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C o ntri b ut e d  b y  Z hi s h e n g  A n; r e c ei v e d   D e c e  m b er  1 0,  2 0 2 4;  a c c e pt e d J u n e  1 2,  2 0 2 5; r e vi e  w e d  b y   D a b a n g Ji a n g  a n d   Mi c h a el  R o g er s o n

S p el e ot h e  m   δ 1 8 O re c or ds fr o  m c e ntr al s o ut h er n   C hi n a  h a v e l o n g  b e e n re g ar d e d  as 
a  k e y  b e n c h  m ar k f or  Asi a n s u  m  m er   m o ns o o n i nt e nsit y.   H o  w e v er, t h e si  mil ar  δ 1 8 O 
mi ni  m a  o bs er v e d  a  m o n g  pre c essi o n   mi ni  m a  a n d t h eir li n k t o s e as o n al  pre ci pit ati o n 
mi xi n g re  m ai ns  u n cl e ar.   Here,   w e  pres e nt  a  4 0 0, 0 0 0  - y re c or d  of s u  m  m er  pr e ci pit a -
ti o n  δ 1 8 O fr o  m l o ess   mi cr o c o di u  m,   w hi c h c a pt ures  disti n ct  pre c essi o n c ycl es si  mil ar 
t o t h os e s e e n i n s p el e ot h e  m δ 1 8 O re c or ds,  p arti c ul arl y  d uri n g  gl a ci al  p eri o ds.   N ot a bl y, 
o ur   mi cr o c o di u  m  δ 1 8 O re c or d re v e als  v er y l o  w  - δ 1 8 O  v al u es  d uri n g  pre c essi o n   mi ni  m a 
at  p e a k i nt er gl a ci als,  a f e at ure  a bs e nt i n s p el e ot h e  m  δ 1 8 O re c or ds fr o  m c e ntr al s o ut h er n 
C hi n a.    吀؀is  dis cre p a n c y s u g g ests t h at t h e   mi xe d s u  m  m er  a n d  n o ns u  m  m er cli  m ati c si g  -
n als s u bst a nti all y i n ý u e n c e t h e s p el e ot h e  m  δ 1 8 O re c or ds fr o  m c e ntr al s o ut h er n   C hi n a. 
Pr o x y - m o d el c o  m p aris o ns i n di c at e t h at t h e l a c k  of  v er  y l o  w - δ 1 8 O  v al u es i n s p el e ot h e  m 
δ 1 8 O re c or ds is  d u e t o  a n  att e n u at e d s u  m  m er si g n al c o ntri b uti o n, res ulti n g fr o  m  a l o  w er 
s u  m  m er- t o- a n n u al  pre ci pit ati o n r ati o i n s o ut h er n   C hi n a  at str o n g   m o ns o o n i nt er v als. 
O ur  ü n di n gs  o û er  a  p ot e nti al  e x pl a n ati o n f or t h e l o n g  - st a n di n g  p uzzl e  of t h e  a bs e n c e 
of  1 0 0 -   a n d  4 1- k yr c ycl es i n s p el e ot h e  m  δ 1 8 O re c or ds  a n d  u n d ers c ore t h e criti c al r ol e 
of s e as o n alit y i n i nt er preti n g  p al e o cli  m ati c  pr o xi es i n c e ntr al s o ut h er n   C hi n a.    吀؀ es e 
i nsi g hts  als o  h a v e  br o a d er i  m plic ati o ns f or i nt er preti n g s p el e ot h e  m δ 1 8 O rec or ds  gl o b all y, 
a d v o c ati n g f or  a   m ore   m ultis e as o n i nt er preti v e fr a  m e  w or k.

m o n s o o n " | " o x y g e n i s ot o p e " | " s p el e ot h e   m " | " s e a s o n alit y " | " o r bit al ti   m e s c al e

 I nte nsi ve i n vesti g ati o ns  of  ge ol o gi c al re c or ds  h a ve  gre atl y  a d va n ce d  o ur  u n derst a n di n g  of 
t he  E ast  Asi a n  S u  m  mer    M o ns o o n ( E A S   M)  d y n a  mi cs  at  or bit al ti  mes c ale.  S pele ot he  m 
o x y ge n is ot o pe r ati os ( δ 1 8   O) re c or ds fr o  m  E ast  Asi a, i n  p arti c ul ar,  h a ve  be c o  me  a  be n c h-
m ar k f or t he  E A S   M i nte nsit y,  a n d  h a ve  bee n i nter prete d  as re ýe cti n g res p o nses  pre d o  m  -
i n a ntl y  t o  s u  m  mer  i ns ol ati o n  c h a n ges  at  or bit al  ti  mes c ale  (  1            –  7 ).    O ne  o utst a n di n g  pr o ble  m, 
h o we ver,  h as  bee n t h at t he si  mil ar  δ 1 8   O  val ues  a  m o n g  di ûere nt  pre cessi o n   mi ni  m a i n t he 
s pele ot he  m δ 1 8   O re c or ds fr o  m ce ntr al s o ut her n   C hi n a  di ûer s u bst a nti all y fr o  m t he  vari-
ati o n  of s u  m  mer i ns ol ati o n   m a xi  m a ( Fi g.  1 D       or a n ge vs.    Fi g.  1 E   ). F urt her  m ore,   ot her 
m o ns o o n  -rel ate d   pr o x y   re c or ds   (  8            –  1 4 ),   i n cl u di n g   s pele ot he  m   δ 1 8  O re c or ds fr o  m t he 
l o w-l atit u de    m o ns o o n  re gi o n  (  1 5 ,    1 6 )  (  Fi g. 1 F   ), cle arl y s h o w  ý u ct u ati n g  val ues  a  m o n g 
pre cessi o n   mi ni  m a.    吀؀ese  ý u ct u ati o ns  are li kel y f orce d  b y c h a n ges i n i ns ol ati o n  as   well 
as  at  m os p heri c   C  O 2   c o n ce ntr ati o n ( 1 7 )  a n d c o nti ne nt al i ce s heets ( 1 8 ).    吀؀eref ore, it 
re  m ai ns  p uzzli n g   w h y t he s pele ot he  m δ 1 8   O re c or ds fr o  m ce ntr al s o ut her n   C hi n a s h o w 
si  mil ar  δ 1 8   O   mi ni  m a  a  m o n g  pre cessi o n   mi ni  m a, i n  p arti c ul ar, t he  δ 1 8   O  val ue  d uri n g 
pre cessi o n   mi ni  m a  at  pe a k i nter gl a ci al is si  mil ar t o t h ose  d uri n g  ot her  pre cessi o n   mi ni  m a 
i nter vals  (  1 5 ,    1 6 ,    1 9 ).        

   吀؀is  p uzzle r aises  q uesti o ns re g ar di n g t he  p ale o cli  m ati c i nter pret ati o n  of s pele ot he  m 
δ 1 8   O re c or ds fr o  m ce ntr al s o ut her n   C hi n a ( 1 0 ,  1 1 ,  2 2   – 2 4 ).    M ost  pre vi o us st u dies  o n 
s pele ot he  m δ 1 8   O  h a ve f o c use d  o n  h y dr ol o gi c al  pr o cesses rel ate d t o  pre ci pit ati o n δ 1 8  O, 
s u c h  as c h a n ges  of   m oist ure s o urces ( 2 5 ,  2 6 )  a n d  u pstre a  m  de pleti o n i n s o urce re gi o ns 
( 2 7 ,  2 8 )  or  bet  wee n s o urces  a n d c a ves ( 2 ,  1 5 ,  1 6 ). I n  p arti c ul ar, c h a n ges i n s pele ot he  m 
δ 1 8   O  h a ve c o nti n ue d t o  be i nter prete d  as  d o  mi n ate d  b y s u  m  mer -se as o n  pre ci pit ati o n 
δ 1 8   O [e. g., ( 1     – 4 )] e ve n t h o u g h t here  are i n di c ati o ns  of c o ntri b uti o ns fr o  m  n o ns u  m  mer 
pre ci pit ati o n, s u c h  as   wi nter  pre ci pit ati o n ( 2 9 ), i n c a ve  dri p -w ater  δ 1 8   O i n   m o der n  o bser-
v ati o ns ( 3 0 ,  3 1 ),  a n n u all y  b a n de d s pele ot he  m  δ 1 8   O  a n al ysis ( 3 2 )  a n d   m o del si  m ul ati o ns 
( 3 3     – 3 6 ).  Partl y, t his  u n cert ai nt y re ýe cts t he  di  þ c ult y  of  de ci p heri n g t he se as o n al c o ntri-
b uti o ns  of s u  m  mer  a n d  n o ns u  m  mer  pre ci pit ati o n t o s pele ot he  m  δ 1 8   O re c or ds,  be c a use 
of t he l a c k  of l o n g -ter  m  ge ol o gi c al re c or ds t h at c a n cle arl y re ýe ct t he c h a n ges i n s u  m  mer 
pre ci pit ati o n  δ 1 8  O.Do
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 Rece ntl y a  ne w t y pe  of δ 1 8   O  pr o x y,  base d  o n t he  o x y ge n is ot o pe 
c o  m p ositi o n  of   micr oc o di u  m fr o  m   C hi nese l oess -pale os ol se q ue nces, 
has  bee n  use d t o rec o nstr uct l o n g -ter  m c ha n ges i n s u  m  mer  preci pi-
tati o n δ 1 8  O  (  3 7    –  3 9 )  (  SI  A p pe n dix , S u p ple  me nt al  note    1 ). Micr oc o di u  m 
is a calcite   micr of or  mati o n  w hic h is f o u n d i n t he   C hi nese l oess a n d 
s h o ws a cell-li ke str uct ure  u n der a  bi n oc ular   micr osc o pe (SI  A p pe n dix , 
Fi g.  S 1 B   ), a n d t h us  has  bee n s u g geste d as  bi ol o gical cells re place d 
wit h a ut hi ge nic calcite ( 4 0  ).    昀؀e i n-sit u   micr oc o di u  m i n t he t o ps oil 
has   bee n  s h o w n  t o  rese  m ble   pla nt  r o ot  str uct ure  ( SI  A p pe n di x , 
Fi g.  S 1 C   ).    昀؀is s u g gests t hat   micr oc o di u  m is f or  me d  by t he calci ü -
cati o n  of  pla nt r o ot cells  o n t he   C hi nese  L oess  Platea u (  C L P).    昀؀e 
ver y l o w  δ 1 8   O  val ue  of   micr oc o di u  m fr o  m   m o der n s oil   matc hes  well 
wit h t he calc ulate d  δ 1 8   O  val ues  of calcite  preci pitati n g  d uri n g s u  m  mer 
seas o n a n d t he calcite cr ystallize d at  ot her seas o ns  o n t he   C L P is 
c haracterize d  b y   m uc h  hi g her calc ulate d  δ 1 8   O  val ues, s u g gesti n g t hat 
micr oc o di u  m  preci pitates  d uri n g t he s u  m  mer seas o n ( 3 7 ).    昀؀is is als o 
c o nsiste nt  wit h t he s u g gesti o n  of s u  m  mer f or  mati o n  of calcite acc or d -
i n g t o t he cl u  m pe d is ot o pe t her  m o  metr y, a n d t he cli  mate c ha n ge i n 
s u  m  mer  o n t he   C L P fr o  m  wet t o  dr y c o n diti o ns a n d t h us  de plete d 
s oil   m oist ure ( 3 9 ) (SI  A p pe n di x , S u p ple  me nt al  note     1 ). I n a d diti o n, 
t he lar ge a  m plit u de  di ûere nce (~ 7   ‰) i n   micr oc o di u  m  δ 1 8  O  rec or ds 
si nce t he last i nter glacial s u g gests t hat   micr oc o di u  m δ 1 8  O  pre d o  mi  -
na ntl y re ýects  preci pitati o n  δ 1 8  O  si g nal  (  3 7    –  3 9 ),  si nce  t he  pres u  me d 
ma xi  mal  8°  C  di ûere nce  w o ul d  o nl y lea d t o a  variati o n  of a b o ut  1. 8   ‰. 
٠恩e   micr oc o di u  m    δ 1 8   O rec or d si nce t he last i nter glacial ( 3 8 ) s h o ws 
disti nct  precessi o n c ycles as see n i n s pele ot he  m  δ 1 8   O rec or ds.   M ore 

i nteresti n gl y, it e x hi bits  disti nct  ý uct uati o ns i n δ 1 8   O   mi ni  ma a  m o n g 
precessi o n   mi ni  ma.    吀؀eref ore, a c o  m parati ve st u d y  of   micr oc o di u  m 
a n d s pele ot he  m δ 1 8   O rec or ds s pa n ni n g   m ulti ple  glacial-i nter glacial 
c ycles   ma y  ha ve t he  p ote ntial t o rec o ncile t he  dis parities  o bser ve d i n 
t hese t w o arc hi ves  b y  discri  mi nati n g t he seas o nal c o ntri b uti o ns  of 
s u  m  mer a n d  n o ns u  m  mer  preci pitati o n.

  To e x pl ore t hese  dis p arities,   we c olle cte d l oess s a  m ples fr o  m t he 
well  -st u die d  Xife n g ( X F) se cti o n ( 3 5° 4 5’  N,  1 0 7° 4 7’ E) l o c ate d i n 
t he ce ntr al   C L P ( Fi g. 1 A   ).    吀؀e l oess c hr o n ol o g y   w as est a blis he d 
b y c orrel ati n g t he l oess -p ale os ol se q ue n ces  of t he  X F se cti o n   wit h 
pre vi o usl y  p u blis he d se cti o ns i n t he   D o n gz hi y u a n  hi g h t a blel a n d 
a n d   be nt hi c   δ 1 8  O  re c or ds   al o n g    wit h  t he    O S L   d ates   of  l o c al  
l oess-p ale os ol  pr o üle ( M ateri als  a n d   Met h o ds   ).    Mi cr o c o di u  m   w as 
pi c ke d  at  5 -c  m res ol uti o n f or   me as ure  me nts  of  o x y ge n is ot o pes 
(δ 1 8  O).   A  t ot al   of   4 3 7  s a  m ples    were   a n al yze d  ( M ateri als   a n d  
Met h o ds   ),  gi vi n g  a   me a n res ol uti o n  of ~ 5 0 0  y.    We e xte n de d t he 
X F   mi cr o c o di u  m   δ 1 8   O re c or d t o t he  p ast  4 0 0  k yr  a n d i nte gr ate d 
t hese  ne  w  d at a   wit h  pre vi o usl y  p u blis he d  d at a ( 3 7 ,  3 8 ),  pr o vi di n g 
a  ne  w c o  m p osite   mi cr o c o di u  m  δ 1 8   O re c or d  of t he  p ast  4 0 0  k yr 
(  Fi g. 1 D      a n d M  ateri als  a n d   Met h o ds  ). 

R e s  ul t s

   O ur    micr oc o di u  m δ 1 8   O c h a n ges cl osel y ali g n   wit h  vari ati o ns i n 
s u  m  mer i ns ol ati o n: l o wer δ 1 8   O  val ues  occ ur  d uri n g  peri o ds  of  hi g h 
s u  m  mer i ns ol ati o n ( Fi g. 1  D     a n d E   ), c o nsiste nt   wit h s pele ot he  m 

Fi g.  1.    L o c ati o n s  a n d  δ 1 8 O r e c o r d s i n t h e  E A S  M r e gi o n. (  A )  L o c ati o n s  of δ 1 8 O r e c o r d s   wit h  si   mil a r  o r  di sti n ctl y  吀؀ u ct u ati n g   δ 1 8 O   mi ni   m a  a   m o n g  p r e c e s si o n   mi ni   m a 
( o p e n   o r  s oli d  ci r cl e s)   o n  a    m a p  s h o  wi n g  a v e r a g e    m o d e r n  cli   m at ol o g y.   P a rti c ul a rl y,  s p el e ot h e   m  δ 1 8 O  r e c o r d s f r o   m  c e nt r al  s o ut h e r n   C hi n a  s h o  w  si   mil a r   δ 1 8 O 
mi ni   m a  a   m o n g  p r e c e s si o n   mi ni   m a ( 1) ( bl u e  o p e n  ci r cl e s),   w h e r e  s u   m   m e r  p r e ci pit ati o n  a c c o u nt s f o r l e s s t h a n  h alf  of t h e  a n n u al  p r e ci pit ati o n.  Bl u e  a n d r e d  ci r cl e s 
r e p r e s e nt l o c ati o n s  of  c a v e s  a n d l o e s s  s e cti o n s,  r e s p e cti v el y. ( B – E )  C o   m p a ri s o n  of    mi c r o c o di u   m δ 1 8 O  r e c o r d   wit h  ot h e r  r e c o r d s. (  B )  C o   m p o sit e  of  b e nt hi c δ 1 8 O 
( L R 0 4,  p u r pl e) ( 1 8).  L a b el e d i s t h e    m a ri n e i s ot o p e  st a g e (  MI S)  of  b e nt hi c δ 1 8 O. (  C )   M a g n eti c  s u s c e pti bilit y (  M S)  v a ri ati o n s  at t h e  Li n xi a ( L X)  s e cti o n  o n t h e   w e st e r n 
C L P ( pi n k) ( 2 0). ( D  )  R el ati v e  c h a n g e   wit h r e s p e ct t o t h e  b e gi n ni n g  of  e a c h r e c o r d (   m e a n  of  0 t o  1  k y r)  of   mi c r o c o di u   m δ 1 8 O r e c o r d s ( bl u e) i n t hi s  st u d y f r o   m  Xif e n g 
( X F)  a n d   H u a n xi a n (  H X)  s e cti o n s  o n t h e  c e nt r al  C L P  a n d  s p el e ot h e   m δ 1 8 O  r e c o r d s f r o   m  c e nt r al  s o ut h e r n  C hi n a [ o r a n g e,  c o   m p o s e d  b a s e d  o n  S a n b a o ( S B),   H ul u 
(  H L),  a n d   D o n g g e (  D  G)  s p el e ot h e   m δ 1 8 O r e c o r d s i n  C h e n g  et  al., ( 2 0 1 6) ( 1). (  E )  S u   m   m e r (J u n e  2 1 st) i n s ol ati o n  at  3 0 °  N ( r e d) ( 2 1). (F )  S p el e ot h e   m δ 1 8 O r e c o r d s f r o   m 
s o ut h  w e st e r n  C hi n a [ bl u e,  Xi a o b ail o n g ( X B L) ( 1 5)  a n d  c y a n,  S o ut h e a st e r n  Y u n n a n ( S E Y) ( 1 6).  Pi n k  b a n d s r e p r e s e nt  p r e c e s si o n   mi ni   m a  at  p e a k i nt e r gl a ci al  p e ri o d s 
w h e n  a    m aj o r  di  吀؀ e r e n c e  b et  w e e n    mi c r o c o di u   m  a n d  s p el e ot h e   m   δ 1 8 O  r e c o r d s  o c c u r s.   G r a y  b a n d s  r e p r e s e nt  hi g h  s u   m   m e r i n s ol ati o n  p e ri o d s.  Cli   m at e  d at a  a r e 
f r o   m   N C E P/  N C A R  R e a n al y si s  1  a n d   G P C C  d at a  p r o vi d e d  b y t h e   N  O A A  P S L,  B o ul d e r,  C  O, f r o   m t h ei r   w e b sit e  at htt p s:// p sl. n o a a. g o v .  A v e r a g e  s p ri n g (  M a r c h,  A p ril, 
a n d   M a y)  a n d  s u   m   m e r (J u n e, J ul y,  a n d  A u g u st)  p r e ci pit ati o n  a n d  s u   m   m e r   wi n d  吀؀ el d s  at  8 5 0  h P a  a r e  b a s e d  o n  1 8 9 1 t o  2 0 1 8  a n d  1 9 4 8 t o  2 0 1 4  p e ri o d s, r e s p e cti v el y.
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δ 1 8   O rec or ds fr o  m ce ntr al s o ut her n   C hi n a ( Fi g. 1 D    ).   Es peci all y 
d uri n g t he l ast a n d  pe n ulti  m ate  gl aci al  peri o ds, t he   m a g nit u de  of 
vari a bilit y i n   micr oc o di u  m  δ 1 8   O is  ge ner all y c o  m p ar a ble t o t h at 
o bser ve d i n s pele ot he  m  δ 1 8   O.    昀؀ese si  mil arities s u g gest t h at  b ot h 
t he   micr oc o di u  m a n d s pele ot he  m δ 1 8   O rec or ds c a pt ure a s h are d 
si g n al i n  preci pit ati o n δ 1 8  O  c h a n ges.

 A   m ore c aref ul c o  m p aris o n  of t he t  w o δ 1 8   O re c or ds,  h o we ver, 
s h o ws  o ne  disti n ct  di ûere n ce.    昀؀e δ 1 8   O   mi ni  m a  a  m o n g  pre cessi o n 
mi ni  m a re  m ai n si  mil ar i n t he s pele ot he  m   δ 1 8   O re c or d fr o  m ce ntr al 
s o ut her n    C hi n a  (  Fi g. 1 D    ,   or a n ge),   b ut  e x hi bit   ver y  l o w -  δ 1 8  O 
 val ues i n t he   mi cr o c o di u  m δ 1 8   O re c or d  at t he  pe a k i nter gl a ci als 
ass oci ate d   wit h    MI S  1,  5e,  7e, a n d  9c -d,  a n d   mi n or  hi at uses  d uri n g 
MI S  5e  a n d  7 a   -c ( Fi g.  1 D    ,  bl ue).  

Di s c  u s si  o  n

L o  w e r δ 1 8 O  V al u e s   D u ri n g  P r e c e s si o n    Mi ni   m a  a t  P e a k I n t e r gl a ci al s.  
昀؀e     δ 1 8 O    mi ni  ma   di ûere nce   d uri n g   precessi o n    mi ni  ma  at   pea k  
i nter glacials   bet wee n  t he  t w o  δ 1 8 O  rec or ds    ma y   partl y   ori gi nate  
fr o  m t he t w o  di ûere nt  pr o x y s yste  ms.   U n der e q uili bri u  m c o n diti o ns, 
t he δ 1 8 O  of calcite is relate d t o t he   δ 1 8 O  of  water a n d te  m perat ure  - 
de pe n de nt fracti o nati o n  bet wee n  water a n d calcite ( 4 1).   Micr oc o di u  m 
is s u g geste d t o  preci pitate  d uri n g t he s u  m  mer seas o n ( 3 7), a n d t h us 
its e q uili bri u  m fracti o nati o n is li kel y t o  be  deter  mi ne d  b y s u  m  mer 
te  m perat ure.    昀؀e ca ve te  m perat ure is a p pr o xi  matel y t he re gi o nal  
mea n a n n ual te  m perat ure ( 4 2), a n d t h us t he s pele ot he  m’s e q uili bri u  m 
fracti o nati o n  is   deter  mi ne d   b y    mea n  a n n ual  te  m perat ure.     ٠恩e  
s yste  matic  di ûere nce  bet wee n s u  m  mer te  m perat ure  o n t he   C L P a n d 
mea n a n n ual te  m perat ure i n ce ntral s o ut her n   C hi na  w o ul d  o nl y lea d 
t o a s yste  matic  de viati o n i n a bs ol ute  val ues a n d  d oes  n ot c ha n ge t he 
varia bilit y.  Ass u  mi n g t hat t he a n n ual te  m perat ure i n ce ntral s o ut her n 
C hi na is   m ore sta ble a n d t he c ha n ge i n s u  m  mer te  m perat ure  o n t he 
C L P is lar ge at  glacial  - i nter glacial ti  mescale,  hi g h s u  m  mer te  m perat ure 
d uri n g  pea k i nter glacials  w o ul d lea d t o a s  mall fracti o nati o n fact or 
( 4 1) a n d t h us a  ne gati ve   micr oc o di u  m δ 1 8 O  val ue.   H o we ver, t he 
micr oc o di u  m   δ 1 8 O  val ue  of t he   MI S  5e is   m ore  ne gati ve t ha n t hat 
of t he   MI S  5a a n d  5c  b y a b o ut  2   ‰.  At least a te  m perat ure  di ûere nce 
of  8°  C  bet wee n t he   MI S  5e a n d  5a/ 5c is re q uire d t o e x plai n s uc h a 
lar ge δ 1 8 O  discre pa nc y,  w hile t he te  m perat ure rec or d  base d  o n s oil 
bacterial li pi d si g nat ures s h o ws a si  milar te  m perat ure  bet wee n t he   MI S 
5e a n d  5a/ 5c  o n t he   C L P ( 4 3).    吀؀eref ore, t he  δ 1 8 O   mi ni  ma  di ûere nce 
bet wee n t he t w o  δ 1 8 O rec or ds is  n ot   mai nl y  d ue t o t he  di ûere nt  pr o x y 
s yste  ms a n d lar gel y re ýects t he  di ûere nce i n  preci pitati o n δ 1 8 O.

  L o wer δ 1 8   O  val ues  d uri n g  pre cessi o n   mi ni  m a  at  pe a k i nter gl a-
ci als i n   mi cr o c o di u  m  δ 1 8   O i n di c ate  a str o n ger s u  m  mer   m o ns o o n 
i nte nsit y,  as s u p p orte d  b y t he s pele ot he  m re c or ds fr o  m s o ut h  west-
er n   C hi n a ( Fi g.  1 F   )  a n d   m ost  ot her  E A S   M  pre ci pit ati o n re c or ds 
fr o  m  n ort her n   C hi n a (SI  A p pe n di x ,  Fi g. S 2  ),  p arti c ul arl y  a s u  m-
mer   m o ns o o n re c or d  b ase d  o n l oess   m a g neti c s us ce pti bilit y fr o  m 
t he   wester n   C L P ( 2 0 ) ( Fi g. 1 C   ).    吀؀e   wester n   C L P is l o c ate d  at 
t he  n ort h  wester n   m ar gi n  of t he  E A S   M,  a n d t heref ore it is li kel y 
t h at  o nl y t he str o n gest s u  m  mer   m o ns o o n c o ul d re a c h t his re gi o n 
( 4 4 ),  dri vi n g  pe d o ge nesis.    吀؀ us, t he   m a g netic s usce pti bilit y rec or d 
t here   well re c or ds t he str o n gest  E A S   M t h at  are  ass o ci ate d   wit h 
hi g h   m a g neti c s us ce pti bilit y  val ues  d uri n g  pre cessi o n   mi ni  m a  at 
pe a k i nter gl aci als, c o nsiste nt   wit h t he l o wer  δ 1 8   O  val ues i n   micr oc-
o di u  m  δ 1 8   O re c or d.    M ore o ver,  d uri n g    MI S  5e  a n d  7 a-c, t he  hi a -
t uses  als o i n di c ate t he str o n gest  E A S   M i nte nsit y  a n d  pe d o ge nesis 
(SI  A p pe n di x ,  Fi g. S 3  B     a n d C  ),   w hi c h le d t o t he  diss ol uti o n  of 
micr oc o di u  m. I n  a d diti o n, t he  hi at us  of  Xi a oti a n ( X  T) s pele ot he  m 
δ 1 8   O re c or d ( 4 5 )  a n d t he  a n o  m al o usl y  hi g h 2 3 2  吀؀  c o n ce ntr ati o ns 
ass o ci ate d   wit h  a  d ar k -c ol ore d  < dirt y=  p orti o n  of  Z he nz h u ( Z Z) 
s pele ot he  m ( 4 6 )  d uri n g    MI S  5e fr o  m  n ort her n   C hi n a  als o s u g gest 

str o n ger r ai nf all.    吀؀is c o ul d le a d t o eit her  a n  u n ders at ur ati o n  of 
C a 2 +   i n  dri p  w ater  or  ý o o di n g i n  X  T c a ve ( 4 5 )  a n d  a  hi g h i n p ut 
of   detrit al    m ateri al  i n  t he   Z Z  c a ve,  res pe cti vel y  ( SI  A p pe n di x , 
 S u p ple  me nt al  n ote    2  a n d  Fi gs. S 4  a n d  S 5    ).

 吀؀e   a gree  me nt   bet  wee n  l o wer   pre ci pit ati o n     δ 1 8  O   val ues  i n  
mi cr o c o di u  m    δ 1 8  O re c or d  a n d t he   m ore s u bst a nti al   m o ns o o n 
pre ci pit ati o n i nferre d fr o  m  ot her  pr o x y re c or ds i n  n ort her n   C hi n a 
is   well s u p p orte d  b y   m o del si  m ul ati o ns i n   w hi c h t he δ 1 8  O  si g n al 
re prese nts t he i nte nsit y  of t he  E A S   M s yste  m ( 2 7 ,  4 7 ).    吀؀e str o n g 
s u  m  mer   m o ns o o n c a n  be c h ar a cterize d  b y e n h a n ce d s o ut herl y 
m o ns o o n    wi n ds,  tr a ns p orti n g    m oist ure  f urt her  i nt o   n ort her n  
C hi n a  a n d t h us c orrel ati n g str o n gl y   wit h  ne g ati ve s u  m  mer   m o n  -
s o o n  pre ci pit ati o n δ 1 8   O  o ver   C hi n a  a n d e n h a n ce d   m o ns o o n r ai n-
f all i n  n ort her n   C hi n a ( 2 7 ). I n t ur n, t his  a gree  me nt c o n ür  ms t h at 
micr oc o di u  m   δ 1 8   O rec or d re ýects   m ore cle arl y c h a n ges i n s u  m  mer 
se as o n  pre ci pit ati o n δ 1 8   O i n t he  E A S   M re gi o n t h a n s pele ot he  m 
δ 1 8   O re c or d fr o  m ce ntr al s o ut her n   C hi n a.    吀؀e δ 1 8   O   mi ni  m a  dif-
fere n ce  d uri n g  pre cessi o n   mi ni  m a  at  pe a k i nter gl a ci als  bet  wee n 
mi cr o c o di u  m  a n d s pele ot he  m   δ 1 8   O re c or ds i  m plies t he  p ote nti al 
i n ý ue n ce  of   mi xe d s u  m  mer  a n d  n o ns u  m  mer cli  m ati c si g n als  o n 
s pele ot he  m δ 1 8  O.  

S  u   m   m e r  a  n d   N o  n s  u   m   m e r  Si g  n al  C o  n t ri b  u ti o  n s  t o  S p el e o t  h e   m 

δ 1 8 O.     吀؀e δ 1 8 O   mi ni  m a  di ûere nce  d uri n g  precessi o n   mi ni  m a at 
pe a k i nter gl aci als  bet  wee n t he t  w o  δ 1 8 O rec or ds is  u nli kel y t o  be 
c a use d  b y t he c h a n ges i n   m oist ure s o urces  or t he s u  m  mer - o nl y 
preci pit ati o n  δ 1 8 O c h a n ges  d ue t o s p ati al  di ûere nce  of s u  m  mer 
preci pit ati o n  i n  t he   E A S   M  re gi o n.     吀؀e  c a ves  i n  s o ut h  wester n  
C hi n a a n d ce ntr al s o ut her n   C hi n a, a n d t he   C L P are s uccessi vel y 
l oc ate d al o n g t he s u  m  mer   m o ns o o n   m oist ure tr aject or y ( Fi g.  1A ). 
First, alt h o u g h t he c ha n ge i n   m oist ure s o urces   ma y  be a n i  m p orta nt 
f act or  of t he  preci pit ati o n δ 1 8 O ( 4 5), it   w o ul d  ge ner ate si  mil ar 
feat ures i n  preci pitati o n δ 1 8 O i n  East  Asia a n d t h us  b ot h s pele ot he  m 
a n d   micr oc o di u  m  δ 1 8 O rec or ds.    吀؀eref ore, it c a n n ot e x pl ai n t his 
di ûere nce s olel y a n d a n a d diti o n al   mec h a nis  m is  nee de d.  Sec o n d, 
t his  di ûere nce c a n n ot  be c a use d  b y   m o ns o o n  h y dr ol o gic al  pr ocesses 
fr o  m   m oist ure s o urces t o t he c a ves i n ce ntr al s o ut her n   C hi n a, 
w hic h   w o ul d als o  ge ner ate si  mil ar fe at ures i n  b ot h s pele ot he  m a n d 
micr oc o di u  m   δ 1 8 O rec or ds.    吀؀ir d, t his  di ûere nce c a n n ot res ult 
fr o  m   m o ns o o n  h y dr ol o gic al  pr ocesses e n- r o ute fr o  m t he c a ves i n 
ce ntr al s o ut her n   C hi n a t o t he   C L P. I n t h at c ase, s u  m  mer   m o ns o o n 
preci pitati o n i n ce ntral s o ut her n   C hi na s h o ul d e x hi bit si  milar  val ues 
a  m o n g  precessi o n   mi ni  m a.   H o we ver, t he  u pstre a  m s pele ot he  m 
δ 1 8 O rec or ds fr o  m s o ut h  wester n   C hi n a  dis pl a y  ý uct u ati n g   δ 1 8 O 
mi ni  ma a  m o n g  precessi o n   mi ni  ma ( 1 5,  1 6) ( Fi g.  1  F ),   w hic h s h o ul d 
be i n herite d  b y t he s pele ot he  m  δ 1 8 O rec or ds i n ce ntr al s o ut her n 
C hi n a.   Dat a  - m o del c o  m p aris o ns als o s u g gest t h at  preci pit ati o n 
δ 1 8 O s h o ul d  be c o here nt al o n g t he   m o ns o o n   m oist ure tr aject or y 
a n d re prese nt ati ve  of t he  o ver all  E A S   M i nte nsit y, as  de ü ne d  b y t he 
l ar ge- sc ale   m o ns o o n circ ul ati o n ( 2 7,  4 7 – 4 9), e ve n i n t he  prese nce 
of re gi o n al  preci pit ati o n  di ûere nces.

   We  pr o p ose t h at t he δ 1 8   O   mi ni  m a  di ûere n ce  d uri n g  pre cessi o n 
mi ni  m a  at  pe a k i nter gl a ci als  bet  wee n t he t  w o   δ 1 8   O re c or ds is 
c a use d  b y t he c h a n ges i n se as o n al si g n al c o ntri b uti o ns  of s u  m  mer 
a n d  n o ns u  m  mer  pre ci pit ati o n t o t he s pele ot he  m  δ 1 8  O,  i n cl u di n g 
preci pit ati o n  a  m o u nt  a n d  pre ci pit ati o n  δ 1 8   O.    M o der n   m o nit ori n g 
o bser v ati o ns s h o w t h at  pre ci pit ati o n  δ 1 8   O  o utsi de t he c a ve  dis-
pl a ys  disti n ct se as o n al c h a n ges i n t he  E A S   M re gi o n.   H o we ver, t he 
δ 1 8   O  of  a b o ut  8 2  %  of t he  dri p sites i nsi de t he c a ve is  al  m ost 
c o nst a nt  ye ar -r o u n d, i n di c ati n g t h at  dri p   w ater is  a   mi xt ure  of 
pre ci pit ati o n i nte gr ate d  o ver rel ati vel y l o n g  peri o ds ( 3 0 ), e xce pt 
f or  a fe  w  dri p sites t h at e x hi bit  a sli g ht  bi as  d ue t o s o  me  h y dr o-
l o gi c al  pr o cesses i n t he c a ve s yste  m (e. g.,  ý o w s  wit c hi n g i n t he 
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k arst  or e va p or ati o n i nsi de t he c a ve) ( 5 0 ).    M ore o ver,  Ba ker et  al. 
( 3 1 ) a n al yze d  1 6 3  dri p sites fr o  m  3 9  gl o b al c a ves a n d s h o we d a  1: 1 
li near relati o ns hi p  bet  wee n  dri p-water  δ 1 8   O a n d a  m o u nt-wei g hte d 
a n n u al  preci pit ati o n  δ 1 8   O, s u p p orti n g c a ve  dri p-w ater   δ 1 8  O   pri  -
m aril y as a c o nse q ue nce  of t he acc u  m ul ati o n  of   m ultise as o n al  pre  -
ci pit ati o n si g n als. I n s o ut he aster n   C hi n a, i n t he re gi o ns   w here t he 
s pele ot he  m δ 1 8   O rec or ds are  deri ve d (s uc h as   H ul u,  Sa n b a o, a n d 
D o n g ge), a n al yses  of   m o der n r ai nf all i n dic ate t h at   w hile s u  m  mer 
m o ns o o n  preci pit ati o n acc o u nts f or a p pr o xi  m atel y  3 2 t o  5 2  %  of 
t he a n n ual t otal, s pri n g, a ut u  m n, a n d   wi nter  preci pitati o n c o ntri b-
ute  2 2 t o  3 8  %,  1 2 t o  2 4  %, a n d  6 t o  1 7  %, res pecti vel y ( SI  A p pe n di x , 
Fi g.  S 6  ).    昀؀e  n o ns u  m  mer  preci pitati o n a  m o u nt is cl ose t o  or e ve n 
hi g her t ha n t he s u  m  mer  preci pitati o n ( F i g. 1 A      a n d SI  A p pe n di x , 
Fi g.  S 6  ).  F urt her  m ore, t he  preci pitati o n δ 1 8   O  val ues i n  n o ns u  m  mer 
seas o ns, i n  partic ular i n s pri n g (~ − 3   ‰), are   m uc h   m ore  p ositi ve 
t ha n i n s u  m  mer (~ − 9   ‰) ( SI  A p pe n di x ,  Fi g. S 6  ).  As a res ult, t he 
a  m o u nt -wei g hte d a n n ual  preci pitati o n   δ 1 8   O  val ue is   m ore  p ositi ve 
t ha n  t he  s u  m  mer   preci pitati o n  δ 1 8  O   val ue  t here  ( SI  A p pe n di x , 
Fi g.  S 7  ).    昀؀eref ore, t he c ha n ge i n seas o nal si g nal c o ntri b uti o ns  of 
s u  m  mer a n d  n o ns u  m  mer  preci pitati o n t o t he s pele ot he  m δ 1 8  O  is 
a  p ote ntiall y i  m p orta nt fact or f or t he  δ 1 8   O   mi ni  ma  di ûere nce  d ur-
i n g  precessi o n   mi ni  ma at t he  pea k i nter glacials  bet wee n t he   mi cr o c-
o di u  m a n d s pele ot he  m  δ 1 8  O  rec or ds.

   昀؀e i n ý ue n ce  of t he c h a n ges i n se as o n al si g n al c o ntri b uti o ns 
of s u  m  mer  a n d  n o ns u  m  mer  pre ci pit ati o n t o t he s pele ot he  m  δ 1 8  O 
i n ce ntr al s o ut her n   C hi n a is c o n ür  me d  b y  a n  all-f orci n g  1 5 0  k yr 
si  m ul ati o n f orce d  b y t he  E art h’s  or bit al  p ar a  meters,  gree n h o use 
g ases,  a n d  gl o b al i ce s heets i n t he is ot o pe -e n a ble d   C o  m  m u nit y 
E art h  S yste  m    M o del (i  C E S   M 1. 3,  M ateri als  a n d   Met h o ds   ). I n t he 
all -f orci n g e x peri  me nt, t he c orrel ati o n c oe  þcie nt  bet  wee n s u  m  mer 
a n d  a  m o u nt -wei g hte d  a n n u al  pre ci pit ati o n   δ 1 8   O c h a n ges  o ver t he 
p ast  1 5 0  k yr s h o ws  di ûere nt s p ati al c h ar a cteristi cs,  alt h o u g h t he 
c orrel ati o ns  are  all si g ni ü c a nt ( P    <  0. 0 1) i n t he  E A S   M re gi o ns 
( Fi g. 2 ).   O ver  n or t her n  a n d s o ut h  wester n   C hi n a, t he c orrel ati o n 
c oe  þ cie nts  e xcee d   0. 7  (  Fi g.  2 A   ),  c o nsiste nt    wit h  t he    m o der n  
o bser vati o n t h at t he c al c ul ate d  a  m o u nt -wei g hte d  a n n u al   me a n 
pre ci pit ati o n  δ 1 8   O  val ue is cl ose t o s u  m  mer  pre ci pit ati o n δ 1 8  O 
val ue t here ( SI  A p pe n di x ,  Fi g. S 7  ),  d ue t o t he c o n ce ntr ate d  pre-
ci pit ati o n   d uri n g  s u  m  mer  se as o n   a n d  li  mite d   n o ns u  m  mer  (i n  
p artic ul ar s pri n g)  pre ci pit ati o n ( Fi g.  1 A     a n d SI  A p pe n di x ,  Fi g. S 8  ). 
I n c o ntr ast,  o ver   m ost  of s o ut he aster n t o ce ntr al   C hi n a,   w here t he 
s pele ot he  m  δ 1 8  O  re c or d  is   deri ve d,  t he  c orrel ati o n  c oe  þ cie nt  
r a n ges fr o  m ~ 0. 5 t o  ~ 0. 7,   w hi c h is l o wer t h a n i n  n ort her n  a n d 
s o ut h  wester n   C hi n a ( Fi g. 2 A   ).    昀؀is l o wer c orrel ati o n c oe  þ cie nt 

c a n  be  attri b ute d t o t he l o w r ati o  of s u  m  mer si g n al c o ntri b uti o n 
t o t he  a  m o u nt-wei g hte d  a n n u al  pre ci pit ati o n   δ 1 8  O  (  Fi g.   2   B    a n d 
 C   ).    ٠恩e s u  m  mer si g n al c o ntri b uti o n is c al c ul ate d  b y   m ulti pl yi n g 
t he s u  m  mer  pre ci pit ati o n δ 1 8   O  b y t he s u  m  mer-t o-a n n u al  pre ci p -
it ati o n r ati o  a n d t he  a  m o u nt-wei g hte d  a n n u al  pre ci pit ati o n   δ 1 8  O 
is t he s u  m  of f o ur se as o n al si g n al c o ntri b uti o ns. It is   w ort h  n oti n g 
t h at t he r ati o  of s u  m  mer si g n al c o ntri b uti o n t o t he  a n n u al  pre-
ci pit ati o n δ 1 8   O  d uri n g t he    MI S  5e ( Fi g. 2 B   ) is cl ose t o t h at  d uri n g 
t he  L ast   Gl a ci al    Ma xi  m u  m ( L  G   M) ( Fi g. 2 C   ), i n di c ati n g t h at t he 
s u  m  mer si g n al c o ntri b uti o n t o t he  a n n u al  pre ci pit ati o n δ 1 8  O  di d 
n ot i n cre ase   wit h t he stre n gt he ni n g  of s u  m  mer   m o ns o o n i nte nsit y 
fr o  m  t he   L  G   M  t o    MI S  5e.        

 To   better   u n derst a n d  t he   di ûere nces   bet  wee n  s u  m  mer  a n d  
a n n u al δ 1 8   O i n t he s o ut he aster n t o ce ntr al s o ut her n   C hi n a re gi o n, 
we f urt her a n al yze d t he   m o dele d se as o n al  preci pit ati o n a  m o u nt 
a n d se as o n al  preci pit ati o n si g n al c o ntri b uti o ns t o t he a n n u al  δ 1 8  O 
t here  o ver t he  p ast  1 5 0  k yr ( Fi g. 3 ).    吀؀e  discre p a nc y  bet  w ee n s u  m -
mer a n d a n n u al   δ 1 8   O c h a n ges t y pic all y  occ urs  d uri n g str o n g   m o n-
s o o n  i nter vals,  c h ar acterize d   b y   ver y  l o w   val ues   of  s u  m  mer  
preci pit ati o n   δ 1 8  O   d uri n g   precessi o n    mi ni  m a  (  Fi g.  3 A   ,    pi n k 
b a n ds).    吀؀is  p atter n is a n al o g o us t o t he  δ 1 8   O   mi ni  m a  di ûere nce 
o bser ve d   d uri n g   precessi o n    mi ni  m a  at  t he   pe a k  i nter gl aci als  
bet  wee n  o ur   micr oc o di u  m a n d s pele ot he  m  δ 1 8   O rec or ds  disc usse d 
a b o ve. It is   w ort h  n oti n g t h at t he s u  m  mer  preci pit ati o n si g n al 
c o ntri b uti o n t o t he a n n u al  preci pit ati o n  δ 1 8   O s h o ws si  mil ar  val ues 
a  m o n g  precessi o n   mi ni  ma ( Fi g.  3 D    ,  bl ue).   D uri n g t he str o n g   m o n-
s o o n i nter vals, alt h o u g h t he s u  m  mer  preci pit ati o n δ 1 8  O    mi ni  m a 
are rel ati vel y l o wer ( Fi g.  3 A   ,  bl ue), t he s u  m  mer si g n al c o ntri b uti o n 
t o t he a n n u al  preci pit ati o n δ 1 8   O  d oes  n ot i ncre ase   wit h i ncre ase d 
m o ns o o n i nte nsit y ( Fi g.   3 D    ,  bl ue). I n a d diti o n, t he  n o ns u  m  mer 
preci pit ati o n als o  h as a n i  m p ort a nt c o ntri b uti o n t o t he a n n u al 
preci pit ati o n  δ 1 8   O a n d   m a y  p artl y c o ntri b ute t o t he  discre p a nc y 
bet  wee n s u  m  mer a n d a n n u al  δ 1 8   O c h a n ges, alt h o u g h t he a ut u  m n 
preci pit ati o n si g n al c o ntri b uti o n see  ms t o  p artl y  o ûset t he c h a n ge 
i n t he s pri n g  preci pit ati o n si g n al c o ntri b uti o n ( Fi g. 3 D    ).        

 吀؀e atte n uate d s u  m  mer  preci pitati o n si g nal c o ntri b uti o n t o t he 
a n n ual  preci pitati o n δ 1 8   O ca n  be attri b ute d t o t he l o wer s u  m  mer-t o- 
a n n ual  preci pitati o n rati o i n s o ut her n   C hi na at t he str o n g   m o ns o o n 
i nter vals. It is  w ort h  n oti n g t hat s u  m  mer  preci pitati o n i n s o ut her n 
C hi na is  o ut  of  p hase  wit h t he  o verall  E A S  M i nte nsit y i nferre d fr o  m 
s u  m  mer  preci pitati o n δ 1 8  O  (  Fi g.   3   A     a n d B   ). 吀؀is  di p ole rai nfall 
res p o nse  has  bee n f o u n d i n   m o der n   mete or ol o gical  o bser vati o ns a n d 
is r o b ust acr oss cli  mate   m o dels ( 2 7 ,  4 7 ,  5 1 ); it  has als o  bee n i nferre d 
fr o  m ca ve   m oist ure  pr o x y rec or ds i n t he ce ntral s o ut her n   C hi na 

Fi g.  2.    Si   m ul at e d  s u   m   m e r  a n d  a n n u al   p r e ci pit ati o n  δ 1 8 O  c h a n g e s   d u ri n g t h e   p a st  1 5 0  k y r i n t h e  E A S  M  r e gi o n i n t h e  all  - f o r ci n g  e x p e ri   m e nt. (A )   A    m a p  s h o  w s 
t h e  c o r r el ati o n  c o e   吀؀ ci e nt   b et  w e e n  si   m ul at e d  s u   m   m e r  a n d  a n n u al   p r e ci pit ati o n  δ 1 8 O  c h a n g e s   o v e r  t h e   p a st  1 5 0  k y r.  T h e  r e gi o n   w h e r e  t h e  s p el e ot h e   m   δ 1 8 O 
r e c o r d s  a r e  d e ri v e d  s h o  w s  a   w e a k e r  c o r r el ati o n  c o e   吀؀ ci e nt  c o   m p a r e d t o  n o rt h e r n  a n d  s o ut h  w e st e r n  C hi n a.   G r a y  o p e n  ci r cl e s  s h o  w t h e l o c ati o n s    m e nti o n e d i n 
t hi s  st u d y. (B   a n d C )  T h e r ati o  of  s u   m   m e r  si g n al  c o nt ri b uti o n t o t h e  a n n u al  p r e ci pit ati o n δ 1 8 O  d u ri n g t h e   MI S  5 e (  B )  a n d  L  G  M (C ).  T h e  s u   m   m e r  si g n al  c o nt ri b uti o n 
i s  c al c ul at e d  b y    m ulti pl yi n g t h e  s u   m   m e r  p r e ci pit ati o n δ 1 8 O  b y t h e  s u   m   m e r  - t o- a n n u al  p r e ci pit ati o n  r ati o.Do
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re gi o n ( 5 2 ).   D y na  micall y, a str o n ger  E A S  M s yste  m e n ha nces t he 
n ort h war d   m oist ure tra ns p ort, res ulti n g i n   m oist ure c o n ver ge nce 
a n d, i n t ur n,  preci pitati o n i n  n ort her n   C hi na a n d t he  o p p osite i n 
ce ntral s o ut her n   C hi na.    昀؀is  decrease d s u  m  mer  preci pitati o n lea ds 
t o a l o wer s u  m  mer-t o-a n n ual  preci pitati o n rati o i n s o ut her n   C hi na 
(  Fi g. 3 C   ).  As s uc h, t he l o wer s u  m  mer-t o-a n n ual  preci pitati o n rati o 
s u bsta ntiall y  o ûsets t he e ûect  of l o w s u  m  mer  preci pitati o n δ 1 8  O, 
res ulti n g i n a n atte n uate d s u  m  mer  preci pitati o n si g nal c o ntri b uti o n 
t o t he a n n ual  preci pitati o n δ 1 8   O at str o n g   m o ns o o n i nter vals a n d 
t h us t he si  milar c o ntri b uti o ns  of s u  m  mer  preci pitati o n si g nal a  m o n g 
precessi o n   mi ni  ma ( Fi g.  3 D    ,  bl ue).  

I   m pli c a ti o  n    t o      M o  n s o o  n     D y  n a   mi c s    a  n d   I  n t e r p r e t a ti o  n    of   

S p el e o t  h e   m δ 1 8 O    R e c o r d s.     昀؀e  str o n ger  s u  m  mer    m o ns o o n  
i nte nsit y  d uri n g  pre cessi o n   mi ni  m a  at  pe a k i nter gl a ci als re c or de d 
b y   mi cr o c o di u  m  δ 1 8 O re c or d  a grees   well   wit h  ot her   m o ns o o n 
pre ci pit ati o n re c or ds fr o  m  n ort her n   C hi n a ( SI  A p pe n di x ,  Fi g.  S 2), 
s u g gesti n g t h at t he  E A S   M is c o ntr olle d  b y  b ot h s u  m  mer i ns ol ati o n 
a n d c h a n ges i n i ce  v ol u  me/ at  m os p heri c   C  O 2  c o n ce ntr ati o n  at 
gl aci al - i nter gl a ci al ti  mes c ale.   D y n a  mi c all y,   m o ns o o n circ ul ati o n is 
dri ve n  pri  m aril y  b y t he l a n d - se a t her  m al c o ntr ast,  a n d  a ûe cte d  b y 
t he  p ositi o n  of   westerlies ( 3 6)  a n d l atit u di n al i ns ol ati o n  gr a die nt 

( 5 3),   w hi c h c a n  be i n ý ue n ce d  b y  or bit al i ns ol ati o n ( 4 1  a n d  2 3  k yr) 
a n d  gl a ci al  b o u n d ar y c o n diti o ns/ at  m os p heri c   C  O 2  c o n ce ntr ati o n 
( 1 0 0  a n d  4 1  k yr) ( 4 4,  5 4 – 5 6).    昀؀e c oe xiste n ce  of t he  1 0 0- ,  4 1- , 
a n d  2 3 - k yr  peri o ds i n   micr oc o di u  m  δ 1 8 O is   m ore i n li ne   wit h   m ost 
ot her  pr o x y   m o ns o o n re c or ds  a n d   m o ns o o n  d y n a  mi cs t h a n t he 
o nl y  2 3 - k yr  peri o d i n s pele ot he  m  δ 1 8 O (  M ateri als  a n d   Met h o ds   
a n d SI  A p pe n di x ,  Fi g.  S 9).    昀؀e r oles  of  gl a ci al  b o u n d ar y c o n diti o ns 
a n d  at  m os p heri c   C  O 2  c o n ce ntr ati o n  o n t he s u  m  mer  pre ci pit ati o n 
δ 1 8 O  h a ve  bee n c o n ür  me d  b y t he  atte n u ate d  pre cessi o n   mi ni  m a 
d uri n g  t he  l ast   gl a ci al   peri o d  i n   all - f orci n g    m o del  si  m ul ati o n,  
c o  m p are d t o t h at i n t he  or bit al - o nl y f orci n g si  m ul ati o n ( M  ateri als 
a n d   Met h o ds   a n d SI  A p pe n di x ,  Fi g.  S 1 0).    ٠恩e l a c k  of  atte n u ate d 
pre cessi o n  δ 1 8 O   mi ni  m a  d uri n g t he    MI S  5 a  a n d  5 c,  as  o p p ose d t o 
t he    MI S  5e, i n  all- f orci n g   m o del si  m ul ati o n is  pr o b a bl y  d ue t o t he 
u n cert ai nt y  of i ce s heet re c o nstr u cti o ns i n t he   m o del si  m ul ati o n 
(M ateri als  a n d   Met h o ds  ).

  O ur  ü n di n g  o û ers  a  p ot e nti al   m e c h a nisti c  e x pl a n ati o n f or t h e 
l a c k  of  1 0 0-  a n d  4 1-k yr  c ycl es i n t h e s p el e ot h e  m  δ 1 8  O  re c or ds 
fr o  m  c e ntr al s o ut h er n   C hi n a.  S  m all i c e  v ol u  m e/ hi g h  at  m os p h eri c 
C  O 2    c o n c e ntr ati o n  d uri n g  p e a k i nt er gl a ci al  a n d  hi g h  o bli q uit y 
w o ul d l e a d t o  a l ar g e l a n d  -s e a t h er  m al  c o ntr ast, t h us  a str o n g 
E A S   M  i nt e nsit y   (  5 3      –  5 6 )   a n d  l o  w   s u  m  m er   pre ci pit ati o n    δ 1 8  O 
v al u es.    Me a n  w hil e, t h e str o n g  E A S   M s yst e  m  e n h a n c es t h e  n ort h -
w ar d   m oist ure tr a ns p ort  a n d  d e cre as es t h e s u  m  m er  pre ci pit ati o n 
a n d, t h us, t h e s u  m  m er -t o-a n n u al  pre ci pit ati o n r ati o i n  c e ntr al 
s o ut h er n   C hi n a.    吀؀ e l o  wer s u  m  m er-t o-a n n u al  pre ci pit ati o n r ati o 
i n t h e  c a ve  dri p  w at er  c o ul d  o ûs et t h e  e û e ct  of l o  w s u  m  m er  pre-
ci pit ati o n  δ 1 8   O  v al u es,  a n d t h us  att e n u at e t h e s u  m  m er  pre ci pi-
t ati o n si g n al  c o ntri b uti o n  a n d t h e  1 0 0-  a n d  4 1-k yr  c ycl es i n t h e 
s p el e ot h e  m  δ 1 8  O  re c or ds  i n   c e ntr al  s o ut h er n    C hi n a.  I n  t h e  
f ut ure,  is ot o p e-e n a bl e d   cli  m at e    m o d el  si  m ul ati o ns  s p a n ni n g  
m ulti pl e  gl a ci al  -i nt er gl a ci al  c ycl es  are  criti c all y i n dis p e ns a bl e t o 
q u a ntit ati vel y  ass ess t h e i n ý u e n c es  of s u  m  m er  a n d  n o ns u  m  m er 
si g n al  c o ntri b uti o ns  o n t h e  p eri o ds  of s p el e ot h e  m δ 1 8  O  re c or ds. 
I n  a d diti o n,  o ur i nsi g ht  als o  h as  br o a d er i  m pli c ati o ns f or i nt er-
preti n g s p el e ot h e  m  δ 1 8   O re c or ds   w orl d  wi d e,  e  m p h asizi n g t h e 
i  m p ort a n c e   of   c o nsi d eri n g  t h e  s e as o n alit y    w h e n  i nt er preti n g  
p al e o cli  m ati c   pr o xi es.   

M a t e ri al s  a  n  d    M e t  h  o  d s

S e t ti  n g,  S a   m pli  n g,  a  n d  C  h r o  n ol o g y.  L o ess s a  m pl es f or   micr oc o di u  m is ot o p e 
a n alysis i n t his st u dy  w er e c oll ect e d fr o  m t h e  Xif e n g ( XF) s ecti o n ( 3 5° 4 5’ N, 
1 0 7° 4 7’ E) l oc at e d i n t h e c e ntr al  CL P (Fi g.  1 A ). T his r e gi o n al cli  m at e is  a ty pic al 
m o ns o o n cli  m at e c h ar act eriz e d  by  h ot  a n d r ai ny s u  m  m ers  a n d c ol d  a n d  dry  wi n  -
t ers (SI  A p p e n dix , Fi g.  S 8).   M o d er n,   m e a n  a n n u al t e  m p er at ur e is  a p pr oxi  m at ely 
9. 2 ° C,  a n d   m e a n  a n n u al  pr eci pit ati o n is  a p pr oxi  m at ely  5 2 8   m  m. T h e  XF s ecti o n 
i n t his st u dy is l oc at e d  b et w e e n t h e Z h a oji ac h u a n (ZJ C,  3 5° 4 5’ N,  1 0 7° 4 9’ E) ( 5 7), 
Caiji az ui ( CJZ,  3 5° 4 8’ N,  1 0 7° 3 6’ E) ( 1 4)  a n d  C h e n gji az h u a n g ( C HJZ,  3 5° 4 5’ N, 
1 0 7° 4 1’ E,) ( 5 8) s ecti o ns,  n e ar  Qi n gy a n g  City  wit hi n t h e  D o n gz hiy u a n  hi g h 
t a bl el a n d,  w hic h is t h e l ar g est l o ess  hi g h t a bl el a n d (∼  9 0 0 k  m 2 ) c o  m p os e d  of 
alt er n ati n g l o ess  a n d  p al e os ol l ay ers  wit h  a t hic k n ess  of  a b o ut  2 0 0   m  a n d  ý at 
t o p s urf ac es i n t h e c e nt er  CL P.  C urr e ntly,  er osi o n  h as c a us e d t h e  pl at e a u t o  b e r el-
ativ ely fr a g  m e nt e d. T h e l o ess - p al e os ol str ati gr a p hy  of  t h es e s ecti o ns c a n  b e  w ell 
c orr el at e d t hr o u g h ic o nic  p al e os ol l ay ers ( S 2   a n d  S5 )  a n d   m a g n etic s usc e pti bility 
r ec or ds (SI  A p p e n dix , Fi g. S 1 1).   M a g n etic s usc e pti bility is t h e   m ost  acc urat e,  o bj ec-
tiv e,  a n d  e asily r e pr o d uci bl e  d eli  mit ati o n  of t h e l o ess  a n d  p al e os ol  u nits ( 5 8). 
T h e  p al e os ol l ay ers  ex hi bit  hi g h   m a g n etic s usc e pti bility v al u es  d u e t o str o n g er 
p e d o g e n esis  ass oci at e d  wit h str o n g er s u  m  m er   m o ns o o n  a n d l o w er  d ust  acc u -
m ul ati o n  d uri n g i nt er gl aci al  p eri o ds,  a n d t h e l o ess l ay ers s h o w l o w er   m a g n etic 
s usc e pti bility v al u es ( 5 9). It is  o bvi o us t h at t h e f o ur l o ess- p al e os ol c o u pl ets i n  o ur 
XF s ecti o n  ali g n  wit h t h e t o p f o ur l o ess - p al e os ol l ay ers fr o  m t h e  Br u n h es c hr o n 
i n t h e  ot h er t hre e s ecti o ns.

C orr el ati o ns  b et w e e n  C hi n es e l o ess  a n d t h e cli  m atic r ec or d fr o  m  d e e p - s e a 
s e di  m e nts  ov er t h e l ast  2. 6   My  h av e s u g g est e d t h at t h e  C hi n es e l o ess- p al e os ol 

Fi g.  3.    M o d el e d  c o nt ri b uti o n s    of  s u   m   m e r   a n d    n o n s u   m   m e r    p r e ci pit ati o n 
t o  t h e  a n n u al  δ 1 8 O  i n  t h e  c e nt r al  s o ut h e r n   C hi n a  r e gi o n  i n  t h e  all  - f o r ci n g 
e x p e ri   m e nt. ( A )  Si   m ul at e d  s u   m   m e r (JJ A,   bl u e)  a n d  a n n u al   p r e ci pit ati o n  δ 1 8 O 
( a   m o u nt- w ei g ht e d,  o r a n g e)   o v e r t h e  p a st  1 5 0  k y r. ( B )  Si   m ul at e d  s p ri n g (  M A  M), 
s u   m   m e r  (JJ A),  a ut u   m n  ( S  O  N),  a n d    wi nt e r  (  DJ F)   p r e ci pit ati o n   o v e r  t h e   p a st 
1 5 0  k y r.  ( C )  Si   m ul at e d  s u   m   m e r- t o- a n n u al   p r e ci pit ati o n  r ati o.   (D  )  Si   m ul at e d 
s p ri n g  (  M A  M),  s u   m   m e r  (JJ A),  a ut u   m n  ( S  O  N),  a n d    wi nt e r  (  DJ F)   p r e ci pit ati o n 
si g n al  c o nt ri b uti o n s t o t h e  a n n u al  δ 1 8 O  o v e r t h e  p a st  1 5 0  k y r,   w hi c h  a r e t h e 
s e a s o n al    p r e ci pit ati o n   δ 1 8 O    m ulti pli e d    b y  t h e  c o r r e s p o n di n g  s e a s o n al  t o 
a n n u al  p r e ci pit ati o n  r ati o.  Pi n k  b a n d s i n di c at e t h e  st r o n g    m o n s o o n i nt e r v al s 
wit h  a  di s c r e p a n c y i n   δ 1 8 O   mi ni   m a  b et  w e e n  s u   m   m e r  a n d  a n n u al  p r e ci pit ati o n 
δ 1 8 O  c h a n g e s  d u ri n g  p r e c e s si o n   mi ni   m a.  T h e  d a s h  bl a c k li n e  s h o  w s t h e  si   mil a r 
c o nt ri b uti o n s  of  s u   m   m e r  si g n al t o  a n n u al  δ 1 8 O  a   m o n g  p r e c e s si o n    mi ni   m a.

Do
wn

lo
ad

ed
 f

ro
m 

ht
tp

s:
//

w
w

w.
pn

as
.o

rg
 b

y 
"

U
NI

V 
O
F 

MI
N

N
E
S

O
T

A 
LI

B
R

A
RI

E
S, 

S
E

RI
A

L
S 

R
E

C
O

R
D
S"

 o
n 

Au
gu

st
 2

8, 
20

25
 f

ro
m 
I
P 

ad
dr

es
s 

13
4.

84
.1

92
.1

03
.

http://www.pnas.org/lookup/doi/10.1073/pnas.2425565122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425565122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425565122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425565122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425565122#supplementary-materials


6  of  8     htt p s:// d oi. o r g/ 1 0. 1 0 7 3/ p n a s. 2 4 2 5 5 6 5 1 2 2    p n a s. o r g

s e q u e nc e  d oc u  m e nt e d   m ulti pl e  gl aci al  a n d i nt er gl aci al cycl es ( 6 0).  Pal e os ol 
(l o ess) l ay ers  wit h  hi g h (l o w)   m a g n etic s usc e pti bility v al u es c orr es p o n d t o i nt er-
gl aci al ( gl aci al)  p eri o ds,  w hic h  h av e  b e e n v ali d at e d  by s ev er al i n d e p e n d e nt 
l o ess c hr o n ol o gy   m et h o ds. I n t h e  D o n gz hiy u a n  hi g h t a bl el a n d, t h e  a g e   m o d el 
f or t h e  C HJZ s ecti o n  w as  est a blis h e d  b as e d  o n t h e s usc e pti bility ti  m e sc al e 
wit hi n t h e fr a  m e w or k  of  p al e o  m a g n etic r ev ers als, s h o wi n g r e  m ar k a bl e  p ar all els 
b et w e e n   m a g n etic s usc e pti bility  a n d  b e nt hic  δ 1 8 O r ec or ds ( 5 8).  S u bs e q u e ntly,  a n 
i  m pr ov e d  astr o n o  mic al ti  m esc al e f or t h e ZJ C s ecti o n  w as  ac hi ev e d  by t u ni n g t h e 
grai n siz e r ec or ds t o  or bit al  o bli q uity  a n d  pr ec essi o n  a n d is s u p p ort e d  by   m a g n etic 
r ev ers al  b o u n d ari es ( 5 7) (SI  A p p e n dix , Fi g.  S 1 1B ).  R ec e ntly,  by c orr el ati n g l o ess 
gr ai n siz e  wit h t h e  b e nt hic  δ 1 8 O r ec or ds  a n d f urt h er t u ni n g t h e  a g e   m o d el t o t h e 
a bs ol ut e - d at e d s p el e ot h e  m  δ 1 8 O r ec or ds  at t h e  pr ec essi o n  b a n d,  1 3 s ucc essiv e 
g e o  m a g n etic  exc ursi o ns i n t h e  Br u n h es c hr o n  w er e i d e nti û e d c o  m p ari n g t h e 
1 0 B e G  M   ü ux ( g e o  m a g n etic  û el d- i n d uc e d 

1 0 B e  pr o d ucti o n r at e)  p e a ks i n t h e  CJZ 
s ecti o n  wit h  gl o b al  g e o  m a g n etic r ec or ds ( 1 4) (SI  A p p e n dix , Fi g.  S 1 1C ).  All t h es e 
i n d e p e n d e nt l o ess c hr o n ol o gi es yi el d t h e s a  m e r es ult t h at t h e t o p f o ur l o ess- 
p al e os ol s e q u e nc es (fr o  m L 1  t o  S4 ) c orr es p o n d t o t h e l ast f o ur  gl aci al- i nt er gl aci al 
cycl es.  H er e,  w e  als o  o bt ai n e d t h e  o ptic ally sti  m ul at e d l u  mi n esc e nc e ( O SL)  a g es  of 
ei g ht s a  m pl es fr o  m t h e  XF s ecti o n. T h e r es ults f urt h er  d e  m o nstr at e t h at t h e l o ess 
L1  l ay er  a n d  p al e os ol  S1  l ay er c orr es p o n d t o t h e l ast  gl aci al  a n d l ast i nt er gl aci al 
p eri o ds, r es p ectiv ely ( SI  A p p e n dix , Ta bl e  S 1  a n d Fi g.  S 1 2A ).

A d diti o n ally,  a c o  m p aris o n  of   m a g n etic s usc e pti bility r ec or ds  b et w e e n  C HJ Z 
a n d L u oc h u a n (L C) s ecti o ns, l oc at e d  1 6 0  k  m  a p art i n t h e c e ntr al  CL P,  h as  b e e n 
r ev e al e d t o cl os ely r es e  m bl e t o  e ac h  ot h er ( 5 8),  w hic h is f urt h er c o n ûr  m e d  by 
n e w   m a g n etic s usc e pti bility  d at a  a n d ic o nic  p al e os ol l ay ers  of  X F  a n d L C s ec -
ti o ns (SI  A p p e n dix , Fi g.  S 1 2).  D et ail e d  O SL  d ati n g  h as  b e e n c o n d uct e d i n t h e L C 
s ecti o n s p a n ni n g t h e l ast t hr e e l o ess- p al e os ol s e q u e nc es ( 6 1,  6 2) ( SI A p p e n dix , 
Fi g.  S 1 2 B ). T h es e   est a blis h e d   a g e    m o d els   of  l o ess- p al e os ol  s e q u e nc es  i n  
D o n gz hiy u a n  hi g h t a bl el a n d,  al o n g  wit h  O SL   a g es  of t h e  X F  a n d L C s ecti o ns, 
c o n ûr  m t h at t h e t o p f o ur l o ess- p al e os ol s e q u e nc es (fr o  m L 1  t o  S4 ) c orr es p o n d t o 
t h e l ast f o ur  gl aci al- i nt er gl aci al cycl es.  B as e d  o n t his,  w e  est a blis h e d t h e  pri  m ary 
a g e   m o d el  of t h e  X F s ecti o n  by  usi n g t h e r a pi d s hifts i n   m a g n etic s usc e pti bility 
t h at c orr es p o n d t o t h e  b o u n d ari es  of   MI Ss r ec or d e d  by t h e  b e nt hic δ 1 8 O r ec or d 
as ti e  p oi nts f or t h e  a g e   m o d el ( SI  A p p e n dix , Fi gs.  S 3  a n d  S 1 3). T h e  p al e os ol  S0 , 
S 1 ,  S2 ,  S3 ,  a n d  S4  l ay ers c orr es p o n d t o t h e   MI S  1,  5,  7,  9,  a n d  1 1, r es p ectiv ely. 
B et w e e n ti e  p oi nts, t h e  a g e   m o d el  w as i nt er p ol at e d li n e arly. F or   micr oc o di u  m 
δ 1 8 O  a n alys es, s a  m pl es  w er e c oll ect e d  at  5 - c  m r es ol uti o n fr o  m l o ess l ay ers  
(L2   a n d L4 )  a n d  p al e os ol l ay ers ( S2   a n d  S3 ), c orr es p o n di n g t o t h e i nt erv al fr o  m 
~ 4 0 0 t o  ~ 1 3 3  k a ( SI  A p p e n dix , Fi g.  S 3).

I n  a d diti o n,   micr oc o di u  m is c alci û e d  pl a nt r o ot c ells,  w hic h li k ely  p ost d at es 
t h e s urr o u n di n g l o ess  a n d  p al e os ol s e q u e nc es  d u e t o t h e r o oti n g  d e pt h ( 3 8). 
V e g et ati o n  o n t h e c e ntr al  CL P is  d o  mi n at e d  by st e p p e  a n d   m ost  of t h e r o ot  w as 
c o nc e ntr at e d  at t h e s urf ac e  0- 4 0 c  m  wit h  a   m axi  m u  m  of  2 0 c  m ( 6 3).  T h er ef or e, 
h er e  w e f urt h er r e û n e d t h e c hr o n ol o gy  of   micr oc o di u  m  δ 1 8 O r ec or d  by s u btr act -
i n g  2 0 c  m i n  d e pt h, yi el di n g  a si  mil ar   micr oc o di u  m δ 1 8 O r ec or d  wit h t h at  b as e d 
o n t h e  a g e   m o d el  of l o ess - p al e os ol s e q u e nc es  dir ectly ( SI  A p p e n dix , Fi g.  S 1 4). 
F urt h er  m or e, t h e v e g et ati o n c ov era g e  at  gl aci al - i nt er gl aci al ti  m esc al e  o n t h e c e n-
tr al  CL P  w as  al w ays  d o  mi n at e d  by  gr ass es  a n d s hr u bs,  a n d t h e  C 4   gr ass es  w o ul d 
sli g htly i ncr eas e  d uri n g t h e i nt er gl aci al  p eri o ds ( 6 4),  w hic h   mi g ht sli g htly c h a n g e 
t h e  pl a nt r o oti n g  d e pt h  a n d t h us t h e   micr oc o di u  m f or  m ati o n  d e pt h.  N ev ert h el ess, 
t h e   micr oc o di u  m δ 1 8 O r ec or d is  g e n er ally i n  p h as e  wit h t h e s u  m  m er i ns ol ati o n 
u n d er  gl aci al  a n d i nt er gl aci al c o n diti o ns (Fi g.  1), s u g g esti n g t h at t h e i n ü u e nc e  of 
v e g et ati o n  diff er e nc e ( a n d t h us  diff er e nt   micr oc o di u  m f or  m ati o n  d e pt h)  o n t h e 
c hr o n ol o gy  at  or bit al ti  m esc al e   m ay  b e li  mit e d. T o  ass ess t h e i n ü u e nc e  of   micr oc-
o di u  m f or  m ati o n  d e pt h,  w e  als o r e û n e d t h e c hr o n ol o gy  of   micr oc o di u  m  δ 1 8 O 
r ec or d  by s u btracti n g  1 0  a n d  3 0 c  m i n  d e pt h, yi el di n g   micr oc o di u  m δ 1 8 O r ec or ds 
si  mil ar t o t h at r e û n e d  by s u btr acti n g  2 0 c  m (SI  A p p e n dix , Fi g.  S 1 4). T h er ef or e, 
t h e i n ü u e nc e  of v e g et ati o n  diff er e nc e  at  gl aci al- i nt er gl aci al ti  m esc al e  o n t h e 
c hr o n ol o gy  of   micr oc o di u  m δ 1 8 O r ec or d is li  mit e d. T h e c o nsist e nt  pr ec essi o n 
cycl es  of   micr oc o di u  m  a n d s p el e ot h e  m δ 1 8 O r ec or ds i n dic at e t h at t h e c hr o n ol o gy 
of  C hi n es e l o ess - p al e os ol s e q u e nc es  a n d   micr oc o di u  m  δ 1 8 O r ec or d  at  or bit al 
ti  m esc al e  g e n er ally is r eli a bl e (SI  A p p e n dix , Fi g.  S 1 5A ).

I s o t o p e   A  n al y si s.   Micr oc o di u  m  w as  pic k e d  at  5- c  m r es ol uti o n f or   m eas ur e  m e nts 
of  oxy g e n is ot o p es ( δ 1 8 O) f oll o wi n g  pr evi o us st u di es ( 3 7– 3 9).  Oxy g e n is ot o pic 
c o  m p ositi o ns  w er e  a n alyz e d  by   M AT- 2 5 3  g as s o urc e d   m ass s p ectr o  m etry  usi n g 
a  Ki el  Ⅳ    c ar b o n at e  d evic e  at t h e  N a nji n g I nstit ut e  of  G e ol o gy  a n d  Pal a e o nt ol o gy, 

C hi n es e  Ac a d e  my  of  Sci e nc es ( C A S).  δ 1 8 O v al u es  w er e r e p ort e d r el ativ e t o t h e 
Vi e n n a  Pe e D e e  B el e  m nit e ( V P D B) st a n d ar d  wit h  a  pr ecisi o n  of  0. 1 6  ‰ ( 2 σ ).

C o   m p o si t e    Mi c r o c o di  u   m   δ 1 8 O   R e c o r d   O v e r  t  h e  L a s t  4 0 0  k y r.  T h e  n e w  d at a 
i n t his st u dy  ext e n d e d t h e   micr oc o di u  m δ 1 8 O r ec or d ( 3 7) fr o  m t h e  XF s ecti o n t o 
t h e  p ast  4 0 0 kyr (SI  A p p e n dix , Fi g.  S 3C ). T h e  n e w  d at a, s p a n ni n g fr o  m ~ 4 0 0 t o 
~ 1 3 3 k a, v ary  b et w e e n   − 1 6. 8 3  ‰  a n d   − 9. 5 1  ‰,  w hic h is  g e n er ally c o nsist e nt 
wit h t h e  pr evi o usly  p u blis h e d r ec or d si nc e t h e l ast i nt er gl aci al (fr o  m   − 1 6. 4 4  ‰ 
t o   − 9. 2 9  ‰) ( 3 7). T h e  XF   micr oc o di u  m δ 1 8 O c h a n g es  a gr e e  w ell  wit h   M a n gs h a n 
micr oc o di u  m   δ 1 8 O  d uri n g t h e l ast  gl aci al  a n d  h av e  pr ovi d e d  a r o b ust r e plic ati o n 
t est ( 3 9) (SI  A p p e n dix , Fi g.  S 1 6).

T h e  XF   micr oc o di u  m δ 1 8 O r ec or d  ov er t h e  p ast  4 0 0 kyr  a gr e es  w ell  wit h t h e 
c h a n g es i n s u  m  m er i ns ol ati o n: t h e δ 1 8 O v al u es  ar e l o w er  d uri n g  p eri o ds  of  hi g h 
s u  m  m er i ns ol ati o n, c o nsist e nt  wit h s p el e ot h e  m δ 1 8 O r ec or ds fr o  m c e ntral s o ut h -
er n  C hi n a ( SI  A p p e n dix , Fi g.  S 1 5).  H o w ev er, t h e  XF   micr oc o di u  m δ 1 8 O r ec or d 
dis pl ays  a n  att e n u at e d  pr ec essi o n si g n al  d uri n g t h e i nt er gl aci al  p eri o ds. T his 
p h e n o  m e n o n is  attri b ut e d t o t h e  hi g h  pr eci pit ati o n  a n d l o w s e di  m e nt rat e,  w hic h 
l e a d t o i nt e ns e  p e d o g e n esis  of t h e  p al e os ol l ay ers, t h e  ass oci at e d i ncr e as e i n t h e 
diss ol uti o n  of   micr oc o di u  m,  a n d t h e  att e n u ati o n  of  hi g h - fr e q u e ncy ( pr ec essi o n 
b a n d) si g n als.  O n t h e L o ess  Pl at e a u, t h e s e di  m e nt r at e i ncr e as es,  a n d   m o ns o o n 
pr eci pit ati o n  d ecr e as es  gr a d u ally fr o  m s o ut h e ast t o  n ort h w est  al o n g  wit h t h e 
m o ns o o n   m oist ur e tr aj ect ory. T h e  H u a nxi a n ( H X) s ecti o n, l oc at e d  a p pr oxi  m at ely 
1 0 0 k  m  n ort h w est  of t h e  Xif e n g s ecti o n, r ec eiv es l ess  pr eci pit ati o n,  a n d  h as 
a  hi g h er s e di  m e nt ati o n r at e,  w hic h r e d uc es t h e  diss ol uti o n  of   micr oc o di u  m 
a n d f ait hf ully c a pt ur es t h e  pr ec essi o n cycl es  d uri n g i nt er gl aci al  p eri o d ( 3 8) 
(SI  A p p e n dix , Fi g.  S 1 5).

T o  b ett er s h o w t h e  pr ec essi o n cycl es  of  pr eci pit ati o n δ 1 8 O  d uri n g i nt er gl a -
ci al  p eri o ds,  w e r e pl ac e d t h e  XF   micr oc o di u  m δ 1 8 O r ec or d  wit h t h e  pr evi o usly 
p u blis h e d  H X   micr oc o di u  m  δ 1 8 O r ec or d ( ~ 1 3 3 - ~ 6 6 k a) f or t h e l ast i nt er gl aci al 
p eri o d ( 3 8), yi el di n g  a c o  m p osit e   micr oc o di u  m  δ 1 8 O r ec or d  ov er t h e l ast  4 0 0 
kyr ( SI  A p p e n dix , Fi g.  S 1 5B ).  At t h e  pr ec essi o n  b a n d, t h e c hr o n ol o gy  of t h e c o  m-
p osit e   micr oc o di u  m  δ 1 8 O r ec or d  w as f urt h er r e û n e d  by  ali g ni n g it  wit h t h e  a bs o -
l ut ely  d at e d s p el e ot h e  m δ 1 8 O r ec or d  wit hi n t h e  q u ot e d  err ors ( 6 5) ( SI  A p p e n dix , 
Fi g.  S 1 7 ).  As  a r es ult, t h e r e pl ac e  m e nt i n t h e l ast i nt er gl aci al l e a ds t o  a cl os er 
m atc h  b et w e e n t h e c o  m p osit e   micr oc o di u  m  a n d s p el e ot h e  m   δ 1 8 O r ec or ds  d uri n g 
t h e  0 t o  2 0 0 kyr  p eri o d c o  m p ar e d t o t h e  2 0 0 t o  4 0 0 kyr i nt erv al.  B ot h t h e s p ectral 
r es ults  of t h e c o  m p osit e   micr oc o di u  m δ 1 8 O  a n d  Xif e n g   micr oc o di u  m  δ 1 8 O r ec or ds 
s h o w t h e c o exist e nc e  of  2 3- ,  4 1- ,  a n d  1 0 0- kyr  p eri o ds ( SI A p p e n dix , Fi g. S 9 A   a n d 
C ). I n t h e s p ectral r es ult  of c o  m p osit e   micr oc o di u  m δ 1 8 O r ec or d, t h e  2 3 - kyr si g n al 
is   m or e  pr o  mi n e nt.  N ev ert h el ess,  h er e  w e  pri  m arily f oc us  o n t h e  disti nct l o w 
δ 1 8 O v al u es  o bs erv e d  d uri n g  pr ec essi o n   mi ni  m a  at  p e a k i nt er gl aci als,  w hic h  ar e 
evi d e nt i n  b ot h t h e  XF  a n d  H X   micr oc o di u  m  δ 1 8 O r ec or ds ( SI  A p p e n dix , Fi g. S 1 5). 
T h er ef or e, t his r e pl ac e  m e nt   m or e  eff ectiv ely  hi g hli g hts t h e  pr ec essi o n cycl es i n 
micr oc o di u  m   δ 1 8 O r ec or d,  wit h o ut  alt eri n g t h e  disti nct l o w  δ 1 8 O v al u es  o bs erv e d 
d uri n g  pr ec essi o n   mi ni  m a  at  p e a k i nt er gl aci als.

S p e c t r  u   m   A  n al y si s.    W e  a p pli e d t h e L o  m b– Sc ar gl e  p eri o d o gr a  ms ( 6 6) t o c alc u-
l at e  p o w er s p ectra  of   micr oc o di u  m  a n d s p el e ot h e  m δ 1 8 O r ec or ds. T h e ti  m e s eri es 
us e d i n t h e  a n alysis  w er e i nt er p ol at e d i n st e p  of  1 0 0 0 y  by  a  G a ussi a n  ûlt er  wit h 
a  S D  of t h e  G a ussi a n  wi n d o w  of  0. 5 kyr.

M o d el   Si   m  ul a ti o  n.  T h e is ot o p e - e n a bl e d   C o  m  m u nity   E art h   Syst e  m    M o d el  
(i C E S  M 1. 3) fr o  m t h e  N ati o n al  C e nt er f or  At  m os p h eric  R es e arc h ( N C A R)  w as  us e d 
t o c o n d uct t h e l o n g- t erm tra nsi e nt cli  m at e si  m ul ati o n f or t h e  p ast  1 5 0, 0 0 0 y. T h e 
i C E S  M is  a f ully c o u pl e d cli  m at e   m o d el i ncl u di n g  at  m os p h er e,  oc ea n, l a n d, s ea ic e, 
a n d riv er r u n off c o  m p o n e nts ( 6 7).  O ur   m o d el c o n û g ur ati o n f or t h e  ex p eri  m e nt is 
f 1 9 _ g 1 6. T h e  at  m os p h er e   m o d el ( C A  M 5) r es ol uti o ns  ar e ~ 1. 9°   ×  2. 5°  wit h  3 0 
v ertic al l ev els ( 6 8). T h e l a n d   m o d el ( CL  M 4) s h ar es t h e s a  m e  h oriz o nt al  gri d  wit h 
t h e  at  m os p h er e   m o d el ( 6 9). T h e  oc e a n   m o d el ( P O P 2)  a n d s e a ic e   m o d el ( CI C E 4) 
s h ar e t h e s a  m e  h oriz o nt al  gri d  of  a  n o  mi n al  1°  h oriz o nt al r es ol uti o n ( 7 0,  7 1). T h e 
oc e a n   m o d el  h as  6 0 v ertic al l ev els.

St a bl e  w at er is ot o p es  ar e i nc or p or at e d i nt o  C o  m  m u nity  E art h  Syst e  m   M o d el 
( C E S  M 1. 3) t hr o u g h  a dv a nc e d  p ar a  m et eriz ati o n sc h e  m es t h at r e pr es e nt is ot o p e 
fr acti o n ati o n   m ec h a nis  ms  wit hi n t h e  at  m os p h er e ( 7 2),  oc e a n ( 7 3), l a n d s urf ac e 
( 7 4), riv er r u n- off,  a n d s e a ic e ( 6 7). T his  e n a bl es tr ac ki n g  of  w at er is ot o p e r ati os, 
ü ux es,  a n d is ot o pic fr acti o n ati o ns  acr oss  all c o  m p o n e nts  of t h e  hy dr ol o gic cycl e. 
C o ns e q u e ntly, t h e is ot o p e - e n a bl e d   m o d el  o ut p uts c a n  b e  dir ectly c o  m p ar e d t o 
g e ol o gic al is ot o p e r ec or ds,  by p assi n g  u nc ert ai nti es i n h er e nt i n c o nv erti n g is ot o p e Do
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r ec or ds t o  ot h er cli  m at e  pr oxi es ( e. g.,  pr eci pit ati o n).   M or e ov er, t h e i ncl usi o n  of 
w at er is ot o p ol o g u es  pr ovi d es  a n i n d e p e n d e nt c o nstr ai nt  o n si  m ul at e d  at  m os -
p h eric  a n d  hy dr ol o gic  pr oc ess es, i  m pr ovi n g  o ur  u n d erst a n di n g  of t h e  ass oci at e d 
pr oc ess es.

T w o  ex p eri  m e nts  wit h  1 0 0- ti  m e  acc el er ati o n  w er e c o n d uct e d t o si  m ul at e 
tr a nsi e nt cli  m at e c h a n g e,  o n e  wit h  or bit al- o nly f orci n g  a n d t h e  ot h er  wit h  all 
f orci n g. I n t h e  or bit al- o nl y f orci n g  ex p eri  m e nt, t h e   m o d el is  driv e n s ol ely  by t h e 
E art h’s  or bit al  p ar a  m et ers. I n t h e  all - f orci n g  ex p eri  m e nt, t h e   m o d el is f orc e d 
by  E art h’s  or bit al  p ar a  m et ers,  gr e e n h o us e  g as es,  a n d  gl o b al ic e s h e ets.  F or t h e 
or bit al - o nly f orci n g  ex p eri  m e nt,  or bit al  p ar a  m et ers  w er e i niti aliz e d  at  1 5 0  k a 
a n d  u p d at e d  at t h e  b e gi n ni n g  of  e ac h  1 0 0 - y i nt erv al  b as e d  o n t h e  e q u ati o ns 
of  B er g er ( 1 9 7 8) ( 7 5). I n t h e  all - f orci n g  ex p eri  m e nt,  asi d e fr o  m  or bit al  p ar a  m e-
t ers,  w ell- mix e d  gr e e n h o us e  g as es  ev olv e d  ov er ti  m e  b as e d  o n r ec o nstr ucti o ns 
( 1 7,  7 6,  7 7),  a n d c o nti n e nt al ic e s h e ets  w er e  a dj ust e d  acc or di n g t o t h e I C E- 6 G 
r ec o nstr ucti o n ( 7 8).

T h e ic e s h e et  ev ol uti o n si nc e  1 5 0 ka  us e d i n t h e   m o d el is r ec o nstr uct e d  acc or d-
i n g t o t h e I C E- 6 G r ec o nstr ucti o n  si nc e t h e L G  M ( 7 8) (SI  A p p e n dix , Fi g.  S 1 8).  S e a 
l ev el c h a n g e c urv es si nc e  1 5 0 k a  ar e c o  m p ar e d t o t h os e si nc e t h e L G  M  b as e d 
o n t h e L R 0 4 st ac k  b e nt hic  δ 1 8 O r ec or ds ( 1 8). F or  a  p eri o d  w h e n t h e s e a l ev el 
v al u e si nc e  1 5 0 k a cl os ely   m atc h e d t h e s e a l ev el v al u e si nc e t h e L G  M, t h e ic e 
s h e et  distri b uti o n  d uri n g t h at  p eri o d is r e pl ac e d  by t h e c orr es p o n di n g L G  M ic e 
s h e et r ec o nstr ucti o n  as  wi d ely  us e d ( 7 9) (SI  A p p e n dix , Fi g.  S 1 8).  As t h e ic e s h e et 
v ol u  m e  at t h e L G  M  w as t h e l ar g est  ov er t h e  p ast  1 5 0 k a, t h e r a n g e  of s e a l ev el 
c h a n g es si nc e t h e L G  M  g e n er ally  ov erl a ps  wit h t h at  of t h e  p ast  1 5 0 k a,  wit h  a 
sli g ht  exc ess  o bs erv e d  d uri n g   MI S  5 e (SI  A p p e n dix , Fi g.  S 1 8). T h e ic e v ol u  m e 
ev ol uti o n si nc e  1 5 0 k a  w as  divi d e d i nt o  1 6  p eri o ds,  e ac h  b ei n g r e pl ac e d  by t h e 
ic e v ol u  m e c orr es p o n di n g t o i nt erv als  ar o u n d  4,  1 0,  1 1. 5,  1 4,  1 5,  1 7. 5,  1 9. 5,  a n d 
2 1 k a, r es p ectiv ely ( SI  A p p e n dix , Fi g.  S 1 8). T his  a p pr o ac h  pr ovi d es  a r eas o n a bl e 
r e pr es e nt ati o n  of ic e s h e et  ev ol uti o n  o n  gl aci al- i nt er gl aci al ti  m esc al es.  H o w ev er, 
u nc ert ai nti es r e  m ai n c o nc er ni n g c h a n g es i n ic e s h e et  ar e a  a n d  h ei g ht.  Alt h o u g h 
t h e t o p o gr a p hy  a n d  ext e nt  of ic e s h e ets i n ü u e nc e s urf ac e  al b e d o  a n d   m o d ul at e 
t h e   m eri di o n al t e  m p erat ur e  gra di e nt, t h us  aff ecti n g t h e I nt ertr o pic al  C o nv er g e nc e 
Z o n e  a n d   m o ns o o n  pr eci pit ati o n, t h e  ext e nt  a n d   m ec h a nis  ms  of t h eir  eff ects   m ay 
v ary sli g htly ( 8 0– 8 2). T his   m ay  ex pl ai n t h e l ac k  of  att e n u at e d  pr ec essi o n  δ 1 8 O 
mi ni  m a  d uri n g t h e   MI S  5 a  a n d  5c i n c o  m p aris o n t o   MI S  5 e i n  all  - f orci n g   m o d el 
si  m ul ati o n (SI  A p p e n dix , Fi g.  S 1 0).

Giv e n t h at t h e r es p o ns e ti  m e  of t h e  at  m os p h er e - u p p er  oc ea n syst e  m is  1, 0 0 0 
ti  m es f ast er t h a n t h e s h ort er  or bit al cycl e, t his  ex p eri  m e nt c a n   m ai nly c a pt ur e 
t h e l o n g- t er  m   m o ns o o n v ari a bility ( 8 3,  8 4). T h e  ex p eri  m e nt st art e d  1 7 0, 0 0 0 y 
a g o  wit h t h e  ûrst  2 0, 0 0 0 y  as t h e s pi n - u p  p eri o d  a n d t h e l ast  1 5 0, 0 0 0 y  us e d 
f or  a n alysis. T his   m o d el  pr ovi d es s eas o n ally si  m ul at e d  pr eci pit ati o n  a  m o u nt  a n d 

δ 1 8 O c h a n g es,  w hic h  e n a bl es  us t o  ass ess t h e s e as o n al c o ntri b uti o ns  of s u  m  m er 
a n d  n o ns u  m  m er  pr eci pit ati o n t o t h e s p el e ot h e  m  δ 1 8 O r ec or ds.

T h e  a  m o u nt- w ei g ht e d  a n n u al  pr eci pit ati o n  δ 1 8 O a is c alc ul at e d  as f oll o ws

昀؀ 1 8 O a =

1 2∑

i=  1

(
P i

P
)昀؀ 1 8 O i,

w h er e  i is c al e n d ar   m o nt h, r a n gi n g fr o  m  1 t o  1 2, P  is  a n n u al  pr eci pit ati o n  acc u-
m ul ati o n, t h e s u  m  of   Pi .

D a t a,    M a t e ri al s,  a  n d  S of t  w a r e   A v ail a bili t y  .  T h e r a w  p al e ocli  m at e  d at a  us e d 
i n t his  p a p er is  av ail a bl e fr o  m  E ast  Asi a n  Pal e o e nvir o n  m e nt al  Sci e nc e  D at a b as e 
o nli n e ( htt ps:// d oi. or g/ 1 0. 1 2 2 6 2/I E E C A S. E A P S D 2 0 2 5 0 0 6 ) ( 8 5).

A C  K  N  O   W L E  D  G   M E  N T S.    W e t h a n k   W. G. Li u, J.J. Z h a o,  P. X.  S h u,  a n d  X.  C h e n g 
f or v al u a bl e  disc ussi o ns  a n d  X.  M.  C h e n  a n d J. Li u f or t h eir  h el p  o n t h e  oxy g e n 
is ot o p e  a n alysis.  D. B. Ji a n g  a n d   Mic h a el  R o g ers o n  ar e  ac k n o wl e d g e d f or t h eir v al-
u a bl e s u g g esti o ns  o n t his  w or k. T his r es e arc h  w as s u p p ort e d  by  N ati o n al  N at ur al 
Sci e nc e F o u n d ati o n  of  C hi n a ( N O.  4 2 2 0 3 0 6 2), t h e F u n d  of  S h a n d o n g  Pr ovi nc e 
( N O. L S KJ 2 0 2 2 0 3 3 0 0),  N ati o n al   N at ur al   Sci e nc e  F o u n d ati o n   of   C hi n a  ( N O. 
4 2 3 2 5 3 0 2), t h e  C hi n es e  Ac a d e  my  of  Sci e nc es (t h e Yo ut h I n n ov ati o n  Pr o  m oti o n 
Ass oci ati o n  of  C hi n es e  Ac a d e  my  of  Sci e nc es  a n d  N O. x bz g - z dsys- 2 0 2 2 1 7), t h e 
Yo u n g  Tal e nt  S u p p ort  Pl a n  of  Xi’a n Ji a ot o n g  U niv ersity, t h e  St at e  Key L a b or at ory 
of L o ess  Sci e nc e,  C hi n es e  Ac a d e  my  of  Sci e nc es ( N O.  S KLL Q G P Y 2 4 0 4),  a n d  U. S. 
N SF ( N o.  2 3 0 3 5 7 7,  2 2 0 2 8 6 0,  a n d  2 2 0 2 9 1 3).

A ut h or  a   昀؀li ati o n s: a St at e  K e y  L a b or at or y  of  L o e s s  S ci e n c e, I n stit ut e  of  E art h  E n vir o n   m e nt, 
C hi n e s e   A c a d e   m y   of  S ci e n c e s,  Xi’ a n  7 1 0 0 6 1,   C hi n a; b Mi ni str y   of  E d u c ati o n   K e y  L a b or at or y 
of  S ur 昀؀ ci al    G e o c h e   mi str y,  S c h o ol  of  E art h  S ci e n c e s  a n d  E n gi n e eri n g,    N a nji n g    U ni v er sit y, 
N a nji n g   2 1 0 0 2 3,   C hi n a; c D e p art   m e nt   of   G e o gr a p h y,   O hi o  St at e   U ni v er sit y,   C ol u   m b u s,   O  H 
4 3 2 1 0; d S c h o ol  of   G e o gr a p h y,   N a nji n g   N or   m al   U ni v er sit y,   N a nji n g  2 1 0 0 9 8,  C hi n a; e I n stit ut e 
of   Gl o b al  E n vir o n   m e nt al  C h a n g e,  Xi’ a n Ji a ot o n g   U ni v er sit y,  Xi’ a n  7 1 0 0 4 9,  C hi n a; fD e p art   m e nt 
of   E art h   S ci e n c e s,    U ni v er sit y   of     Mi n n e s ot a,     Mi n n e a p oli s,     M  N   5 5 4 5 5; g D e p art   m e nt   of 
E n vir o n   m e nt al     C h a n g e,   I n stit ut e   f or   I n n o v ati v e    E art h    E n vir o n   m e nt     R e s e ar c h,    Xi’ a n 
7 1 0 0 6 1,   C hi n a; h S c h o ol  of  E c ol o g y  a n d    N at ur e   C o n s er v ati o n,   B eiji n g  F or e str y    U ni v er sit y, 
B eiji n g  1 0 0 0 8 3,   C hi n a; iSt at e   K e y  L a b or at or y  of  P al a e o bi ol o g y  a n d  Str ati gr a p h y,    N a nji n g 
I n stit ut e  of    G e ol o g y  a n d  P al a e o nt ol o g y,   C hi n e s e   A c a d e   m y  of  S ci e n c e s,    N a nji n g  2 1 0 0 0 8, 
C hi n a; jD e p art   m e nt   of  E art h,  E n vir o n   m e nt al,  a n d   Pl a n et ar y  S ci e n c e s,    Br o  w n    U ni v er sit y, 
Pr o vi d e n c e,   RI  0 2 9 1 2; k I nt er di s ci pli n ar y   R e s e ar c h   C e nt er   of  E art h  S ci e n c e  Fr o nti er,   B eiji n g 
N or   m al   U ni v er sit y,   B eiji n g  1 0 0 8 7 5,   C hi n a;  a n d lN ati o n al   O b s er v ati o n  a n d  R e s e ar c h  St ati o n 
of  E art h  Criti c al  Z o n e  o n t h e  L o e s s  Pl at e a u,  Xi’ a n  7 1 0 0 6 1,  C hi n a

A ut h o r  c o nt ri b uti o n s:  Z. Z.,   G. L.,  Y. C.,  a n d  Z. A.  d e si g n e d  r e s e a r c h;  Z. Z.,  Z. L.,   G. L.,   Q.   W., J. L., 
H. L.,  Z. Ji n g,  T. L.,  a n d  S. K.  p e rf o r   m e d r e s e a r c h;  Z. Z.,  Z. L.,   Q.   W.,  a n d J. L.  a n al y z e d  d at a;   H. C., 
R. L. E.,  S. C. C.,  Y.   W.,  Y. S.,  Z. S.,  L. T.,  X.   W.,  Z. Ji n,  a n d   W. Z.  p r o vi d e d f e e d b a c k s  o n t h e  a n al y s e s, 
t h e  ٠恩 g u r e s,  a n d t h e    m a n u s c ri pt;  a n d  Z. Z.,  Z. L.,   G. L.,  Y. C.,   Q.   W.,  a n d  Z. A.   w r ot e t h e  p a p e r.

1.      H.  C h e n g  et al. , T h e  Asi a n   m o ns o o n  ov er t h e  p ast  6 4 0,  0 0 0 y ears  a n d ic e  a g e t er  mi n ati o ns. N at ur e  
5 3 4 ,  6 4 0– 6 4 6 ( 2 0 1 6).

2.      D.  Y u a n  et al. , Ti  mi n g,  d urati o n,  a n d tra nsiti o ns  of t h e l ast i nt er gl aci al  Asi a n   m o ns o o n. Sci e nc e  3 0 4 , 
5 7 5– 5 7 8 ( 2 0 0 4).

3.      Y.   W a n g  et al. , T h e  h ol oc e n e  Asi a n   m o ns o o n: Li n ks t o s ol ar c h a n g es  a n d  N ort h  Atl a ntic cli  m at e. 
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