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Reconstruction of climatic and environmental evolution in the Yinchuan Basin from MIS6 to

MISS based on spore—pollen evidence

Abstract: MIS6 to MISS is a typical transition period from glacial to interglacial periods. The climate elements of MIS5
are similar to that of the current warm period, and studying its evolution process can better understand the climate change
process of the current warm period and the future climate change trend. Based on modern spore—pollen and meteorological
data, as well as stratigraphic spore—pollen and particle size indicators from the Yinchuan Basin in the monsoon margin area,
the locally weighted average partial least squares method (LWWA-PLS) reconstruction results are considered to be the
most robust after the selection of the training set, screening of the master climate parameters, cross-validation of the five
reconstruction models, regional comparison, significance testing, and ecological interpretation. The climatic evolution from
MIS6 to MISS can be divided into six stages. 157 to 131 ka, the climate was cold and humid, where wet and cold-loving
arborvitae vegetation developed, with the average annual precipitation (P,,,) being 424.99 mm and the average temperature
in July (Tyy) 22.58 °C. 131 to 119 ka, the climate turned wet and warm, and warm-loving trees and herbs developed; the
P,., was 410.95 mm, and the Ty,, was 23.62 °C. 119 to 111 ka, the P,,, was 369.50 mm, and the T%,, was 22.53 °C; cold-
loving herbs and trees developed in a cold and dry climate. 111 to 98 ka, the P,,, is 378.39 mm, and the Ty, is 22.86 °C;
warm-loving trees account for a higher proportion in the early stage, and the number of cold-loving trees increased in the
late stage; the climate was overall dry and warm, and the temperature increased first and then decreased. 98 to 85 ka, the
P, was 278.24, and the T, was 22.01 °C; the overall climate was the driest and coldest, and cold-loving trees developed
well. 85 to 78 ka, the P,,, was 364.21 mm, and T, was 23.45 °C; the climate turned warm and humid, and trees and herbs
developed in this period. The reconstructed climate parameters' ensemble empirical mode decomposition (EEMD) results
respond well to the 23 ka precessional cycle. Comparison with the mid- and high-latitude geologic record of the Northern

EETE: Wby AAREEGIH (D2021504016) 5 H [ 45 4 75 J Hu 8 A 06 H - ( DD20221779, DD20230210-01)

This research is financially supported by the Natural Science Foundation of Hebei Province (Grant D2021504016) and the Geological Survey Projects of the China
Geological Survey (Grants DD20221779 and DD20230210-01).

E—1EE: ] (1997—) , B, Wi, ByETRRUE, 32N FEE D020 M PR AR L FSY . E-mail: kkxu_2020@163.com

BWAEE: Sl (1981—) , B, Wit, TR, BF5)5m b8 M2 5 H 545 . E-mail: bizhiwei@mail.cgs.gov

YR B HA: 2023-06-03; 1EE HET: 2023-07-01; [IEHIE: %


https://doi.org/10.12090/j.issn.1006-6616.2023091
https://doi.org/10.12090/j.issn.1006-6616.2023091
mailto:kkxu_2020@163.com
mailto:bizhiwei@mail.cgs.gov

5 4 VERTAT, 4 3T 08 UE 4R 09 611 4 M0 MIS6—MISS G 15 FF B i 25 1 7t 523

Hemisphere suggests that solar radiation-influenced climatic variability in the North Atlantic primarily drives changes in
the East Asian monsoon through the westerly wind circulation as well as the oceanic transport zone, which in turn
influences climatic change in the Yinchuan Basin.

Keywords: Yinchuan Basin; spore—pollen; quantitative reconstruction model; climatic and environmental evolution; cycle;
driving mechanism
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Fig. 1 Location of Borehole LSO1 and modern sopre—pollen sites
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Fig.2 Lithologic histogram and age model reconstruction results of Borehole LS01

s iR

22 HiE
221 %R

T61 K53 3 B R FH 8 A0 IR i Ak 38 30k R O 1k B R
F 20 PR AR A A I R R IS B AR A R R B 2
o i i R £, TR S B E S E WO A S R R £
RERR SR, PR R B 25 AL #, R 500 pm i
FS wm G S5 12500 1 A8, ZRIBCAY A6 8 DR A7 A2 A H il
e, BT SEE 2% T MY R R B (R AR S
1995) o FF fifh 52 50 45 2 78 v [ M 5 B 2% B 46 I 22 4
27 55 7K SO 8 AR i S A A LR 8

J6 B RE i f F Daybreak-2200 6 B 6 A E 4F,
D3 7 v ) B R A I 2 D 20 AE AR A S K SCRR B
e 7 A S 1 RO 3 8

W BEFE i A R 2 B ik IR 3k J5 S I o i #9
PR B 43 §R) , 8 Malvern 2000 38 5% k7 5 43 B 5
B, R BT R 2 B A D 20 AR AR A K S

80

(2.5 km) 19 E 1951—2011 4F A E S 55048 £ 16
B BRI, 476 (8 115345 B LA AL FE S Py 734
Wk BE (Ton) « Doy T 135900 B2 (T,) 55 4 D E W
S
212 HEHS

b 2 ARSI A T B W% E IR X R R AR
HuIX 9 LSO1 £4L(38°06'18.51"N, 106°21'33.36"E),
FLEE R 300 m( & 1) o 28 XF 32 4l FL 0 55 1 43 2 5 1E
PEARAE 5T (14 ] a] 25, 2021), 76 LSO1 %k £L H1 2 [ 11
+ FIRP R A7 )2 LA 14.08~103.00 m B P4 8] B 0.5~
1.0 cm HUAS R BE FAE R A 5 119 14, SBBOL AR
i 6 (11 2) o

120 140

EH/ka

100 160

LL—DUMHTNIRES S IR O R — AR IX ] B ORI AR B2 TR

P 95 708 T A S OB 2 58
222 #HHEF*®

il i DU i30T — % B AR Y bacon ST ] HE A AR AR
#5571 ( Blaauw and Christen, 2011) , 38313 R £ rbacon 5231

fdt B 7R 30 AR G 1 23 BT 4R 8 UM 2 H ) 2R 4
PE 5 i 8L 7 G HE 43 A (CCA) 158 J7 22 1 ik A+
(VIF), M BR VIF KT 10 i3 S50, B 2T A <5
SHILENEAN B2, VIF BT 55 )2 R 4 H1 R
B CCA T 5/ B A AU 78 B sT ik R, F B E O
R fJ vegan (Oksanen et al., 2020) il rdacca.hp (Lai et
al., 2022) 523 .

A 7 I MAT, R A4 Ty XY
WA (inverse, classical, expanded. monotonic I none) .
WA-PLS, LWWA (inverse 1 classical) fil LWWA-PLS
fdi 1 bootstrap #1728 LI iE, i 15t A5 7Y EE A (19 £ (g
PE LA B S A5 A, I 27 R X AR i e/ 1) 38 O AR



526

¥R 55 54 https://journal.geomech.ac.cn

2023

25 (RMSEP) 1 A K i) 0 S {8 R0 S50 90 1B =[] /) 2R S
FH(R) W€ o MAT i 5 157 Ak A 968 4 i A
ATy A it 22 1) ) S AR R R OB 5 4 H 5% B
77, SCD) 4 7 e AHBLAY — A~ 5 22 A4 i, 5 8k
T AHBL A BEARAE S B 7 38 A S 805 A A R
M 2 8 (A 4%, 2013) . WA Fll WA-PLS #§
J& F 5% 4 pR B A S BARRE TRk B AR
o Z 500 RG22l A A RE S i i 9 R F B SR
Bl S E, R BRI RR W A AL A R Y A
3 A5 B A 22 0 K, R v B ) 0 AT L Pk, 0 AR
F B H 4y W0y oF O AR 3 AT I (B e
2013) . LWWA Il LWWA-PLS 25 BEAC 2 He i A
B R EBOE A5 A, X TR A rEA, AR
Fb 25 7 fe /Iy SCD Ay SE it 1 AR Bl 30 A RE A o4l £ v
19 TR T ORI SR AR, B — ik A8 LB E 4R )
RMSEP £z /)N B 25 AL ) 5t (), 7 AS 8] 91 [ %
B M2 S SRl 2 B 1 N R AR T AT e e pR R
1T (Zhao etal., 2020) . 315EH F R £ rioja( Juggins,
2022) fil analogue( Simpson and Oksanen, 2021) SZ ¥} .

FEAE AT 32 M, DLIS e [F] F6 8 B s 1 0% S 80
JE 1 53 A0 F1=E BEARAE o 548 A R A2 eHOF (Jansen
and Oksanen, 2013) 52} ,

i 4 & & 50 B35 43 fif 1 (EEMD) X 81 4 S
SR AT 53 Fr . BEMD FIH 22 vl & BCF- 348
DL, 3E A X I B i A Y RN RS BLL 2
YOI 16 5, 20O EARE G, Bt T & w
B 7 f# (EMD) 9 “BES (R ” IR S A, & &
b B AR PR B , FOREAE o A [R) RUEE Y i 3h
PB WA TT R, B L — R 5 HA AN ] R AR R 1Y)
AR YA, B —DIF AR — D AREE S S
(IMF), f5 ik 45 %6 1) IMF 43 f2 A0 3R R 4R 15 5 1 B
a4 B i ] 5 (B A 07 55, 2013) 0 T AE
Matlab A & 558 .

S

FRIERE
AR 6 A 6 G I AR K Hi , AT bacon 5 1 g

31

Xof A A R R AT AR AT A L AT R A S 57 LSOT il fL A P Y AR AR R AR Y, 45 2R 18 /s i
AR S A U S B B IR 1 B AR R 157 ka( 2, % 1) .
F1 LSO HFALABANFER GFHUHTF, 202D
Table 1 OSL ages and dating parameters of Borehole LS01(Xu et al., 2021)
£l oREL WEE/mM  U/xI10° Thx10°  K/% TIKEI% FER/(Gy/ka) SFRORIHR-IGy AEiR/ka
LS01-OSL-1 0.04+0.02 15.3 2.71 14.38 2.17 25+£5 3.78+0.21 300.64+11.84 79.58+5.42
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(1.86% ) 1 38 H- 15 J& (1.58%); 75 B J& 7 8y & & ik
1.37%; B A YR @ T ZERHE R & i R 26.24%, &
J& K & N 35.14%, B E R S RN 1.02%,
Z W Bt 12 B AR Ak SRR, REAAE A 2R
WA T R, R AR T E 35.14%, WA B
Briw i, KRR YR AR UL K BS54 ) 4y
F TR IZ B B by & i BN (B A . %
A LA & A B R A2 B B A Bk R Sk
e 34T ol R A T b Y A A
4y 6(32.0~26.0 m; 105~ 100 ka), F¥ A 7 #5
TN 65.27%, AETE AR & 1 H 20.77%, Fr AT
6153 2 de K AR TH 2 WA IR (45.33%), ok b = 42
J& (16.99%) , Bk J& F1 i J& 76083 & &2 4 51k 1.74%
1 0.78%; FEAHE Y48 By 22 R ZEFL (4.95%) A& &
(8.74%) , & T BH by & 4 2.22%. % #i R 18 8 7
WO 1.78%., AERR A F RN 1.18%. WAJE ALK 1E
2 B B b S B W R AR, AL R R Y
B A 50, HoRIe R E Lk & 5 A 540
B, B G 2 BRI R A G A BB A P B
3 5, B0 b i B A B R A S TR A R B i A
ToNEAE, R, BRA. HFARAEIERHE
B mBAE A RE . % & AR E s K28 -
IR BRI R R A E R RREE JE R AR
43 7(26.0~22.5 m; 100~96 ka) , ¥ A #1 ¥y 75
N 24.26%, AEFT R AUH F N 78.41%. v AT
W E B RHE N = A28 (13.09%) | 158 (8.26%) .
HABE R (1.07%) F1 &G 505 J& (0.64%) 5 A 16y 32 2
R (63.82%) . )& (8.09%) F1 45 BL(3.20%) o %
By BETR A AE RS & b A K, AN B e o N T A
Bk, =2 BN SRS LB Y, HAb 3
B AR E ALKy & A L A B B W R [
BERIAE B O A A B B SR (B, 5 )8 R 4 B AR
T AL TN R, LA FE R R AR R
AL, AEIZ B ke . % 2 R -s 2
J& A &~ JB — 3 B 45 S O SR b ORIRRAE S8 Fh i) 1
I3 8(22.5~14.08 m; 96~78 ka), It A 1 ¥5 &
iR 36.92%, AE T AR R & R 60.69%. Tr A K
FENFANE(18.31%) | fiiJ& (6.28%) . tHAMkIE (3.29%) |
R (2.63%) . % B Wi J& (2.54%) . 7% ¥k J& (2.00)
M AZ)E (1.16%) ; FA AL by 22 FEF(41.01%) .
R (6.07%) . $EFH B (5.25%) . HiRH(2.49%) Fil 7 L
J& (2.08%) . & B BeIr A EEBHE B = 128 Sk,
AR Ae M RBHE & B384 8 T v Ao

TE 12 B B 9 1 B /N ZERL RN R B R K F
BT, A R Rk i A e, PR B b Ay
kS, AR AR & R EZ M Bh B m . i
2 LAFERL A i & 8 B 5 2 g A ks A -
FiRRAE S A S8 A R AE J8 A i fE R Y o
33 DR AEMEIESE

SCE T T I AC A6 B P RE A P, Y0 L R
28.9~3422.1 mm, T,, & Fl N —10.5~22.3 C, T, il
Fil —3.3~32.0 °C, T, 16 [ 24 -30.3~20.9 C, BAL
00453 B Y 25 A A0 e A B RS R . AR
¥ B S LT A B B Ak o B AR R X R Tk
AR, ARG TR FUR AR (A 9028 260 19 8 K = /1
T b 2 A AR (& 4), Bk F =2 RHE M8 /Y
IR AR b A5 55 G b 7 5 M 2 A A RE A 1 F A 4L A
(F5).
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Fig. 4 Comparison chart of maximum abundance values of sopre-
pollen species from the modern and Borehole LS01 samples

Red circles—family and genus in which the maximum spore—pollen
abundance in the borehole samples are greater than the spore—pollen

abundance in the modern samples

34 SBESHFTELER

Kt I 7 Spearman AH 3¢ 43 45 (& 6) /R
Ty R T Z I8 A AH OC R 200 0.896, HLAT 1 25 1 AH G
Y, Ty A Ty 2 18] A H OC R B35 ) T 0.834, A 1t
Ton NEEAEN G ELH R ENSEL o Pon BN Ty HIAH
KRB/, 790352,

T A A 2 0 T 22 0 Ik I T (VIF) &
N, BRIREN 3N SHELEN RS, EEFE
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Fig. 5 Box chart of percentage coverage of main spore—pollen species in the modern and LSO1 borehole samples
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BZ, BRI IBITHER Ty T A Ty 1, S
) /) VIF {5 34/ T 10, A W1 2 A FEAR, Y BB BR T B
MR o W, TR VIF(E Y /NT 5. FILHZE K
AR EL CCA T M AR i pT Bk R (K 2), 45
IR Py, A Ty, 76 P=0.002 % K F B A H &
F1% figt % P52 RN BT RO o

25 LN P R Ty J2 B 5 DXAF 4 28 Y 1) 2 42
SESH fol THEE,
35 EREBERILL

B A P, A1 Ty 28 U6 TIF 45 51 101 55 3
N, E 4R P, 855 By RMSEP 3t [ 2 58.89~231.71
mm, R* i [}y 0.61~0.89; T & T, 1 %! () RMSEP
LR 1.67~5.25 C, R [0 0.61~0.85. MAT 7
R 2 42 R 1000 km 1 1500 km 78 ] 8 2 45 R 1
R* 30, {H RMSEP F} i 8 3%, iX vl fE & MAT H &
() 25 6] [ RH 26 1 A i i (3 BRE A 5%, 2013), Hi
I 38 Bl R <1000 km, 5% 8] 43 5 v o B L .
5 A AN w0 4 7 2O [R] 9 L Y WA EE g 25 R R,

®3 TRIEZHEBRINEIELER

Table 3 Cross-validation results of different reconstruction models

R2 SBRERERER

Table 2  Selection of climatic variables

S B BER BB BER A R
2 B T T Ta  MBE TIHE% P
P 268 261 268 260 110 5550 0.002
Ty 10415 3.08 466  — 0.50 2450 0.002
Tw 26041  — 770 508 030 1400 0.002
T 6949 135 — 699 010 6.00  0.002

500 km 3 [ P Wi 4 75 X R monotonic £ &R B b
fHA W MAT & #2458 . WA-PLS fl WA ¥ J& £ 7t
R IE R Bk, H WA-PLS A H WA 6843 &% v iRk i B
N (edge effect) 75 5 # B F B 1) 1% 22 ( Ter Braak and
Juggins, 1993), 4% 41 43 (Comp5) i [l 2 500 km
AT R BTEIAE RIESE 5 RMEP 24 59.09 mm A11.67 °C,
R* 7y 0.85 A1 0.83, H MR BN R4, {H WA-PLS i
T S B B IE 48, O3 A il T BRAN | 3 40
4 (overfitting) . — YK B J& (secondary gradients) fl &
U5 7 (multi-source noise) 55 Ji A, K7 5405 45 R 19

T P,,/mm : Tyuy/C : R P,,,/mm : T/ °C .
RMSEP R RMSEP R RMSEP R RMSEP R
MAT-500 km 75.46 0.77 1.96 0.77 LWWA(classical)-A=30 71.88 0.79 3.01 0.79
MAT-1000 km 95.71 0.89 2.68 0.82 LWWA(inverse)-k=40 66.19 0.82 2.61 0.84
MAT-1500 km 136.06 0.89 2.71 0.83 LWWA(classical)-k=40 74.44 0.78 3.14 0.78
WA (inverse)-500 km 94.61 0.61 2.51 0.62 LWWA(inverse)-k=50 67.17 0.81 2.63 0.84
WA(classical)-500 km 119.06 0.63 3.18 0.62 LWWA(classical)-k=50 76.21 0.78 3.23 0.77
WA (monotonic)-500 km 91.20 0.65 2.46 0.63 LWWA(inverse)-k=60 68.29 0.81 2.64 0.84
WA(expanded)-500 km 99.88 0.63 2.66 0.62 LWWA(classical)-k=60 78.64 0.77 3.32 0.77
WA(none)-500 km 114.62 0.63 2.97 0.62 LWWA(inverse)-k=70 68.85 0.80 2.69 0.83
WA(inverse)-1000 km 156.42 0.71 4.00 0.61 LWWA(classical)-k=70 78.60 0.78 345 0.75
WA(classical)-1000 km 184.77 0.71 5.11 0.61 LWWA(inverse)-k=80 69.74 0.80 2.71 0.83
WA (monotonic)-1000 km 151.50 0.73 3.78 0.65 LWWA(classical)-k=80 78.68 0.78 3.54 0.75
WA(expanded)-1000 km 162.79 0.71 4.23 0.61 LWWA(inverse)-k=90 70.48 0.79 2.74 0.83
WA(none)-1000 km 183.41 0.71 4.58 0.61 LWWA(classical)-A=90 79.86 0.77 3.66 0.73
WA (inverse)-1500 km 197.17 0.78 4.11 0.61 LWWA (inverse)-k=100 70.91 0.79 2.76 0.82
WA(classical)-1500 km 223.23 0.78 5.25 0.61 LWWA(classical)-k=100 80.19 0.77 3.73 0.73
WA (monotonic)-1500 km 193.36 0.78 3.91 0.64 LWW-PLS-k=20 58.89 0.86 1.67 0.85
WA(expanded)-1500 km 203.19 0.78 4.35 0.61 LWW-PLS-4=30 66.00 0.82 1.76 0.81
WA(none)-1500 km 231.71 0.78 4.67 0.61 LWW-PLS-k=40 66.22 0.82 1.78 0.81
WA-PLS(Comp5)-500 km 59.09 0.85 1.67 0.83 LWW-PLS-k=50 67.10 0.81 1.81 0.80
WA-PLS(Comp5)-1000 km 112.40 0.85 2.98 0.78 LWW-PLS-£=60 68.11 0.81 1.82 0.80
WA-PLS(Comp5)-1500 km 138.94 0.89 3.02 0.79 LWW-PLS-£=70 68.66 0.80 1.82 0.80
LWWA (inverse)-k=20 59.00 0.86 1.70 0.83 LWW-PLS-£=80 69.11 0.80 1.84 0.79
LWWA(classical)-k=20 68.29 0.81 2.86 0.81 LWW-PLS-£=90 70.21 0.79 1.86 0.79
LWWA (inverse)-k=30 66.22 0.82 2.59 0.84 LWW-PLS-k=100 70.60 0.79 1.89 0.78
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WA-PLS % Bl Jf A % f& (Juggins and Birks, 2012;
Juggins, 2013) . LWWA 1 LWW-PLS ¥ 7£ k=20 i} 15
S P E A 45 R, 3¢ IR TESS IR WOR JE H A
FOL T, A8 A A R e iR

PRI, X6 HE R 7R W] 1 A=20 B () LWW-PLS A5
& S UE S5 S BN /M RMSEP(58.89 mm, 1.67 °C)
FR K R*(0.86. 0.85), i85 HAE Sy i & o 4 < A
SR B LA

4 ik

41 EREERFTEMETMH

SCE S A %k AR A A B AR R M 2 b A 1 R
B AT O o £ ) A AR AL I 2R A R G A, X
HUEAT BT SR WOR (0 S), BUARAR & T LA#
G 1t 7 5 b2 Ak A AR AR AR B, S T MR RE
AN BACK LHE S BN . A MAT, WA, WA-
F4 SHWRERER T XBIEERMET

PLS. LWWA D) }2 LWWA-PLS5 F 5 1 & 2 S it =
B, 38 X GE 45 B o8 LWWA-PLS 1 % 5% /N 1)
RMSEP il K A9 R2. 5 DA 76 7 98 8 JR A9 45 /R 5
i DX TTCE b DA B U X DL R A 52 AR
b DX T R 2 BH DX AN ) A 7Y 4R A5 i) i A
JIEATXF E (36 4), & BUAH Eb [R] R 48 55 L A5 48
LWWA-PLS # 47 B # (Lu et al., 2011; Zhao et al.,
2021), 3CH Ay A 45 A & B/ RMSEP K
M R, [E A, 3C A F] H MAT, WA-PLS Fil LWWA 5
YR AT A8 B TIE 1Y) 25 5 A Ll () R A A ) A
45 W HL A A fa () FE A Pk B (Xu et al,, 2010; Lu et
al., 2011; PREERIAE, 2018; P IKAE, 2020) o Xf Eb A H
WA-PLS Xf I & ] i 5 4 45 2 7" (Wen et al.,
2013), SCHY ) WA-PLS 3¢ SCHGHIFE 25 2R 7 25, X W] B
SR AT E AR S B E RV GE SN N A
448 > F1 447 4>, HOBCYE S FF 050 32 22 50 A A6 VAR T8
I I | s i D N A S e o i 229 [

Table 4 Comparison of cross-validation results with other regional reconstruction models

SCHRA IR HHFEIX R T A FHSH RMSEP R
TR e S AR i X KN WA-PLS Thuy 2.04 C 0.83
BB, 2020 TR A R il X Lt WA-PLS Thay 2.04 C 0.81
FORL I BT /R S X Ky WA-PLS Thuy 191C 0.82
R A R 6 H X 1.74 Mall 3 LWWA-PLS Ty 3.06 °C 0.81
Zhao et al., 2021 I
T A R i b X 1.74 Mall 2k LWWA-PLS Pun 158 mm 0.67
TG e S X A LWWA Ty 21 0.78
Luetal, 2011 e
T G SR A L X iy LWWA Pon 109 mm 0.89
Gl AA 14 kall g WA-PLS P 85.85 mm 0.84
MR, 2018 o i
RS R R 6.2 kalJ3k WA-PLS Pam 74.70 mm 0.87
SE IR St WA-PLS Pan 53.9 mm 0.88
Wen et al., 2013 .
ST IR ) Lt WA-PLS Ty 1.46 °C 0.69
TR H AR MAT Pum 79.00 mm 0.83
R EiliN MAT Ty 2.6 C 0.52
Xu et al., 2010 .
AT 4 B Eteaniin WA-PLS Punm 70.00 mm 0.87
T R 22 B Ky WA-PLS Ty 23 0.61
R4 Hb, MIS6—MISS LWWA-PLS P 58.89 mm 0.86
I b MIS6—MIS5 LWWA-PLS Thuy 1.67 C 0.85
A1 F MIS6—MIS5 LWWA Pa 68.29 mm 0.81
AR F MIS6—MISS LWWA Ty 2.86 C 0.81
3
B Hl MIS6—MIS5 WA-PLS Pon 59.09 mm 0.85
BRI MIS6—MIS5 WA-PLS Thay 1.67 C 0.83
AR F MIS6—MIS5 MAT Pum 75.46 mm 0.77
Rz MIS6—MIS5 MAT Thuy 1.96 C 0.77
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LRI, Iz 23 B oA B o S, RSB
JE 55 /N R AR T AR AR 1) Ol 25

AINSESPERER D EERRER(E7),
P 2 15 Al A FER B AR AR e R ) AR A BRI
T, WE KRR T 95%(P<0.05) . 1% 45 FAIE 5L
TR R 0 25 AL, WUE R P, (9 AE A
B AT B . 5 T A Y 3 AN 48 A oK R
b R, X T AR th TR I A ) R A
760 53 % Yk B AR A Y BBORR M AR TR K, 3 A T A B
K, A T 1 T Ty AR SRS GF, LS
B L 45 R AR T IX 458 .

B FRBEMIE— SIS T EE P, 1 Ty HY
AREE(ES—E12), sE. EHE. ZEEE
BT AR M EAPRLE7E 130 ka Z AT, 118~110 ka D)}
104~ 95 ka ¥4 HA7 %5 = (4 AR =F B2 (18] 3) 5 i i B 2
BB EWERR . BEWE . IR MR 38 .
AR . BRI EA AR S5 BB 7E 130~ 118 ka, 110~
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Fig. 7 Significance test of the reconstruction results
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Red dotted line —proportion of variance explained by 95% random
reconstruction results; Blue line—proportion of variance explained by
the first axis of a principal components analysis (PCA) of the

borehole samples
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Fig. 8 Optimum ecological niche and ecological range of main spore—pollen species
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Fig. 9 Huisman-Olff-Fresco (HOF) analysis results of main modern spore—pollen species contents vs. mean annual precipitation
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Fig. 10 HOF results of main modern sopre—pollen species contents vs. mean annual temperature
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A1l AKRKETZRHHBESES 1 AFHIEKHOF 4 & R

Fig. 11 HOF results of main modern sopre—pollen species contents vs. mean temperature in January
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Fig. 12 HOF results of main modern sopre—pollen species contents vs. mean temperature in July

AR AR IE R A E N . JE R TR X —
BRI SR AR Y, B AR L (A/C) B
TIE W BE B WA o 2F 35 1 TR AR AR (PR 55, 1994) ¢
TS R AZEE BT R B RE AR R v IR Ak, v b iR
TS 57 Tk 2 6801140 PR B 1 ) VD R LA oS T R B
E(0 e el SN O R - ) A N U1 - R
R RE L R DR AVE S S T P g U

2021) . AR EY, Mk A G IR (AP) FIHE
Tr AR (NAP) &t LEAE 19 28 Ak 1] DLAE 7R 0% —AE 4 -
FEK I EE A eSS 3 (F i, 2021) . A DL L4 45
FINEE B A Py Ty BABOREBE REAE XS B, 4535 0F 58 X
A P B AR RRAE (18] 13)

BrBe 1 (157~131 ka) I [0], & P,,, 4 679.28~
242.76 mm, “FHE N 424.99 mm; T, 4 28.56~ 18.04 °C,
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Fig. 13 Comparison of peleoclimatic and environmental reconstruction factors

A S 22.58 °C, AR BEAR BRI . TR R AE B AR
& H, AP/NAP K 4.10, I+ A H LLE R A T8 &,
&Ik F) 43.30%, [F) I A/C S 1.85, 15 78 18 1 S
e 0 T AR BB ALK N 6.96%, = KA B K
Fi, M 8.65%, 5 A FEVE TR o % B BT R Wk
JE b 2 90 L R —0.380—5.700, SF- 14 3.210, Ak L
YR hy 325 MG FL A TR 103.0~92.0 m 2 2 + %
HEE, MR EAF T EMECATSEREER, F
AR X B T 157~ 153 ka, 5 2 () B 7K 4 402 mm,
AR B R 23.89 °C, [ MR AR A B AE 157~ 153 ka 3k
BT 13%. Ktk BrBe I SRR, K3l
EC0R, E 157~ 153 ka AJ HE M BLAH X 42 5 B2 1 14 B
1o X KUK =5 I A A 5 R vk I s A B
FSCC WA (F B 5, 2011), H 3222 ) i
FE A4k, HAE 156~ 133 ka {1 55 6°C WoR 56 F &R
TR R B R R AL TRAA, $5 8 % B B B 3
i, 140 ka J& 32 W FH = 5 A o ML X o 5 4R TR 47 36
i 2 7 155~ 140 ka &b TR {H , X F1 65°N K FH 48 5
A A — B0, Fe R B K A L R,
140~ 131 ka S[R3 K #h 26 % b T+, B K IF th i 20
(B #5557, 2004; 7F 7k #F F1 X1 B 5=, 2016); Wang et
al.(2008) W 5¥ I\ hy = 51 A1 F4 7E MIS6.4—MIS6.3 B
Bt 00 Ay 1 #a #, MIS6.3—MIS6.2 B Bt 600 A 1E
T Fa 3, $8 78 160~ 130 ka 75 V. 25 XU AR 58 P47 55 1Y 78
fb 1 72 (Wang et al., 2008) . F 1 )11 (2022) TA by 75 7L
15 JEL 7R AR MIS6 B 7 [ A H 390310 9 28 XL 9 3 o8 )i
U585 1 Ak B, b B AR R oA A R A R AR bR
AR AR AR ARL, F 980 55 2ok B e b A 4 Yk 2R XU O R
TG IR B AR B 4 R Al sk R
MIS6.5 B 1 Ak 3V R RS, 1 s A B 6 Ak 1 0
(BB b A% DK o T ARG K, P I I AR R RLAIR, 3K

DA il 2 DX ) A 55, R KU (Bt O 5 2015) 0 45
b RN S AR 157~ 131 ka B 0] SR G4, 5 X B
A R B R A A — B .

BrBE T (131~ 119 ka) A4, EEAY P, 4 662.68~
23336 mm, F ¥ {6 K 410.95 mm; | & K T, N
30.84~19.08 °C, F-H¥I{H N 23.62 °C, Mo 2 R 4 g
T AP/NAP 2 1.79, Z Wy BeIe R FAE TR AR A4 5 1
BT, WM TR K & BN 14.00%, =12 & N 0.80%,
A/C 3 0.78, LA b 45 A 4 48 /8 i By B IR R, K
FLE BB R e % BT R A% 5 Bl N 2.690—
6.46®, - Y5 Hi 45 Sk 3.85@, Hi B il 2R W ARk AR
40, A LA ab o R o A D O A - H
2. TEEE LA S 62.50~55.60 m Ab M PR K B (5
HOE WA+ 2, %R AR AR R 128~ 122 ka, R K AL T
W2, S 363.38 mm, LN 23.34 C . fk B BN
HTREBERMEZM BT Z KT, 58N ET A
RO, TRERHEETENRENTRHMG. ©
A BFFEIN N Z I ] MISSe, B X F A R ] LLAR
FEAR UK TE] vk B, AR 24 T WM P8 A6 5B A9 Eemian [8] 7K
Wy, S A BE B R AT 5 B AR g ) (4 i) X e
(Mangerud et al., 1978; 3£ I {55, 2016) ., & FR L
by DX A0 T8 R I 2 U 35 2 0 HE L A IR 1 1 ()
VKI8T AR RO 45 b XS AR AR A7 AE —
FE 255, N0 R X I S B s MISSe B Bt
H B ¥8 =5 {4 (Bauch and Erlenkeuser, 2008; Bauch et al.,
2011); Bl Vostok vKith 4 7] £ 28 A 5¥ 3% B MIS5e Fy
Bt & 4 8 i BB (Jouzel et al.,, 1987); ifii CO, £l
CH, %548 bRk 7% 45 S 7R 1% B B A DR [ 3R 10 < fie
F5 4 (Petit et al., 1999) ; 7 [E] T 5k =1 J o HLHE 0KGES 4
[ {7 Z 46 7R 131~ 109 ka FE7E & T A 4F RE )% 1%
e sl (AR AR, 1999), 5 # 8HA A7 5790 sk 3 2K L
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(Kelly et al., 2006) . 3 #b 8 + B k. ¥ (Du et al,
2011) . #%4k % (Sun and Ding, 1998) . BRER £k (4 %< 40
45, 1996) 45 35 i 34 48 75 1% B B B AR 9 FRUE
(B T e 43 90 3 0 S R o B R, W R B il
SEBR T A E A Z KR W A IR 37 Wy R R B 3T 5 R
(FE 15 055, 2016) , 3 Fh 42 BR By Bt S 24 R 5 — 3
B 4 by DX A7 A 22 S ) A =X, G Dt R T i Oy IXC
B 32 R R 10 SRy b A TR 4 ) B AR
FEARAE 7R B SCI 2 ik DA R o HE SRR ], Ik Ah 4 BR
0, [R5  — BOHE B WTZ Y Be R T RE 2 5 — 1
SAEHE F —— KBS a8 . 28 b, 131~119ka
FRF S0 B )11 23 b A U W, B K M B B B Belg AR
K, ST 1R AT e R B T — Ok MR Y T R A

BB I (119~ 111 ka) B, FEAY P,,, 24 289.33~
42536 mm, V- {H N 369.50 mm, [F K £ B ETH
P wHM Ty M 27.01~19.23 °C, FHI{E N 22.53 C,
MR R T R, IR Y T . AP/NAP
0.61, ZMr B AP N KA, AICIE N 0.61, 45
RN T RS, WA, AN EAE THEE
FFFAERHEZ W B & i s TR E B L s
STHUWETE, a2 &I 62 8.65%, f8 /R 1R
FE IR RREAR . DU RLAR L Bl N 3.00—4.50,
VPR hy 3.40, F P LLANAD S 32, 48 ULAS B 45 4%, 7]
fie b BT 50T . i B B[R] K 36t i MISSd B Bt
1 s e 1 T TR e L S RS = W I R A= 0
P, 46 7 i B 399 R 8 A Ak T 8 1 (Kukla, 1977) .
7R Hb X H AR rp E8 U 3 MDO1-2421 4 L Al RC14-
99 HifLH MM A R E R = JE L BRAZE M
&R R, 48R H A g S K R 2 (Heusser,
1990; Heusser and Morley, 1997) , # [E & + & JR 1% 1|
R HETE 118~ 112 ka B BE & & 1) = ZAH P AN
R RS JE S MR R JE A, 5 R SR T (Cai et
al, 2013); Z& 04 Jb &7 it 4k 76 122~92 ka By Bt AP/
NAP 4t T 240 ka DL B9 WAL, [A) B 2 7% 4 4> B B A2
fb, 7€ 120~ 110 ka Y XM B AR B . = K2 )R L A2
J& . FRLRE R b E, R R AR T8 (Tang et
al., 2017); H [E AR A 5 AR AL 2R R RE 46 7R % D
ST B33 FE( Chengetal., 2016) o 4% [, 119~111ka
BF S v H A Bk

BB IV (111~98 ka) i 15, FHY) P,y K 606.55~
234.70 mm, V- {8 Hy 378.39 mm, [ K 5 56 T
B AN Ty M 25.97~17.83 °C, FHIME K 22.86 C,
Tk B 5 RS T I R R T R A R, R R BBy

BB IRUE . AP/NAP N 1.62, T A H ALK FH,
A/C 2 1.18, F# MR 5 iR 5.93%, 556 T ) Bt 3
WEAE H BLAE 111~ 104 ka; = £ & 58 10.92%, W (H
X 8] 24 105~98 kao 1% By B U0 AR W hr 5 A5 A6 A K
SEBIRLAE R 3.50, A LIRS S 3, A 2 A 4
W RS + B2, F8 /R KB T3 R RRE o i I RK
I BAT SR B3 s X b )2 A P (Regattieri et al., 2012) . K
VUV PG 3 A S R R B2 B i IX ) 3 31 1K 47 (Muhs
etal., 2002) . ' [E 5 ¥ Jb #B ODP1144 % £L 76 ¥ (Sun
and Luo, 2001) . ™ [ i Jt = = I 1 5 (Wang et al.,
2008) . [E B dE = B £ 5 (Jiang et al., 2016) 51
7R AR AR A — B0, HR 58 4 R A% B B
L1 N RN R T I S - B (PO - =
FAR A= B R 2 A D sk FR 7R 106~ 104 ka 4 [F]
5 2% HBEIE i, 48 78 W BE T B, KD o

BBV (98~ 85 ka) Bt ], H /Y P, 4 510.02~
198.63 mm, V- ¥ {H & 278.24 mm, ¥ {K 3 s 25 1k, K
W BT Ty A 26.32~17.91 C, FH#H{H N 22.01 C,
SRR, KW e b I, Sk B A B B R
M . AP/NAP iy 0.59, FL A AH ¥ L ) 91 2 5 PG %,
A/CH 0.12, I B S iy 1+ 5, @ iR AP S 2
6.03%, 98~ 89 ka I [H] , [i& M 44 1 4 5% 5 1.86%,
2RI ETh; w2 @A 98~90ka & B H, Z )5
THIR T B, & AR a3 B X R PE . B B iR
Yook B2 AR AR AR E , P R4 Ty 3.870, 1E 88~
86 ka V- ¥y i i BE R R, AR LUE R Ry d b oy &=,
BrBe VAL A S T2 e, h B2 ke, 15
RK B 7 B 55 AR5 . BRI NGRIP vkt 48 7] 7 Z id
SETE 100 ka JT 4 17 f (Veres et al., 2013), $5 7% <
FEV R B R 2218, 88~ 83 ka M W] 4R [F] {7 ik
3N 9 O Fe K AHL, 45 7% R EE R AIR 20 B B AR, RS
HIE SR B v A B AE 98~ 94 ka AHZE R K, R
W 7R HB A = 52 W (Wang et al., 2008) Fil = & i
(Jiang et al., 2016) [ A7 5% 4 [A] 137 28 9 3% Sz B 7y <04
ARG RN SR A A — b, SR R Y e
BLAE 94 ka /2 A7, 5 30 A A R SR AR (B A AR
LSHSPOPITE S

BB VI (85~ 78 ka) I 1], H /) P, 4 296.35~
448.38 mm, V- ¥ A 364.21 mm, 5 I sh A8 1k ; g
1) Tiay 4 20.52~26.84 °C, “F-H{H N 23.45 C, M
R HE T . AP/NAP 4 0.97, 5 A Fl 7R 3 & R EOH
M, A/IC T 0.55, H5 /8 AR T 5, [ A & & o
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4.38%, = K2 JE 1E % B B AR e BRI, {HAE 77 ka 1
B — > A7 52 I () 658 e g e A . D AR R B A R AR
B, EHRARE AN, N 438D, HTELIB Y N £ %
By Bt NGRIP % [A] fi % i £k (Veres et al.,, 2013) . =%
il (Wang et al., 2008) #1 = & il (Jiang et al., 2016) 1
9 4 TR Ao 2 il 2k DA R 2 S DR T HQ Al AL A6 A
(CE 1 7R 45, 1998) (bt v iy + 38 S1 Hb 2 7 8
(Ge and Wei, 2014) 55 A SCh R H — B/ T
27N
43 FEHIS th R IR sh A&l

Xof o Y AR K B R R R AT R L I A 4
F1| H1 EEMD 43 fife {8 B2 i 9 35 A8 46 45 SR A5 2] 7, F1
P B9 5 AN AEBL S 43 5 (IMF1—IMFS) A1 1 A~728 1k
et B (IMFe6; 18] 14), Ui B 5 2 i < S 50 &
A~ I 1) RUBE A SRR AE, o3 i il A8 Ak A e
IR JE R, FF 5 ARG S At kit 72, A
AR X P R i E R L B T AR R
(0.9ka) . W48 RN EF (1.1 ka, 2.3 ka, 5ka) FIHLiE N
B (12ka, 11ka, 45ka. 12 ka, 25 ka. 27 ka) f% J& 31 %

IMF6 IMF5 IMF4 IMF3 IMF2 IMF1 T, /C

223-""”_’__—_
80 90 100 110 120 130 140 150
Ff/ka

SOOW,_/\/\_’\/\
300 . . . . .
20 M —————————r
20 ¢ : : ; . ;

100 ¢

100 E NG TN Sl TN N

20 |
—20M/
10/_\
—10 &« N L L — — p—
400/—
300 |

80 90 100 110 120 130 140 150

A /ka

K 14 E=# &K E MG Z 8 EEMD %5 R
Fig. 14 EEMD (Ensemble Empirical Mode Decomposition) results

IMF6 IMF5 IMF4 IMF3IMF2 IMF1 P, /mm

of reconstructed precipitation and temperature

Bl ROBE AR 5 X5 U5 B4 B A 52 ) Jy 22 STRR R AN 3R 5
JT 7R, Thay 53 0K 5 K B9 S8 IMF3 i IMF4, X L7 J& 39
5351 R 12 ka F1 11 ka, P, 57 HR 3 5 K (9 24 IMF3 il
IMF4, Xt 1 J& 15353 51 4 12 ka i1 25 ka.

x5 EREREMBEKER IMF Bl E
Table 5 IMF (Intrinsic Mode Function) contribution rate of

reconstructed temperature and precipitation

SMRSHL FEAE IMF1 IMF2 IMF3 IMF4 IMF5
JilH/ka 1.1 2.3 12 11 45

Thuy TTHRA/% 0.2 0.3 55 43 1.5
Hi44 5 4 1 2 3
JEl ¥ /ka 0.9 5 12 25 27

Pan TR/ % 0.1 0.2 55 42 2.7
H4 5 4 1 2 3

K2R A BN O RSB S 50(% 2% |
AU S5 1 b Bl A ) o) B A 2 b R AR A5 K BH R
S} 4 RN DA B AR B AR AL 32 R A G — iR U A #
VF 22 i IE 1 SR CT PP AL 5, 1989) o % 22 Ji 4
24 23 ka 1 19 ka, ffi 0> 2 J& ] 29 400 ka F1 100 ka,
0T B 24 40 kao BB RUBE I, P, 1 IMF4 FI
IMF5 57 Bk 3 22 Fl 35 3| 44.7%, H 4% T 23 ka % 2 J&
M5 Thay 19 IMF3 Fil IMF4 J& B A5 2L, 7T fE Al Py, 9
IMF3 dL [ 3z 48 F 5 209 0 2 — iU 7o, T,
f) IMFS 2 B 1) 45 ka J&] 8 0] B8 W5 7 38 32 H 5l {0 £
AN

1) b A A S S B A B R B ek
PE, JUH S ROBAR W 22 XU R A il S B B —
b, Homapg T2 22 W (E 15) . [ R G ZIETE
Bili bt . A LR EE S e, AL B B A . IR R
HE IV 9 2 DX b 2 3k v 48 B M AR b oA — Bk,
Xof 5 e ML S B ARG, — R R TE TAE R
JE 7R W2 R 37 PG R 3 5% e, DA g T b K 7
Vb XA 1R A8 Ak (Duan et al., 2016); 55 — 3850
N b K PG KA S5 R (IRD) 52 i i 36 36 I
(THC), & W K PG ¥ 28 ) B 5 0 0 9 I ) 5 A1 4
AT 5% e SIE PH 2 X9 5 55 (McManus et al., 1999; 5K
50 45, 2005) o A BH B S TR I BT R i A
UKIRAL, & 4 IRD S, (453 6 RV RIZ KT
PO 55, THC 98055 , X W T 75 0 = % 1 £1 55 1 5%
(Cheng et al., 2016) LA K 3C b # A S 2 506 78 19 AR
S 2B XU 5585 B B (&L 15) 5 O B 4 S5 e i 39, vk 1]
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a—db 2 Bk N60°& Z= K FH 4 4 ( Berger and Loutre, 1991); b, c— 3 &
Y Ty Al Pon; d—NGRIP 7K (1) 60 (Veres et al., 2013; AICC
2012 A 45 ) 5 e— = 5 1 A1 25 19 60 (Cheng et al., 2016); f—LR04 4= £k
TR IR HL X A2 ) (1 "0 ( Lisiecki and Raymo, 2005)

15 EABEAMEBEGIFRTHSE MR
F Al

Fig. 15 Comparison of reconstructed precipitation and temperature
with geologic records at mid- to high-latitudes in the Northern
Hemisphere

(a) N65° summer insolution (Berger and Loutre, 1991); (b and c)
Reconstructed T},, and P,, in this research; (d) 6"*0 recorded by
NGRIP ice core (Veres et al., 2013); (e) 60 recorded by Sanbao
Cave (Cheng et al.,, 2016); (f) LR04 50 record (Lisiecki and
Raymo, 2005)

Yellow—warm stage; Blue—cold stage; GIS—the abrupt climate change
events at the kilo-scale recorded by Greenland ice core;
CIS-the abrupt climate change events at the millennial scale recorded

by the Asian monsoon

g, T 22 Fl K HE AL R PG, IRD 98 2> 8 2%
THC 3§ 58, R 2= WIS o (5 Ik, A2 K FH 56 5 52 i
ORI APNTILRE S /e I = e S S PU L DA B2 B A D94
R A H i B s 2 0. 2= KRS 728 A, JE TR 5 o AR 1] 2

HO AL
5 i

(DS GEREE . FEIIBESEOTE, &=
FHE A TR A8 S UE 45 T X L, TR SRS AT 24 i e
/N o B (LWWA-PLS) B A7 Jie K9 R R 8 /) 1Y
RMSEP, 5 # %R e o Fafdt, % J g 45 R g 47 X
XL, S PR G DL R A S R R UE T X — 45

(2) 43 )11 %% i MIS6—MIS5 "< 3 485 T 45 I
H: 157~ 131 ka I, P, N 424.99 mm, Ty, 4 22.58
C,ERBRAAMBEET, BRIV L; 131~
119 ka IH9, P, N 410.95 mm, Ty, 4 23.62 °C, 5 B
T AR HBL A W) & ik B2 30, R N R BE; 119~
111 ka (59, P, N 369.50 mm, Ty, 4 22.53 °C, & A
KEBRTRARBEEE, JME T 111~98 ka I ],
P N 37839 mm, Ty, 4 22.86 °C, % [ Bt 5. 1] 5 1%
TARGHZ, MM ER TR S & LA, AR T
W%, S ST R 98~ 85 ka I, P,y 47278.24 mm,
Ty 2201 C, ERTTABRET, %M BAEEK
o T % 85~78ka it M, P, 4 364.21 mm, Ty, N
2345 °C, FeR. BAEERE, SR, [T

(3)XF MY Py M Ty AT B L RALE 2
fit (EEMD), 5 S48 g b o 1 1 % 22 JE 4, 55 b p 3k
W A b S S B R A, A2 K BH A SR i
A b K PG 3 A A2 Bl 32 B AE R P KU 3 DL R K
18 i s IR 20 AR W 2 XU A8 Ak, 3 T 5 i 4R 1| 735 i 17
AR A
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