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28  Section S1: Tagging Experiment

29

30 The water tagging experiment has been conducted with the iCESM and we used the following source
31  regions (Figure S7):

32

33  Land Tagging:

34

35 SAS - South Asia, CAS - Central Asia, TAS - Tropical Asia, EAS - East Asia, NAS - North Asia,
36 AFR - Africa, EUR — Europe, LND — All land.

37

38

39  Ocean Tagging:

40

41  NNP - northern North Pacific, SNP - subtropical North Pacific, EEP - east equatorial Pacific, WEP -
42  west equatorial Pacific, SSP - subtropical South Pacific, EQI - equatorial Indian, SSI - subtropical
43  South Indian.

44

45 P is the total precipitation at the target location (KP) with contributions P; from all the tagged source
46  regions.

47
48
n
49 P = z P
i=1
50
51

52 380, at a particular grid cell is the sum of precipitation-8'30; originating from all tagged
53  source regions (i), weighted by their precipitation contribution:

54
n
18 18 B
55 6 Op == 5 Oi oy
P
i=1
56
57
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61  Fig. S1. Speleothem (6"*C and 6'0) records from Eden Cave (ED1) and Gwaneum Cave (GE1) in South Korea.
62  Refer to Jo et al.(Jo et al., 2011, 2014) for further details.
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Fig. §2. Summer mean precipitation differences for (a) Low — High precession from iCESM
simulation (~2° horizontal resolution), (b) MIS5e — MIS5d from ultra-high-resolution (UHR)
CESM simulations (~0.25° horizontal resolution), and (c) time slices for 125 ka — 115 ka from 3Ma
transient simulation. (~3.75° horizontal resolution),
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Fig. 83. First empirical orthogonal function (EOF1) for annual mean precipitation (shaded, left panel) and
corresponding principal component (PC1) (brown curve, right panel) for Eastern Asia using 3Ma transient
simulation. The EOF analysis is based on the last 600 kyr of the simulation. Major studied caves in China are

marked by a yellow star symbol (left panel), refer to Figure 1. The black dashed curve represents summer
insolation at 30°N (right panel).
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Section S2

Beck’s(Beck et al., 2018) °Be reconstruction corresponds well to simulated regional rainfall
over the Loess area if we shift the °Be record by ~6 ka (Fig. S4c). The shifted ’Be shows a
higher correlation (R?= 0.30) with the simulated rainfall than the reported R? = 0.16 with the
Sanbao 8'%0s, record. The °Be record (6 ka shifted) also matches quite well with Cryptomeria
pollen records from Japan(Hayashi et al., 2021; Igarashi and Oba, 2006) (Figure 3¢c). Now, we
understand that the precipitation and §'®0,, spatial patterns as a grand dipole response to orbital
forcing(Wen et al., 2024). The age shift may be justified as '°Be age determination uses one of
the assumptions that the Chinese speleothem-3'30 record was controlled by regional EASM
rainfall intensity. Moreover, our model simulations also do not support the EASM precipitation
and 8'%0, uniform temporal or spatial relationship throughout the region on orbital timescales,
such as Chinese speleothem-3'30 does not correspond well with simulated China rainfall but
with India rainfall (Fig. S4a and S4b).
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Fig. §4. Comparison of simulated precipitation change by 3 Ma transient simulation (only the last 600
kyr are shown here) and proxies from (a) Eastern Asia and China speleothem-6'*0O composite record,
(b) India and China speleothem-6'0 composite record, and (c) China and Loess ’Be record. Summer
insolation at 30°N is shown in panel (a).
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Fig. S5. Differences between Pmin and Pmax in iCESM-130ka (left panels) and between hiresCESM-
5d and hiresCESM-5e (right panels). (a)(d) Meridional wind at 900 hPa (shading) and streamlines.
(b)(e) Zonal wind at 350 hPa (shading) and streamlines. (c) Geopotential height 950 hPa (shading) and
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(Pmin - Pmax) Annual Response in Korea
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Figure S6: Differences in annual precipitation (mm/day) on the Korean Peninsula between Pmin and Pmax from
various moisture sources over (a) ocean and (b) land. Color text is a major contributor to the Korean Peninsula
(blue positive and red negative for Pmin -Pmax). Inset plot (lower right): the summer precipitation 6180 in Korea
from major and near-source contributors from Land (EAS) and the Ocean (SNP, NNP). “Total” represents the
precipitation-6"*0 combination from all tag regions in Korea. Korea is marked by a yellow star.
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Fig. §7. Vertically integrated moisture transport (VIMT) during boreal summer (JJA) under low precession (a)
and high precession (b) conditions. VIMT magnitude (kg m™ s™) showing the spatial distribution and intensity of
moisture transport across Asia. Black arrows indicate VIMT vector direction and relative magnitude (reference
vector: 200 kg m™ s7).
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Fig. S8. (a) Relative humidity simulated in iCESM for present day conditions in comparison to
(b) NCEP?2 reanalysis data for the last 40 years (accessed through APDRC OPeNDAP Server
(http://apdrc.soest.hawaii.edu/index.php). Model captures the spatial pattern reasonably well,
except lower humidity over the southeast Asian region.
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Fig. S10. Upper panel shows the series of d-excess values for 38 Asian sites, GNIP (blue), iCESM
(orange), and iCESM Median bias adjusted (red). Lower left panel shows the correlation between
simulated and GNIP mean annual d-excess values for Asian sites. Note: All Asian GNIP sites are

considered here, a screening has been applied, such as only the sites which have at least 2 years
of data.
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124  Fig. SI12. First empirical orthogonal function (EOFI1(a)) and corresponding principal component (PC1, b) for
125 the summer mean surface relative humidity for the 130 ka transient simulation on iCESM1.2. Temporal evolution
126 of surface relative humidity over continental regions (c, d). The selected boxes are shown on the spatial map (a).
127 The dashed curve represents summer insolation at 30°N. It is worth mentioning here that the EAS region in the
128  tagging experiments covers the Chinese continent up to 45°N and 100°E.
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138 Fig. S13. d-excess monthly climatology for low precession (Low) and high precession (High) over the Indian and
139  the Korean regions.
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143
144  Figure S14: The summer and annual precipitation d-excess in Korea from major and near-source contributors
145  fiom land and ocean. “Total” represents the d-excess from all tag regions to Korea.
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Fig. S15. (a) Southern Indian Ocean (10-20°S; 90-110°E) and (b) Northwest Pacific Ocean (15-25°N; 135-
145°E) surface relative (Rel.) humidity (RHs) regressed over the spatial d-excess(d) values for 130 ka transient
simulation. The shading shows slope; Ad/ARHs.
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153 Fig. $16. Simulated annual mean variations in precipitation (blue curves) for (a) India, (b) South (S.) China, (c)
154 central China, and (d) Korea in the last 130ka from an orbitally forced transient simulation conducted with
155 iCESM1.2. Orange curves in panel A (B) show precipitation-5'°0 (d-excess). Dashed black curves represent

156  insolation (30 °N) insolation changes.
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Table S1: Details on the speleothem stable isotopes records and other proxies used in this study.

Speleothem-5'%0 records

~ Ages (ka)

Location (°N/°E)

Reference

Korea

1. Eden cave (ED1)

100 — 128, 184 — 209,
397 -442,498 — 530

37.10/128.50

(Jo et al, 2011,
2014)

2. Gwaneum cave (GE1) 0.70-1.18, 71 — 89 37.32/129.03

China

1. Composite 0—640 several (Cheng et al., 2016)
Other proxy records ~ Ages (ka) Location (°N/°E) Reference

1. Loess 1°Be

0—84 and 107 — 550

34.43/107.12

(Beck et al., 2018)

2. U1427 pollen

0.65 — 551

35.96/134.43

(Hayashi et al,
2021)

3. Lake Biwa 1.8—134.3and 0-430 | ~35/~136 (Hayashi et al,
2017; Tarasov et al.,
2011)

Atmospheric CO,

1. EPICA Dome CO2 0-800 -75.1/158.72 (Liithi et al., n.d.)
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164

Table S2: Tagging results. Blank spaces indicate tag regions not used in the total calculation (column “Total”),
as they have no contribution to the anomalous 6'*0, (Pmin- Pmax).

(a) d180
SNP NNP EAS EQl SAS Total
Annual Pi d180i _d180i*(Pi/P) Pi d180i _d180i*(Pi/P) Pi d180i _ d180i*(Pi/P) Pi d180i _d180i*(Pi/P) Pi d180i _d180i*(Pi/P) d180
Pmax 0.99 -11.26 -3.43 0.44 -4.49 -0.62 131 -5.32 -2.16 02773 -16.81 -1.44 0215 -16.67 -1.11 3.24 -8.76
Pmin 1.01 -12.31 -4.34 0.34 -4.07 -0.48 116 -4.13 -1.68 0.1955 -19.36 -1.32 0.159  -19.09 -1.06 2.86 -8.88
Pmin - Pmax 0.023 -0.91 0.14 0.48 0.12 0.05 -0.37 -0.12
Pmax 0.99 -11.26 -4.05 0.44 -4.49 -0.73 131 -5.32 -2.55 274 -7.32
Pmin 1.01 -12.31 -4.96 0.34 -4.07 -0.55 116 -4.13 -1.91 251 -7.42
Pmin - Pmax  0.023 -0.91 0.18 0.63 -0.23 -0.09
Summer Pi d180i _d180i*(Pi/P) Pi d180i _d180i*(Pi/P) Pi d180i d180i*(Pi/P) Pi d180i _d180i*(Pi/P) Pi d180i _d180i*(Pi/P) P d180
Pmax 1.60 -7.48 -2.41 037 -4.18 -0.31 1.76 -4.67 -1.66 0.73 -10.26 -1.50 0.502 -9.54 -0.97 4.96 -6.85
Pmin 2.00 5.76 2.20 0.23 5.53 0.24 1.87 3.78 1.35 0.63 13.35 1.61 0.518 12.56 1.24 5.24 6.63
Pmin - Pmax  0.400 0.22 0.07 0.31 -0.11 -0.28 0.28 0.22
(b) dD
SNP NNP EAS EQl SAS Total
Annual Pi dDi dDi*(Pi/P) Pi dDi dDi*(Pi/P) Pi dDi dDi*(Pi/P) Pi dDi dDi*(Pi/P) Pi dDi dDi*(Pi/P) P di80
Pmax 0.99 -78.75 -28.33 0.44 -22.89 -3.71 131 -30.03 -14.36 274 -46.40
Pmin 1.01 -87.61 -35.27 0.34 -20.25 -2.72 116 -21.30 -9.86 251 -47.85
Pmin - Pmax  0.023 -6.94 0.99 4.49 -0.23 -145
SNP NNP EAS EQl SAS Total
Summer Pi dDi dDi*(Pi/P) Pi dDi dDi*(Pi/P) Pi dDi dDi*(Pi/P) Pi dDi dDi*(Pi/P) Pi dDi dDi*(Pi/P) P di80
Pmax 1.60 -49.11 -15.85 0.37 -25.20 -1.88 176 -28.64 -10.17 0.73 -74.25 -10.86 0502 -68.43 -6.93 4.96 -45.69
Pmin 2.00 -38.14 -14.56 0.23 -35.55 -1.53 1.87 -24.57 -8.74 0.63 -95.66 -11.54 0518 -89.5 -8.85 5.24 -45.21
Pmin - Pmax  0.400 129 035 142 -0.67 -1.92 0.28 0.48
(c) d-excess
SNP NNP EAS EQl SAS Total
Annual Pi dex_i  dex_i*(Pi/P) Pi dex_i dex_i*(Pi/P) Pi dex_i dex_i*(Pi/P) Pi dex_i  dex_i*(Pi/P) Pi dex_i dex_i*(Pi/P) P dexc
Pmax 0.99 11.33 4.08 0.44 13.00 211 131 12.55 6.00 274 12.19
Pmin 1.01 10.87 438 0.34 12.29 1.65 116 11.76 5.45 251 11.47
Pmin - Pmax 0.023 0.30 -0.46 -0.55 -0.23 -0.71
SNP NNP EAS EQl SAS Total
Summer Pi dex_i__dex_i*(Pi/P) Pi dex_i __dex_i*(Pi/P) Pi dex_i __dex_i*(Pi/P) Pi dex_i__dex_i*(Pi/P) Pi dex_i __dex_i*(Pi/P) P dexc
Pmax 1.60 10.73 3.46 037 8.20 0.61 176 8.70 3.09 0.73 7.83 115 0.502 7.89 0.80 4.96 9.11
Pmin 2.00 7.94 3.03 0.23 8.71 037 1.87 5.67 2.02 0.63 11.14 134 0518 10.98 1.09 5.24 7.85
Pmin - Pmax__0.400 -0.43 -0.24 -1.07 0.20 0.29 0.28 -1.26




165  Table S3: Korean Speleothem-0'0 records.

166
(a) Eden Cave (b) Gwaneum Cave
Age (ka BP) 271;(1))1;) O Age (ka BP) 3180 (%o, VPDB)
128.19 114 2900 -8.95
127.77 704 gee3 -8.98
127.34 721 gg66 -8.81
126.49 -7.18 88.49 -9.04
126.06 709 ge3s -9.00
125.63 73T 8815 -8.78
125.21 -7.22 87.98 -8.66
124.78 758 g7381 -8.70
124.36 -7.54 87.64 -8.48
123.93 -7.65 87.47 -8.57
123.50 139 gaa -8.70
123.08 -7.45 87.13 -8.56
12222 713 g6.06 -8.76
121.80 691 ge g -8.67
121.37 113 geen -8.63
120.94 -6.93 86.45 -8.60
120.52 -7.15 86.28 -8.58
120.09 693 g6 11 -8.82
119.66 -7.13 85.94 -8.84
119.24 712 g5y -8.77
118.81 74T 8560 -8.74
118.39 -7.48 85.43 -8.52
117.96 765 g5 -8.78
117.53 -7.80  g509 -8.61
117.11 -8.11 84.92 -8.37
116.68 -7.20 84.75 -8.32
116.25 -8.13 84.58 -8.25
115.83 -8.12 84.41 -8.43
115.40 -8.10 84.24 -8.79
114.97 -7.94 84.07 -8.58
114.55 -8.08 83.90 -8.59
114.12 784 g3 g3 -8.60
113.70 -8.12 83.56 -8.34
113.27 807 ¢339 -8.13
112.84 -8.08 83.22 -8.27
112.42 -804 2305 -8.39
111.99 832 gygs -8.18
111.56 -8.16 82.71 -8.40
111.14 -8.02

82.54 -8.64
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