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Text S1. Moraine age determination

We chose 126 1°Be surface exposure dating ages across the monsoon-influenced Himalaya for regional LIA chronological

comparison and applied the following criteria to ensure valid comparisons. The results are shown in Table S1.

(1)

()

All published '°Be ages are recalculated using CRONUS Earth V3 online calculator (Balco et al., 2008;
http://hess.ess.washington.edu/math/). In the interpretation, we focus on the ages calculated using the time and nuclide-
dependent scaling scheme ‘LSDn’ (Lifton, et al., 2014).

A set of ''Be ages from the same moraine are usually scattered due to nuclide inheritance, such as prior exposure and
incomplete exposure caused by geographic shielding or post weathering processes (Heyman et al., 2011). Therefore,
statistical treatment is of importance to identify potential outliers and to determine the depositional ages of any moraines
(Owen & Dortch, 2014). We applied the Peirce’s criterion to detect outliers (Peirce, 1852; Ross, 2003). Peirce’s criterion
is a rigorous method based on probability theory. An exposure age can be considered as an outlier if the deviation from
the group mean is larger than the maximum allowed deviation. The threshold is determined by multiplying the standard
deviation of all samples and the R (the ratio of the maximum allowable value from the data mean to the standard deviation),
using Peirce’s criterion table (Peirce, 1852; Ross, 2003; Peng et al., 2019). The internal uncertainties of all '°Be ages are
used in Peirce’s criterion. However, it will not identify any outlier if a group of samples are evenly spread out, even if it
is obvious that the ages do not overlap (Yang et al., 2021). Thus, we removed the outliers for these '°Be ages according
the original published articles and the moraine relative geomorphological positions, morphology and weathering

conditions.


http://hess.ess.washington.edu/math/
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(3) After removing outlier(s), the reduced y? statistic (y°r) was calculated to test if any remaining ages were scattered (Balco,

2011). If the ¥’ is insignificant at the 95% confidence level (p>0.05), the scatter can be explained by measurement errors,

so the weighted mean was used for moraine age interpretation; if % is statistically significant (P>0.05), the scatter is

likely caused by prior inheritance or incomplete exposure, thus a range of plausible ages is summarized for the moraine

(Chen et al., 2015; Li et al., 2016).
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Figure S1. Probability density plots of '’Be surface exposure ages with internal uncertainty for moraines (a) Cogarbu valley M1 and

(b) Shi Mo valley M1 in BH, and the reduced y? statistic (x’r) after removing outliers. The Gauss distribution of each age is plotted

with the mean and standard deviation. The cumulative probability density function (PDF; grey shaded area) is created by summing

probability densities of all ages. These PDFs illustrate the cluster of the ages and potential outliers.
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Figure S2. Interannual (a) summer temperature, (b) temperature, and (c) precipitation changes from 1000s to 1950s averaged over

Bhutanese Himalaya. Glacier (d) length, (e) area, (f) volume, (h) ELA, and (i) SMB changes during LIA across the studied area,
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modelled by OGGM using three separate GCM produces (BCC, CCSM4, and CESM). Each glacier in the OGGM runs has its length,
area, volume, and ELA changes normalized relative to the corresponding averaged parameters during 1950s in the run output.

Besides, the recalculated moraine ages across the monsoon-influenced Himalaya are also shown (g). The regional averaged AELAs

are illustrated in Figure 2h.
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Figure S3. The frequency distribution chart shows the occurrence of the most (a), second most (b), and third most (c) extensive
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Figure S4. The frequency distribution chart shows the occurrence of the most (a), second most (b), and third most (c) extensive
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Figure S5. The frequency distribution chart shows the occurrence of the most (a), second most (b), and third most (c) extensive

0 "
1200s

0
1200s

(a)

D

o
—
~

Frequency
N w B a
o o o o

=
o

1300s 1400s 1500s 1600s 1700s 1800s 1900s
Occurrence of the most extensive glacial advance (CE)

1300s 1400s 1500s 1600s 1700s 1800s 1900s
Occurrence of the third most extensive glacial advance (CE)

glacial advance of each glacier for the MPI experiment.

0 R
1200s

1300s 1400s 1500s 1600s 1700s 1800s 1900s
Occurrence of the second most extensive glacial advance (CE)




Table S1. Recalculated previously published minimum ’Be surface exposure ages in the monsoon-influenced Hiamlaya using the CRONUS Earth V3 online calculator with the time-dependent

scaling scheme “LSDn”.

: : . : : Topographic Be
Location and : Latitude Longitude Elevation Thickness i3 : Recalculated :
Moraine Sample ID shielding Concentration g Moraine age (CE)
Source 9 (9 (m) (cm) factor (atoms/g) Be age (ka)
Bhutanese M1, Cogarbu YDT14-1) 28.2386 89.8913 4955 5 0.9735 58500 £ 2300 1098 £78 1256 £56 - 1494 +
Himalaya; valley YDT14-2( 28.2383 89.8915 4946 5 0.9743 12300 = 1100 270+ 29 43
Peng et al. YDTI14-3 28.239 89.8911 4947 5 0.9735 24200 + 1400 520 +43
(2019) YDT14-4 28.2397 89.8906 4945 4 0.9657 36300 + 1600 758 £ 56
YDT14-5 28.2401 89.8904 4942 5 0.9657 24500 + 1400 530+ 44
Bhutanese M1, Shimo YDTI15-1 28.2851  89.99504 5064 3 0.99 7387 + 607 147+ 15 1077 +£228 - 1867
Himalaya; valley YDT15-40 28.2852 89.9949 5072 3 0.99 144194 £3240 2614 + 165 +15
Peng et al. YDT15-6 28.2838 89.9938 5103 4 0.92 22257 £ 1646 470 + 44
(2020) YDTI15-7 28.2837  89.99367 5104 5 0.92 47302 + 11166 937 +£228
YDTI15-8 28.2837  89.99375 5103 5 0.92 22466 + 5240 478 £115
YDT15-9 28.2837 89.99385 5100 5 0.97 24796 + 3072 500 £ 69
YDTI5-10 28.2833  89.99351 5107 4 0.98 8768 + 1443 175 +£31
Lahul Himalaya;  mpz,, Hamtah HAMTAH- 322725 7735738 4014 2 0.9429 8900 + 1900 281+ 62 1200 £93 - 1837 +
Sahaetal. valley 1405 32
(2018) HAMTAH- 32.2722 77.3575 4023 1 0.9444 15600 £ 4100 463 + 125
1406
HAMT{?)H— 32.2686 77.35847 4111 2.5 0.9540 90600 = 5500 2209 + 187
1408
HAMTAH- 322678  77.35892 4125 2.5 0.9476 6000 + 1000 179 £ 32
1410
HAMTAH- 322954 7736555  3861.182 2 0.9233 25700 + 2500 816 +93
1502
mai, Lato LATO-1415® 33,6822 77.59202 5366 3 0.9501 133100+ 3100 1603 £ 102 1595 +29 - 1746 =
valley LATO-1416 33.6822 77.5921 5358 4 0.9501 16600 + 1800 270 £33 33
LATO-1417 33.6826  77.59203 5348 2 0.9508 27400 + 1000 421 +29
LATO-1418 33.6826 77.59207 5351 3 0.9459 17900 + 1400 290 + 28
LATO-1419?®  33.6827 77.592 5339 3 0.9517 246600 + 3162 £ 302
18500
maac, Lato LATO-1409?®  33.6851  77.59525 5314 3 0.9593 2651000 + 26351 + 1456 +43 - 1592 +
valley 56400 1664 34
LATO-1410®  33.6851  77.59531 5321 2.5 0.9593 218600 £ 8700 2862 + 204
LATO-1411® 33,6851 77.5952 5315 2 0.9593 296300 + 3861 +325
17800
LATO-1412 33.685 77.59566 5315 1 0.9576 27600 £ 1500 424 + 34
LATO-1413) 33,6849  77.59573 5317 2 0.9594 57700 £ 2000 828 +57
LATO-1414 33.6851  77.59538 5314 2 0.9596 37600 + 1800 560 + 43
muwi, Karzok KO-70 32.933 78.214 5524 6 1 20400 + 1400 306 +28 1283 +109
valley KO-8 32.933 78.214 5516 2.5 1 59200 + 5500 782 £ 86
KO-9 32.934 78.215 5503 1 1 60000 + 2400 786 + 56
KO10 32.934 78.215 5503 1 1 47300 + 6700 630 +97



Annapurna;
Zech et al.
(2009)

Lhagoi Kangri

Range;

Liu et al. (2017)

Nepal Himalaya;

Barnard et al.
(2006)

Garhwal;
Murari et al.
(2014)

central Gangdise

Mountains;
Zhang et al.
(2018a)

Dudh Khola
Valley

MI1A, Karola
Pass

MI1B, Karola
Pass

inner moraine,
Langtang
Khola Valley
outer moraine,
Langtang
Khola Valley
Mpd4,
Bhillangana
and
Dudhganga
valleys
Mpd3,
Bhillangana
and
Dudhganga
valleys
Mpd2,
Bhillangana
and
Dudhganga
valleys
Mpdi,
Bhillangana
and
Dudhganga
valleys

my,, Kedarnath

M2, Lopu
Kangri Area

DKI11

TB-14-33
TB-14-34
TB-14-36
TB-14-39
TB-14-41
TB-14-420
KTM4
KTM5®
KTM6
KTM7
KTMS
KTM9M
KAL7
KAL9W

KAL10
KAL11
KAL12®
KALI13@
KAL14
KAL1
KAL2
KAL3®
KAL4®
KAL5®
KAL18
KAL19
KAL20@
KAL21

KAL35
KAL36
KAL37

KAL38
KAL39@
13GDS5-1
13GDS5-2
13GDS5-3
13GDS5-4
13GDS5-5

14GDS1-1MV

28.627

28.9502
28.9498
28.9492
28.9493
28.9508

28.21
28.21
28.21
28.21
30.7898
30.7897

30.7839
30.7838
30.7836
30.7834
30.7831
30.7778
30.7777
30.7782
30.7782
30.7782
30.7565
30.7585
30.7567
30.7567

30.7448
30.7454
30.7462

30.7473
30.7478
29.8182
29.8183
29.8184
29.8184
29.8184
29.8199

84.467

90.1346
90.1344
90.1342

78.9511
78.9509
78.9507
78.9504
78.9501
78.9515
78.9512
78.9506
78.9504
78.9533
78.9629
78.9627
78.9628
78.9653

79.6503
79.0652
79.0655

79.0661

79.0662

84.6951
84.69497
84.69493
84.69494
84.69492
84.69476

WWULNnUNnUNNNUNUDNDYWNWUnNW

— N [\S)
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0.937
0.937
0.937
0.943
0.938

0.949
0.937
0.94
0.939

0.953
0.95
0.959

0.959
0.096
0.9987
0.9987
0.9987
0.9987
0.9987
0.9991

3950 + 3910

6960 + 3350
6760 £ 810
12390 + 680
14270 £ 870
10900 + 800
19250 + 4540
25000 + 8000
44000 + 12000
22000 £ 8000
27000 + 9000
28000 + 8000
33000 + 10000
6800 + 1200
1700 £+ 300

6200 + 1200
7000 + 900
47300 + 2500
69300 + 3200
10000 £ 100
9900 + 800
11400 £ 1200
2500 £ 300
500 =200
2300 £ 300
8600 + 1200
10700 + 800
36400 £ 3000
8700 + 1200

18100 +4100
8000 + 900
722000 +
222000
8000 + 800
12200 + 2200
16841 + 5336
15443 + 1656
15852 + 1738
16802 + 2471
17103 £ 2123
24815 + 1263

162 +161

150 £ 73
147 £ 20
267 +£22
312+ 27
234 +22
416 £ 101
741 £ 241
1166 + 325
658 +242
817 +277
845 + 246
965 + 298
282 +53
69 £+ 13

258 £ 52
291 +41

1596 + 126

2510+ 188
406 + 24
386+ 39
445 + 54
98 + 13

19+ 8
94+ 13
263 + 40
322 +31

999 + 101
272 + 41

614+ 144
289 +£37
17750 +

5582

278 £ 32

3286 + 624

272 + 88
249 + 30
254 +£32
271443
276 £38
396 + 31

1846 +161

1864 +51

1702 £27 - 1780 =

22

1302 242

1175 £256

1731 £53

1607 +24 - 1755 +
52

1597 +56

1727 +46

1399 +144 - 1735
+32

1749 +52

1636 +33



M3, Lopu 14GDS1-2 29.8197  84.69494 5487 1.8 0.9991 24372 + 1496 387+33
Kangri Area 14GDS1-3M 29.8197  84.69493 5490 2.1 0.9991 22040 + 1462 353 +31
14GDS1-4 29.8197  84.69496 5489 23 0.9991 23087 + 1329 369 £30
M4, Lopu 13GDS6-1 29.8185  84.69688 5497 2.2 0.9992 17083 £ 5786 276 £ 95 1638 +148
Kangri Area 13GDS6-2 29.8185  84.69686 5495 23 0.9992 29569 + 9646 464 + 154
13GDS6-3 29.8185  84.69686 5495 2 0.9992 83279 +£11788 1109+ 170

13GDS6-4 29.8186 84.6968 5495 2 0.9992 24311 £ 7756 386 = 125
MS5, Lopu 13GDS7-1 29.8191  84.69875 5507 1.9 0.9995 24986 + 6518 393+ 105 1687 +117
Kangri Area 13GDS7-2 29.8195  84.69881 5504 2.1 0.9996 15735 £ 7287 253+ 118
13GDS7-3 29.8195  84.69893 5507 1.6 0.9996 18660 + 7520 298 + 121
13GDS7-4 29.8195  84.69896 5508 2 0.9996 22186 + 5085 352+ 83
13GDS7-50  29.8196  84.69889 5508 2 0.9996 44702 £9611 677 £ 151
Himalaya; T7, Mount Ron-51 28.13 86.853 5216 4 0.97 11000 £ 8000 214 £156 1627 £44 - 1794 +
Owen et al. Everest Ron-53 28.129 86.854 5213 2 0.97 20000 + 2000 381+44 156
(2009) Ron-55 28.13 86.856 5225 2 0.97 39000 + 3000 716 £ 69
Gurla Mandhata;  M10, Muguru Na48 30.463 81.217 5508 2 0.946 29000 + 4100 465+ 71 1544 +71 - 1885 =
Owen et al. Valley Na49® 30.463 81.217 5506 1 0.946 229900 + 6500 3178 + 208 45
(2010) Na50 30.463 81.217 5509 2 0.946 7500 £ 2700 124 + 45
Na52? 30.464 81.217 5514 2 0.952 280900 £ 6900 3932 +252
Na53 30.464 81.216 5509 2 0.955 17800 + 1200 294 + 26
West Himalaya; Pangong Pang-24" 33.888 78.425 5375 5 1 14824 + 6621 229 +£103 1347 222
Dortch et al. Cirque, Pang-250 33.888 78.425 5375 5 1 162492 + 1885 £ 451
(2013) Ladakh, Nn 37623
India Pang-26 33.888 78.425 5368 5 1 49909 + 8581 698 + 127
Pang-27 33.888 78.425 5371 5 1 57723 £ 19329 793 £270
Pang-28() 33.888 78.426 5363 5 1 163049 + 1902 + 295
23407
Pang-29 33.888 78.426 5360 4 1 35547 + 9858 509 + 144
Northwestern TG3, Nun-Kun NK29 34.06 75.92 3679 2.5 0.96 15631 £ 513.7 513+35 1295 +70 - 1499 +
India; massif NK-30 34.05 75.92 3720 4 0.96 22600 + 717 £70 35
Lee et al. (2014) 1764.7
Garhwal; Jaundhar DS6-057 31.142 78.454 3636 3 0.95 13695 + 538 515+37 1012 +66 - 1494 +
Scherler et al. Glacier, Tons DS6-058 31.142 78.453 3623 3 0.94 28171 + 821 997 + 66 37
(2010) Valley
Bandarpunch DS6-032 31.072 78.499 4071 3 0.95 12086 + 551 374 +£28 1635 +28 - 1770 =
Glacier DS6-033 31.072 78.498 4046 2 0.97 7688 £ 873 239 + 31 31
Garhwal m4, Gori NDL2 30.45 80.12 3534 5 0.97 14000 £ 5000 492 £ 178 1299 +266
Himalaya; Ganga Valley NDL4 30.45 80.12 3522 5 0.96 27000 £ 4000 915+ 146
Barnard et al. M3, Gori NDL9 30.45 80.13 3505 5 0.97 7000 + 5000 261 + 187 1624 +151
(2004a) Ganga Valley NDL10 30.45 80.13 3510 5 0.98 13000 £ 2000 461 +76
Garhwal Gangotri BH29 30.945 79.061 3973 5 0.97 31241 + 8369 821 +£225 1333 +348
Himalaya; glacial stage, BH30 30.945 79.062 3956 5 0.97 15261 + 6683 427 £ 189
Barnard et al. Upper BH31 30.945 79.062 3973 5 0.97 11177 + 6842 319+ 196
(2004b) Bhagirathi BH32 30.945 79.062 3956 5 0.97 43712+ 7013 1065 + 182
Valley
Annapurna E moraine NP222(M 28.635 84.042 4000 2 0.91 43480 + 6510 1141+ 184 1424 +170
Range; crest, NP223 28.635 84.042 3813 2 0.912 23060 + 3620 743 £ 125



Heimsath & Milarepa's NP233 28.635 84.042 4275 2 0.907 15090 + 3380 401 +£93
McGlynn (2008) Glacier NP234 28.635 84.042 4216 2 1 24830 + 1990 601 + 60
NP235M 28.635 84.042 4157 2 091 43480 £ 6510 210 £22
W moraine NP212 28.641 84.044 3844 2 1 26460 + 1620 763 + 65 1243 £65 - 1372 =
crest, NP213M 28.641 84.044 3797 2 0.935 7042 + 1780 234 £ 61 58
Milarepa's NP214 28.641 84.044 3669 2 1 19810 + 1400 634 £ 58
Glacier
Nun Kun massif; Mp,, Parkachik PAR1601 34.0835 75.9998 3700 2 0.968 5600 + 600 192 +£23 1784 +43
Saha et al. valley PAR1602(M 34.0844 76.0001 3687 3 0.973 3300 + 800 114 + 28
(2019) PAR1603 34.0846 76.0002 3678 3.5 0.974 7100 £+ 500 247 £23
PAR1606 34.085 76.0004 3667 2 0.969 7400 + 1200 257+ 44
Lahul massif; Mo, Kulti S9 32.4233 77.3067 3676 2 0.917 12700 + 4600 468 £ 172 1432 +£175
Szzlzla(l)%)al. valley S10 32.4233 77.3067 3678 2 0913 19500 + 1900 699 + 80

Notes: (1) mean the potential outlier defined by Peirce’s criterion;

(2) mean the potential outlier removed according to original published.

Table S2. Climate model simulations used to drive OGGM.

Name Institution Resolution (lat x lon) Reference Time (CE)
CCSM4 National Center for Atmospheric Research 192 x 288 Gent et al. (2011) 850-2006
CESM1 National Center for Atmospheric Research 96 x 144 Otto-Bliesner et al. (2016) 850-2005
GISS-E2-R NASA Goddard Institute for Space Studies 90 x 144 Schmidt et al. (2014) 850-2005
IPSL-CM5A-LR Institut Pierre-Simon- Laplace 96 x 96 Dufresne et al. (2013) 850-2006
MPI-ESM-P Max Planck Institute for Meteorology 96 x 192 Stevens et al. (2013) 850-2005
BCC-CSM1-1 Beijing Climate Center, 64 x 128 Wu et al. (2014) 850-2000
China Meteorological Administration
CRU TS4.01 Climatic Research Unit gridded Time Series 360 x 720 Harris et al. (2020) 1901-2018

Table S3. Table shows the occurrence of each substage during LIA. Meanwhile, the maximum of the modelled glacier length, area, and volume changes during each substage are also shown

in this table. Data is displayed for GISS, IPSL, MPI for all modelled glacier in BH.

Event LIA-4 LIA-3 LIA-2 LIA-1

GISS IPSL MPI GISS IPSL MPI GISS IPSL MPI GISS IPSL MPI
Age (CE) 1400s 1330s 1270s 1520s 1520s 1470s 1710s 1700s 1700s 1880s 1900s 1820s
ALength (%) 72.9 97.6 117.7 61.4 73.3 76.6 37.9 79.0 61.7 55.6 70.9

8



AArea (%) 175.0 221.9 106.8 154.9 163.2 100.8 127.8 178.4 96.0 141.5 128.9 109.6
AVolume (%) 465.7 589.7 467.0 416.8 412.5 568.4 354.7 435.7 567.5 395.5 342.2 648.8
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