of our age dating, we compared the 

alkenone-derived SST results obtained from core HMB-103 with those 

reconstructed from tree ring widths at site JAPA020 (Japan) (Cook et al., 

2013; PAGES 2k Consortium, 2013) for the last 2,000 years (Fig. 10). Narrow 

tree rings were expected to correspond to cold periods. The decreases in 

alkenone SST were found to be consistent with the tree ring growth index at 

the centennial scale, highlighting similar trends in the SST and SAT data for 

the last 2,000 years. These results might also indicate a low age-dating 

uncertainty, despite the few radiocarbon dates obtained for core HMB-103 

(Table 1).

The alkenone SST record obtained from core HMB-103 was compared with 

the variations in solar activity over the last 6.5 kyr B.P. (Fig. 11a). Total solar 

irradiance (TSI) data have been previously reconstructed based on the 

production rates of 10Be, obtained from ice cores collected in Greenland and 

Antarctica (Steinhilber et al., 2009). The ages of these ice cores were fairly 

accurate, since their chronologies were based on annual layer counting. The 

TSI data obtained from these cores are in good agreement with our SST 

record at the centennial scale. Periods of low SST correspond approximately 

to those of low TSI within the estimated age error. In particular, the periods 

of minimum solar activity known as Dalton (~1820 CE), Maunder (~1680 CE), 

and Sporer (~1470 CE), which have been previously recognized from sunspot 

observation data covering the last 500 years, corresponded with those of low 

SST in our study area.   

To further investigate the relationship between alkenone SST and TSI, we 
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Fig. 10. Comparison of the HMB-103 SST with the tree ring growth index in 

Japan (Cook et al., 2013) over the last 2000 years.
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Fig. 11. Comparison of (a) total solar irradiance (TSI) (Steinhilber et al., 2009) 

with (b) HMB-103 alkenone SST over the last 6.5 kyr B.P. (c) Spectral 

analyses results for alkenone SST and TSI.
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compared the spectrum analysis results obtained from these two datasets and 

conducted a wavelet coherence analysis (Fig. 11c and 12). The spectral 

analysis of the TSI revealed that periodicities of 350, 210, 146, 104, 86, and 

74 years were significant (>90% confidence level) (Fig. 11b). Cycles of 70-100 

years in the HMB-103 alkenone SST record could have been associated with 

60-120-year cycles in the TSI record (i.e., Gleissberg cycles) (Usoskin, 2017). 

Additionally, the 200-year cycles observed in HMB-103 were similar to the 

210-year TSI cycles (i.e., Suess/de Vries cycles) (Usoskin, 2017). Finally, the 

400-year and 150-year cycles observed in HMB-103 may reflect 350- and 

146-year TSI cycles, respectively.

The simultaneous occurrence of low SST and low TSI, combined with the 

similar cyclicity of alkenone SST and TSI, indicate that the TSI may have 

influenced the SST centennial-scale variations in the study area.

3.4.2 Validation of the centennial-scale SST variations

It has been investigated whether the SST centennial cycles identified in our 

core were affected by harmonics (e.g., if the observed 145-year cycles in the 

SST record could have resulted from 73-year harmonics). Periodicities of 

100-50, 200-100, 300-200, and 500-400 years were extracted from the 10-year 

interpolated alkenone SST record by applying a band-pass filter. Then, a 

spectrum analysis was performed separately (Fig. 13). The results of the 

spectral analysis on the 100- to 50-year band-pass filtered SST showed that 

periodicities of 83 and 73 years (previously identified during the raw data 

spectrum analysis) were still strong (Fig. 13a). In addition, the results of the 

spectral analysis on the 200- to 100-year band-pass filtered SST showed that 

periodicities of 145 and 102 years were still significant even after removing 

the cycles <100 years (Fig. 13b). Likely, the 145-year cycles were not 
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Fig. 12. Continuous transform wavelet spectra for the HMB-103 alkenone SST 

and TSI, and cross-wavelet spectrum between them.
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Fig. 13. Spectral analyses results for (a) 100-50 years, (b) 200-100 years, (c) 

300-200 years, and (d) 500-400 years band-pass filtered HMB-103 alkenone 

SST.
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affected by 73-year harmonics. The results of the spectral analysis on the 

300- to 200-year and 500- to 400-year band-pass filtered SST showed 

periodicities of 227 and 415 years, respectively (previously identified in the 

raw data) (Fig. 13c, d). This suggested that all the SST cycles identified in the 

core were significant and not affected by harmonics. 

A previous study demonstrated that solar-type periodicities in high-resolution 

proxy records might be produced by random variations (Turner et al., 2016). 

To verify this hypothesis, a series of 15 simple one-dimensional random walks 

were generated for the last 6.5 kyr B.P. using the R software (RStudio Team, 

2015). A spectrum analysis was performed separately (Fig. 14). The random 

time series of V1 and V11 shared some cyclicity with the alkenone SST 

record (V1: 406, 147, 104 years; V11: 142, 103, 73 years). However, the 

periodicities of the other random time series did not match those of the 

HMB-103 cycles (3 time series matched 1 cycle, while 9 time series did not 

match any cycle) (Fig. 14). Although the number of random walk simulations 

was not particularly high, the centennial scale variations in alkenone SST were 

unlikely to be the product of random variance.
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Fig. 14. Significant periodicities (>90% confidence level) present in the 

HMB-103 alkenone SST and 15 random walk simulations.
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3.5 Conclusions

We obtained a high-resolution SST record (10-20 year) over the last 6.5 kyr 

B.P. from the marine sediments of deep-drilled core HMB-103. The SST 

record shows centennial-scale variability. Notably, an overall in-phase 

relationship is observed between the SST and TSI changes at the 

centennial-scale. Periods of low SST correspond approximately to those of low 

TSI within the estimated age error. Solar cycles, such as ~400, 210 (Suess/de 

Vries cycles), 150, and 120-60 years (Gleissberg cycles), are clearly evident in 

the HMB-103 Alkenone record. This implies solar forcing of the 

centennial-scale SST variability.      
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Chapter 4. Conclusions

Holocene temperature changes exhibit strong regional patterns. Thus far, 

the variation in the Holocene temperature of East Asia remains poorly 

understood owing to limited records. This study reconstructed variations in the 

SST during the Holocene by using the alkenone unsaturation index of marine 

sediments of two deep-drilled cores (HMB-102 and HMB-103) that were 

recovered from the Heuksan mud belt (HMB) located in the southeast Yellow 

Sea. Alkenone-based temperatures of 81 different surface sediments from the 

HMB indicates that the reconstructed alkenone temperature from the HMB 

marine sediments represents the averaged SST from April to October. Our 

results of alkenone analysis of deep-drilled sediments reveal that there were 

two long pronounced cold periods at 3-5 kyr B.P. and 6.6-8.4 kyr B.P. during 

the Holocene. These cold periods were also observed at other mid-latitude 

regions in East Asia (e.g., Tibetan Plateau, lower Yangtze region, Okinawa 

Trough), indicating that the cooling pattern was regional. Two cold periods in 

East Asia seem to be associated with the southward migration of westerly 

jets. In contrast, the influence of sea level changes during the Holocene and 

the resultant changes in the tidal mixing and current of the Yellow Sea on 

SST changes were insignificant.

Superimposed on two long and pronounced cold periods are higher 

frequency centennial-scale cooling and warming events in the order of ~1 ℃. 

The simultaneous occurrence of low SST and low TSI is observed combined 

with the similar cyclicity of alkenone SST and TSI (~400, 210 (Suess/de Vries 

cycles), 150, and 120-60 years (Gleissberg cycles)). This indicates that the TSI 

may have influenced the SST centennial-scale variations in the study area. 
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No. Core section
depth (cm) calage Alk. T

top bottom (yr BP) (℃)

1 HMB-103 1 14 15 52 17.5

2 HMB-103 1 29 30 109 18.5

3 HMB-103 1 44 45 165 18.7

4 HMB-103 1 59 60 221 16.6

5 HMB-103 1 74 75 277 18.0

6 HMB-103 1 89 90 333 18.3

7 HMB-103 1 92 93 344 17.7

8 HMB-103 1 110 111 412 18.0

9 HMB-103 1 116 117 434 17.6

10 HMB-103 2 130 131 487 17.9

11 HMB-103 2 145 146 543 18.5

12 HMB-103 2 160 161 599 18.1

13 HMB-103 2 176 177 659 18.3

14 HMB-103 2 190 191 711 18.0

15 HMB-103 2 205 206 767 17.9

16 HMB-103 2 219 220 820 17.1

17 HMB-103 2 226 227 846 17.6

18 HMB-103 3 244 245 913 16.2

19 HMB-103 3 259 260 970 18.3

20 HMB-103 3 271 272 1014 17.9

21 HMB-103 3 274 275 1026 18.7

22 HMB-103 3 289 290 1082 17.6

23 HMB-103 3 307 308 1170 16.8

Appendix A. Supplementary data

1. HMB-103 Alkenone SST
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24 HMB-103 3 313 314 1211 17.8

25 HMB-103 3 316 317 1231 16.9

26 HMB-103 3 328 329 1312 17.7

27 HMB-103 3 331 332 1332 17.0

28 HMB-103 4 357 358 1508 17.8

29 HMB-103 4 360 361 1528 18.9

30 HMB-103 4 369 370 1589 17.2

31 HMB-103 4 372 373 1609 17.8

32 HMB-103 4 377 378 1643 17.7

33 HMB-103 4 387 388 1710 18.4

34 HMB-103 4 402 403 1812 17.9

35 HMB-103 4 417 418 1913 17.5

36 HMB-103 4 432 433 2014 17.8

37 HMB-103 4 447 448 2115 18.4

38 HMB-103 5 474 475 2298 17.8

39 HMB-103 5 489 490 2399 17.8

40 HMB-103 5 513 514 2532 18.3

41 HMB-103 5 528 529 2601 18.2

42 HMB-103 5 543 544 2669 17.5

43 HMB-103 5 558 559 2737 17.9

44 HMB-103 5 576 577 2819 17.0

45 HMB-103 6 603 604 2943 18.1

46 HMB-103 6 618 619 3011 17.7

47 HMB-103 6 633 634 3079 17.8

48 HMB-103 6 647 648 3143 17.5

49 HMB-103 6 663 664 3216 16.1

50 HMB-103 6 678 679 3285 17.1

51 HMB-103 6 695 696 3362 17.1

52 HMB-103 7 734 735 3554 16.6
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53 HMB-103 7 749 750 3638 15.8

54 HMB-103 7 764 765 3721 16.5

55 HMB-103 8 797 798 3905 16.6

56 HMB-103 8 811 812 3983 16.7

57 HMB-103 8 827 828 4072 16.0

58 HMB-103 8 841 842 4150 16.7

59 HMB-103 8 859 860 4250 16.7

60 HMB-103 8 874 875 4334 16.7

61 HMB-103 9 933 934 4662 16.6

62 HMB-103 9 948 949 4746 16.6

63 HMB-103 9 963 964 4829 16.5

64 HMB-103 9 978 979 4913 16.7

65 HMB-103 10 1000 1001 5035 17.6

66 HMB-103 10 1015 1016 5119 18.0

67 HMB-103 10 1030 1031 5202 17.8

68 HMB-103 10 1045 1046 5286 18.2

69 HMB-103 10 1060 1061 5369 18.1

70 HMB-103 10 1075 1076 5453 17.9

71 HMB-103 10 1090 1091 5537 17.9

72 HMB-103 11 1125 1126 5731 17.9

73 HMB-103 11 1144 1145 5837 18.0

74 HMB-103 11 1158 1159 5915 17.7

75 HMB-103 11 1173 1174 5999 18.0

76 HMB-103 11 1188 1189 6082 17.5

77 HMB-103 12 1211 1212 6210 18.2

78 HMB-103 12 1226 1227 6294 18.4

79 HMB-103 12 1241 1242 6377 18.5

80 HMB-103 12 1257 1258 6467 17.9
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No. Core section
depth (cm) calage Alk. T

top bottom (yr BP) (℃)

1 HMB-102 5 511 512 6727 16.7

2 HMB-102 5 520 521 6791 17.2

3 HMB-102 5 531 532 6870 17.2

4 HMB-102 5 540 541 6934 16.4

5 HMB-102 5 551 552 7012 16.4

6 HMB-102 5 561 562 7084 16.3

7 HMB-102 5 571 572 7155 17.8

8 HMB-102 5 581 582 7227 17.4

9 HMB-102 5 591 592 7298 17.4

10 HMB-102 6 601 602 7370 18.2

11 HMB-102 6 612 613 7480 17.9

12 HMB-102 6 621 622 7687 16.8

13 HMB-102 6 631 632 7917 18.1

14 HMB-102 6 641 642 8147 17.2

15 HMB-102 6 651 652 8359 17.5

16 HMB-102 6 661 662 8407 18.2

17 HMB-102 6 671 672 8455 18.7

18 HMB-102 6 681 682 8504 18.7

19 HMB-102 6 691 692 8552 18.5

20 HMB-102 6 701 702 8600 20.3

21 HMB-102 6 711 712 8648 18.4

22 HMB-102 7 721 722 8697 17.1

23 HMB-102 7 731 732 8745 19.2

24 HMB-102 7 741 742 8793 19.1

25 HMB-102 7 751 752 8841 19.3

26 HMB-102 7 761 762 8890 18.4

2. HMB-102 Alkenone SST
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27 HMB-102 7 771 772 8938 18.3

28 HMB-102 7 781 782 8986 19.1

29 HMB-102 7 791 792 9035 20.3

30 HMB-102 7 801 802 9080 19.9

31 HMB-102 8 841 842 9145 18.2

32 HMB-102 8 871 872 9194 18.7

33 HMB-102 8 898 899 9239 19.8

34 HMB-102 8 931 932 9293 18.5

35 HMB-102 9 971 972 9358 17.6

36 HMB-102 9 1001 1002 9408 18.7

37 HMB-102 9 1031 1032 9457 19.3

38 HMB-102 9 1061 1062 9506 19.1

39 HMB-102 10 1101 1102 9570 19.6

40 HMB-102 11 1211 1212 9611 18.8

41 HMB-102 11 1301 1302 9644 17.5
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No. Core
depth (cm) location Alk. T

top bottom longitude ('E) latitude ('N) (℃)

1 12HMB P01 0 1 125.92 33.75 18.1

2 12HMB P02 0 1 125.81 33.71 19.4

3 12HMB P04 0 1 125.69 33.81 19.4

4 12HMB P05 0 1 125.63 33.91 18.3

5 12HMB P06 0 1 125.67 33.92 17.9

6 12HMB P07 0 1 125.71 33.93 18.6

7 12HMB P08 0 1 125.84 33.97 16.9

8 12HMB P09 0 1 125.73 34.06 18.1

9 12HMB P10 0 1 125.66 34.04 18.0

10 12HMB P11 0 1 125.57 34.02 18.1

11 12HMB P12 0 1 125.54 34.14 17.9

12 12HMB P13 0 1 125.62 34.16 18.1

13 12HMB P14 0 1 125.57 34.28 17.7

14 12HMB P15 0 1 125.34 34.21 17.7

15 12HMB P16 0 1 125.49 34.49 17.6

16 12HMB B01 0 1 125.93 33.64 22.1

17 12HMB B02 0 1 126.02 33.66 21.2

18 12HMB B03 0 1 126.09 33.68 21.3

19 12HMB B04 0 1 126.20 33.65 21.2

20 12HMB B05 0 1 125.74 33.70 21.4

21 12HMB B06 0 1 125.87 33.73 20.3

22 12HMB B07 0 1 125.97 33.76 19.1

23 12HMB B08 0 1 126.03 33.83 19.4

24 12HMB B09 0 1 125.82 33.85 18.4

25 12HMB B10 0 1 126.00 33.90 19.4

26 12HMB B11 0 1 126.17 33.95 20.3

3. Core-tops Alkenone SST
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27 12HMB B12 0 1 125.96 33.91 18.8

28 12HMB B13 0 1 125.53 33.88 19.2

29 12HMB B15 0 1 125.90 33.96 19.0

30 12HMB B16 0 1 126.02 34.02 20.1

31 12HMB B17 0 1 125.85 34.02 17.7

32 12HMB B18 0 1 125.45 33.98 18.1

33 12HMB B19 0 1 125.52 34.00 18.7

34 12HMB B20 0 1 125.80 34.09 17.2

35 12HMB B22 0 1 125.39 34.09 18.5

36 12HMB B23 0 1 125.48 34.12 18.9

37 12HMB B24 0 1 125.75 34.20 17.0

38 12HMB B25 0 1 125.74 34.21 18.2

39 12HMB B26 0 1 125.76 34.29 18.3

40 12HMB B27 0 1 125.29 34.20 18.3

41 12HMB B28 0 1 125.52 34.26 18.1

42 12HMB B29 0 1 125.64 34.30 18.6

43 12HMB B30 0 1 125.80 34.35 18.5

44 12HMB B31 0 1 125.67 34.38 16.9

45 12HMB B32 0 1 125.52 34.40 17.3

46 12HMB B33 0 1 125.64 34.45 17.6

47 12HMB B34 0 1 125.60 34.55 17.6

48 12HMB B35 0 1 125.44 34.60 18.2

49 13HMB P01 0 1 125.79 33.71 18.7

50 13HMB P02 0 1 126.05 33.67 20.2

51 13HMB P03 0 1 126.10 33.68 19.3

52 13HMB P04 0 1 126.17 33.64 20.5

53 13HMB P05 0 1 126.19 33.63 21.4

54 14HMB P01 0 1 125.81 34.25 17.7

55 14HMB P02 0 1 125.87 35.33 17.5
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56 14HMB P03 0 1 125.94 35.42 16.5

57 14HMB P04 0 1 125.82 35.17 16.3

58 14HMB P05 0 1 125.71 35.08 17.3

59 14HMB P06 0 1 125.66 35.00 17.9

60 14HMB P07 0 1 125.67 34.92 17.3

61 14HMB P08 0 1 125.67 34.83 18.4

62 14HMB P09 0 1 125.69 33.93 17.7

63 14HMB P10 0 1 125.69 33.93 17.9

64 14HMB B01 0 1 125.75 34.75 17.4

65 14HMB B02 0 1 125.75 34.83 18.1

66 14HMB B03 0 1 125.58 34.83 17.1

67 14HMB B04 0 1 125.58 34.92 17.2

68 14HMB B05 0 1 125.58 35.00 17.6

69 14HMB B06 0 1 125.58 35.08 17.4

70 14HMB B07 0 1 125.59 35.17 16.8

71 14HMB B08 0 1 125.67 35.25 16.8

72 14HMB B09 0 1 125.71 35.33 17.4

73 14HMB B10 0 1 125.86 35.42 17.4

74 14HMB B11 0 1 126.10 35.42 16.2

75 HMB V01 0 1 125.69 33.98 18.5

76 HMB V02 0 1 125.37 34.09 18.1

77 HMB V03 0 1 125.37 34.22 19.2

78 HMB V04 0 1 125.45 34.57 17.7

79 HMB V05 0 1 125.61 34.60 18.5

80 HMB V06 0 1 125.82 33.65 19.6

81 HMB V07 0 1 125.62 34.16 18.2
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