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Pr otr a ct e d dr o u g hts l asti n g y e ars t o d e c a des c o nstit ut e s e v er e t hr e ats t o h u m a n  w elf ar e
a cr oss t he I n di a n s u bc o nti n e nt. S uc h e ve nts are, h o w e v er, r ar e d uri n g t h e i nstr u m e nt al
p eri o d ( c a. si n ce 1 8 7 1  C E). I n c o ntr ast, t he hist oric d oc u m e nt ar y e vi de nc e i n dic at es t h e
r e pe at e d o cc urre nc es of pr otr a ct e d dr o u g hts i n t he r e gi o n d uri n g t he pr ei nstr u me nt al
p eri o d i m pl yi n g t h at eit her t he i nstr u m e nt al o bs er v ati o ns u n d eresti m at e t he f ull s pe c-
tr u m of  m o ns o o n v ari a bilit y or t he hist oric a cc o u nts o veresti m at e t h e s e v erit y a n d d ur a-
ti o n of t he p ast dr o u g hts.  H er e  w e prese nt a t e m p or all y pr e cis e s pele ot he m- b ase d
o x y g e n is ot o p e r e c o nstr ucti o n of t he I n di a n s u m mer  m o ns o o n pr e ci pit ati o n v ari a bilit y
fr o m  M a w ml u h c a v e l o c ate d i n n ort h e ast I n di a.  O ur d at a r e v e al t h at pr otr a ct e d
dr o u g hts, e m b e d de d  wit hi n  m ulti d e c a d al i nt er v als of r e d u ce d  m o ns o o n r ai nf all, fre-
q u e ntl y oc c urre d o v er t he p ast  mill e n ni u m.  T hese e xtre me e ve nts are i n stri ki n g t e m p o-
r al s y n c hr o n y  wit h t he hist oric all y d o c u m e nte d dr o u g hts, f a mi n es,  m ass  m ort alit y
e ve nts, a n d g e o p olitic al c h a n ges i n t he I n di a n s u b c o nti n e nt.  O ur fi n di n gs n ec essit ate
r e c o nsi d er ati o n of t he r e gi o n’s c urre nt  w at er r es o urc es, s ust ai n a bilit y, a n d  miti g ati o n
p olicies t h at dis c o u nt t h e p ossi bilit y of pr otr a ct e d dr o u g hts i n t h e f ut ur e.

I n di a n s u m m e r  m o n s o o n j d r o u g ht s j s o ci et al c h a n g e s j d ei n d u st ri ali z ati o n j l a st  mill e ni u m

S pati all y  wi des prea d  m ulti year fail ures of t he I n dia n s u m mer  m o ns o o n(I S M) p ote ntiall y
p ose o ne of t he  m ost seri o us t hreats t o h u ma n  welfare a n d I n dia ’s vast  m o ns o o n-ce ntric
a gric ult ure sect or,  w hic h c o ntri b utes ∼ 2 0 % t o its gr oss d o mestic pr o d uct a n d e m pl o ys
nearl y 6 0 % of t he  w or kf orce ( 1).  H o w e ver, s u c h e ve nts ha ve rarel y occ urre d d uri n g t he
i nstr u me ntal peri o d (a p pr o xi mat el y t he last 1 5 0 y).  Vari o us ti me series of t he area-
wei g hte d rai nfall s uc h as t he  All I n di a S u m mer  M o ns o o n  Rai nf all ( hereafter,  AI R) ( 2)
de pict a  m o ns o o n s yst e m t hat a p pears t o be re mar ka bl y sta ble o ver t he i nstr u me ntal
peri o d  wit h rai nfall os cillati n g bie n niall y  wit hi n a narr o w ra n ge ( ± 1 0 % or ∼ ± 1 S D of
t he l o n g-ter m  mea n ∼ 9 0 0  m m) ( 3).  T here are s p ora dic a berrati o ns i n I S M rai nfall  ma ni-
festi n g as a 1 0 t o 1 5 % re d ucti o n i n t he  AI R— a  wi del y use d  metric f or de fi ni n g dr o u g hts
( or “ de fi cie nt rai nfall ” ) o ver I n dia ( 4).  B y t his  metric, I n dia has e x perie nce d 2 7 dr o u g hts
d uri n g t he i nstr u me nt al peri o d,  wit h o nl y o ne i nsta nce of a 3- y c o nsec uti v e dr o u g ht
( 1 9 8 5 t o 1 9 8 7 C E) (SI A p pe n di x , Fi g. S 1A ). S u bc o nti ne nt- wi de s e vere dr o u g hts or
“ m o ns o o n fail ures ” (> 2 S Ds de part ures i n  AI R) are rare,  wit h o nl y fi ve s uc h i nsta nces
o v er t he last 1 5 0 y, i ncl u di n g t he o ne i n 1 8 7 7  C E  w he n t he  AI R f ell ∼ 3 0 % b el o w t he
mea n ( SI A p pe n di x , Fi g. S 1A )  wit h de vastati n g s ocietal c o nse q ue nces ( 5). I nstr u me nt al
o bser v ati o ns als o pr o vi de a hi nt t o t he q u asi- oscillat or y vari a bilit y i n I S M rai nf all t hat
a p pears t o pr o m ot e hi g her fre q ue ncies of dr o u g hts a n d pl u vials o ver  m ulti deca dal peri o ds
of  wea ker a n d str o n ger  m o ns o o n, res pecti v el y ( 6). F or e xa m ple, ∼ 1 0 dr o u g hts occ urre d
bet wee n t he 1 9 6 0s a n d 1 9 9 0s,  w hereas o nl y 4 dr o u g hts t o o k place bet w ee n t he 1 9 3 0s
a n d 1 9 6 0s ( SI A p pe n di x , Fi g. S 1B ).

I n c o ntr ast t o t h e i nstr u m e nt al p eri o d, t h e hist ori c al d o c u m e nt ar y e vi d e n c e a n d
hi g h-r es ol uti o n pr o x y r e c or ds p ai nt a dr asti c all y diff er e nt pi ct ur e of I S M dr o u g ht c h ar-
a ct eristi cs d uri n g t h e p ast  mill e n ni u m a n d b e y o n d. F or e x a m pl e, cl assi c al a n ci e nt
I n di a n t e xts s u c h as Art hs h astr a (c a. 1 5 0  C E) a n d Rig ve d a (c a. 1 5 0 0  B C E) c o nt ai n
n u m er o us a c c o u nts of c o nti n u o us  m ulti y e ar dr o u g hts a n d e ns ui n g f a mi n es, s o m e l ast-
i n g f or as l o n g as 1 2 y ( 7). P eri o ds of pr otr a ct e d dr o u g hts ( d efi n e d h er e as dr o u g hts
l asti n g  m or e t h a n t hr e e c o ns e c uti v e y e ars a n d/ or  m ulti d e c a d al p eri o ds  wit h dr o u g ht
e v er y ot h er or e v er y t hir d y e ar) ar e e vi d e nt i n t h e s yst e m ati c c o m pil ati o ns of hist ori c al
dr o u g hts a n d f a mi n es t h at o c c urr e d b et w e e n ∼ 1 5 0 0  C E a n d 1 9 0 0  C E ( 8 – 1 2) ( SI
A p pe n di x , s e cti o n 1).  R e c o nstr u cti o ns of I S M v ari a bilit y b as e d o n hi g h-r es ol uti o n pr o x y
ar c hi v es s u c h as  Hi m al a y a n i c e c or es ( 1 3), s p el e ot h e ms fr o m c e ntr al ( 1 4 – 1 7) a n d
n ort h er n ( 1 8, 1 9) I n di a, t h e  Ar a bi a n P e ni ns ul a ( 2 0), S o ut h e ast  Asi a ( 2 1), a n d t h e
gri d d e d-tr e e-ri n g n et w or k o v er  Asi a ( 2 2 – 2 4) als o i n di c at e e xt e n d e d p eri o ds of dr o u g hts
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t h at br o a dl y a gr e e  wit h t h e hist ori c e vi d e n c e of dr o u g hts a n d
f a mi n es o v er t h e l ast 5 0 0 y.

E m pirical a n d  m o deli n g c o nsi derati o ns ha v e alter natel y c o n-
ce pt ualize d I S M as a self-re g ulati n g c o u ple d ocea n – at m os p here
s yst e m t hat te n ds t o re mai n  wit hi n a narr o w ra n ge ( 3) or a s ys-
te m pr o ne t o a br u pt n o nli near tra nsiti o ns b et wee n str o n g a n d
wea k st ates i n res p o nse t o c ha n ges i n i nter nal fee d bac k  mec ha-
nis ms ( 1 6, 2 5).  U n derst a n di n g  w hic h of t he t w o  mec ha nis ms,
if eit her,  will dictat e t he f ut ure be ha vi or of I S M i n a  war mi n g
cli mate h ol ds e n or m o us s ocietal i m plicati o ns.  A n e xt e n de d rec or d
of I S M nat ural dr o u g ht vari a bilit y is, t heref ore, a vital esti mate
f or ass essi n g t he tr ue ra n ge of past cli mate v aria bilit y a n d t he
de gree t o  w hic h it is re prese nte d i n cli mat e  m o dels. I n t his st u d y,
we ha ve c o nstr u ct e d a s u ba n n uall y res ol ve d a n d precisel y date d
(a vera ge 1σ err or ± 4 y) s pele ot he m rec or d fr o m  Ma w ml u h ca v e,
l ocat e d near t he t o w n of  C herra p u nji ( 2 5° 1 5 03 2 00N, 9 1 ° 4 2 04 5 00E,
1, 2 9 0  m a b o v e sea le v el) at t he s o ut her n fri n ge of  Me g hala y a Pla-
tea u i n n ort heast I n di a ( N EI) (SI  A p pe n di x , Fi g. S 2).  O ur dat a
t o get her  wit h t he hist orical e vi de nce of dr o u g hts pr o vi de ke y
i nsi g hts i nt o t he I S M dr o u g ht hist or y o ver t he p ast  mille n ni u m
(∼ 1 0 8 0 t o 1 9 0 5  C E).  O ur ne w rec o nstr u cti o n re pres e nts a
mar ke d i m pr o ve me nt o ver pre vi o us s pele ot he m- base d rec o nstr u c-
ti o ns fr o m t he re gi o n pr o vi di n g critical tar gets f or cli mat e  m o dels
a n d a r o b ust h y dr ocli matic c o nte xt a gai nst  w hic h t he ke y ge o p o-
litical a n d s ocietal c ha n ges a n d t heir li n ks t o cli mat e ca n be
assesse d.

R e s ul t s  a n d  Di s c u s si o n

S p el e o t h e m  P al e o cli m a t e  R e c o r d. T h e p al e o cli m ate r e c or d f or
t his st u d y is est a blis h e d b y ∼ 1, 5 4 5 p air e d  m e as ur e m e nts of st a-
bl e o x y g e n ( δ 1 8 O) a n d c ar b o n ( δ 1 3 C) is ot o p e fr o m t w o st al a g-
mit es ( M L- 5 a n d  M L- 8) fr o m  M a w ml u h c a v e ( 2 5 ° 1 5 03 2 00N,
9 1 ° 4 2 04 5 00E, 1, 2 9 0  m a b o v e t h e s e a l e v el) ( SI  A p pe n di x ,  T a bl e
S 1 ).  T h e c hr o n ol o g y is ti g htl y c o nstr ai n e d b y 1 4 a n d 4 2 3 0 T h
d at es, r es p e cti v el y.  T h e  M L- 5 a n d  M L- 8 s a m pl es h a v e v er y
hi g h ur a ni u m c o n c e ntr ati o ns ( > 6 0 0 p arts p er billi o n) a n d l o w
d etrit al 2 3 2 T h c o n c e ntr ati o ns ( ∼ 6 2 t o 2 5 0 p arts p er trilli o n)
t h at all o w us t o o bt ai n a c c ur at e a g es  wit h a n a v er a g e a g e u n c er-
t ai nt y of ∼ 4 y ( 1 σ ) (SI  A p pe n di x ,  T a bl e S 2).  T he a ge  m o del f or
eac h of t he δ 1 8 O pr o fi les  was c o nstr ucte d b y ge nerati n g 2, 0 0 0
a ge realizati o ns usi n g t he  C O P R A ( C o nstr ucti o n of Pr o x y  Rec or d
fr o m  A ge  m o dels) a ge- m o deli n g r o uti ne ( 2 6), a n d t he  me di a n
a ges are use d as fi nal a ge  m o dels ( SI A p pe n di x , Fi g. S 3 a n d
M ateri als a n d  Met h o ds ). St atisticall y si g nifi ca nt re plicati o n
bet wee n t he  M L- 5 a n d  M L- 8 δ 1 8 O pr o fi les d uri n g t heir c o nt e m-
p ora ne o us gr o wt h peri o d ( ∼ 1 7 3 9 a n d 1 8 5 4  C E, n = 1 1 6, r =
0. 3 3, P = 0. 0 2, after acc o u nti n g f or serial a ut oc orrelati o n i n ea c h
ti me series) o n t heir i n de pe n de nt a ge  m o dels s u g gests t hat t he
rec or ds c o ntai n a c o m m o n cli mate si g nal (SI A p pe n di x , secti o n 2
a n d Fi g. S 4 ).  T he  M L- 5 a n d  M L- 8 δ 1 8 O pr o fi les  were sta c ke d
t o get her ( hereaft er,  M A W) i n s u c h t hat t he “ c o m p osite ” rec or d
c o nsists of t he  M L- 5 is ot o pic val ues u ntil c a. 1 8 5 4 a n d t he  M L- 8
is ot o pic val ues after war d t o 1 9 0 6  C E.  Aft er stac ki n g, t he rec or d
was de n oise d a n d detre n de d ( SI A p pe n di x , Fi g. S 5; als o see
M ateri als a n d  Met ho ds ) t o yiel d a c o nti n u o us rec or d t hat s p a ns
fr o m ∼ 1 0 8 0 t o 1 9 0 6  C E  wit h a n a vera ge t e m p oral res ol uti o n
a n d a ge u ncertai nt y of ∼ 0. 6 a n d ∼ 4 y ( 1 σ ), res pecti vel y ( Fi g. 1).

P r o x y I n t e r p r e t a ti o n. M a w ml u h c a v e is l o c at e d i n o n e of t h e
w ett est pl a c es o n  E art h  wit h a n a v er a g e a n n u al pr e ci pit ati o n of
o v er ∼ 1 1, 0 0 0  m m,  wit h 7 0 t o 8 0 % of its a n n u al pr e ci pit ati o n
f alli n g d uri n g JJ A S (J u n e t o S e pt e m b er) (SI  A p pe n di x , Fi g. S 2)
( 2 7).  O n i ntr as e as o n al t o i nt er a n n u al ti m es c al es, r ai nf all o v er

N EI a n d t he rest of t he I n dia n s u bc o nti ne nt e x hi bits a q uasi-east –
west preci pitati o n di p ole  wit h a n o malies of o ne si g n o ver  N EI
a n d of a n i n verse si g n o ver n ort h, n ort h west, a n d ce ntral I n dia
( 1 6, 2 7) ( Fi g. 2 A a n d F ). Pre vi o usl y,  we use d a n is ot o pe-
i nc or p orate d  Gl o bal S pectral  M o del versi o n 2 (Is o G S M 2)  wit h
m oist ure-ta g gi n g ca pa bilit y ( 2 8) t o s h o w t hat c ha n ges i n t he
relati ve  m oist ure c o ntri b uti o ns fr o m differe nt  m oist ure s o urce
re gi o ns dri ve  m uc h of t he o bser ve d i ntera n n ual varia bilit y i n t he
o x y ge n is ot o pe c o m p ositi o n of preci pitati o n ( δ 1 8 O p ) a n d its
a m o u nt o ver t he I n dia n s u bc o nti ne nt ( 2 9).  O ur pre vi o us  w or k
i n dicates t hat d uri n g  w ea k  m o ns o o n years t he z o nal  m oist ure fl u x
is a n o mal o usl y e n ha nce d acr oss n ort h I n dia ( wit h its c ore at
∼ 2 5 ° N) via a n ort h w ar d s hifte d l o w-le v el jet o ver t he  Ara bia n
Sea a n d acr oss c o nti ne nt al I n dia,  w hic h ser ves as a c o n d uit f or
tra ns p orti n g  m oist ure fr o m t he  Ara bia n Sea/ Re d Sea  m oist ure
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Fi g. 1. M a w ml u h c a v e s p el e ot h e m δ 1 8 O r e c or d s. ( A ) R a w δ 1 8 O p r o fi l e s  of
M L- 5 (i n di g o) a n d  M L- 8 ( c y a n)  o n t h ei r i n d e p e n d e nt a g e  m o d el s. T h e  m e a n
δ 1 8 O v al u e i s i n di c at e d  b y a  h ori z o nt al  d ott e d li n e. T h e  M L- 5 a n d  M L- 8 δ 1 8 O
p r o fi l e s  w e r e s u b s e q u e ntl y c o m bi n e d  b y st a c ki n g  o n a c o m m o n a g e s c al e
( s e e SI A p p e n di x , Fi g. S 4 a n d M at eri al s a n d  M et h o d s ). (B ) T h e  d e n oi s e d,
d etr e n d e d, a n d z- s c o r e-tr a n sf o r m e d  M A W  p r o fi l e (i n di g o) i s s h o w n al o n g
wit h t h e 1 σ a g e  u n c ert ai nt y  b a s e d  o n t h e  M o nt e  C arl o r e s ult s f r o m  C O P R A
( s h a d e d) ( 2 6) (M at eri al s a n d  M et h o d s ). T h e  m e di a n a g e  w a s s el e ct e d a s t h e
fi n al a g e  m o d el ( SI A p p e n di x , Fi g. S 3 a n d M at eri al s a n d  M et h o d s ). T h e  hi g h-
f r e q u e n c y (∼ 1 t o 2 y)  n oi s e a n d l o n g-t e r m ( > 2 0 0 y)  n o nli n e a r tr e n d s  w e r e
r e m o v e d  b y  u si n g t h e e n s e m bl e e m pi ri c al  m o d e  d e c o m p o siti o n ( 5 5) a n d si n-
g ul ar s p e ct r u m a n al y si s ( 5 6) ( SI A p p e n di x , Fi g. S 5 a n d M at eri al s a n d  M et h o d s ).
(C )  A n n u all y i nt e r p ol at e d  M A W  p r ofi l e (fr o m B )  o n it s  m e di a n a g e ( c y a n)  o v er-
l ai n  b y a 3 0- y l o w- p a s s  B utt e r w ort h fi lt er (i n di g o). S h a d e s  of  br o w n a n d gr e e n
d eli n e at e  m ulti d e c a d al  p e ri o d s  of i nf er r e d  dr o u g ht s ( z- s c o r e > 1) a n d  pl u vi al
c o n diti o n s ( z- s c or e < 1).
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s o urce re gi o n ( hereaft er,  A R A B) o v er a lar ge n ort h west– s o ut heast
tre n di n g re gi o n t hat e xte n ds fr o m t he  Ara bi a n Pe ni ns ula t o
S o ut heast  Asia ( Fi g. 2 B a n d C ).  T his z o nal  m oist ure fl u x e x p orts
1 8 O-e nric he d  m oist ure fr o m t he  Ara bi a n Sea al o n g t he I n d o-
Ga n getic plai ns t o  N EI,  w here  Ma w ml u h ca ve is l ocate d.  C o nse-
q u e ntl y, d uri n g  wea k  m o ns o o n y ears, t he relati ve c o ntri b uti o n of
m oist ure ori gi nati n g fr o m t he  A R A B d o mi nat es o v er  m uc h of
t he I n dia n s u bc o nti ne nt, i ncl u di n g o ver  N EI,  w hile  m oist ure
fr o m t he re m ot e p orti o n of t he I n di a n  Ocea n has a greater i nfl u-
e nce d uri n g str o n g I S M y ears ( 2 9, 3 0). I n dee d, ti me-s eries c o m-
paris o ns bet w ee n t he si m ulate d δ 1 8 O p a n d  A R A B (i.e., perce nt
fracti o n of t otal preci pit a ble  water ( T P W) e xtracte d fr o m t he gri d
cell nearest t o  Ma w ml u h ca ve s h o w statisticall y si g ni fi ca nt ne ga-
ti v e a n d p ositi ve c orrelati o ns  wit h preci pitati o n a m o u nt, res pec-
ti v el y, o ver  m uc h of s u bc o nti ne nt al I n di a, a p pr o xi matel y  west of
8 5 ° E l o n git u de ( Fi g. 2 B – F a n d SI A p pe n di x , Fi g. S 6).  T hese
d y na mical c o nstrai nts, t heref ore, e x plai n t he i ntri g ui n g sit uati o n
t hat t he δ 1 8 O p of s u m mer  m o ns o o n rai nf all at  N EI, des pite
bei n g l ocate d at t he o p p osite e n d of t he preci pitati o n di p ole,
refl ects u pstrea m c ha n ges i n  m o ns o o n preci pit ati o n a m o u nt o ver
n ort h, n ort h w est, a n d ce ntral I n dia ( ∼ 1 5 t o 2 8 ° N a n d 7 0 t o
8 4 ° E) ( vi a t he m oist ure s o urce effect rat her t ha n t he “ classical”

a m o u nt effect).  T his li ne of reas o ni n g is str o n gl y s u p p orte d b y
t he str o n g p ositi ve c orrelati o n bet wee n t he  M A W δ 1 8 O rec or d
a n d t he fi rst pri nci pal c o m p o ne nt ( P C 1) of ∼ 1 5 tree ri n g  wi dt h
c hr o n ol o gies ( 3 1) fr o m  N EI i n s uc h t hat p ositi ve s pele ot he m
δ 1 8 O v al ues (i. e., re fl ecti n g drier c o n diti o ns o ver n ort h west/
n ort h/ce ntral I n dia) c o var y  wit h t he hi g her val u es of P C 1 (i.e.,
wetter c o n diti o ns o ver  N EI) a n d vice versa bet wee n 1 7 0 0 a n d
1 9 0 0  C E ( SI A p pe n di x , Fi g. S 7). F oll o wi n g t his reas o ni n g (f ull y
descri be d i n ref. 2 9),  we i nter pret te m p oral vari ati o ns i n t he
M A W δ 1 8 O rec or d t o be a se nsiti ve i n dicat or of preci pitati o n
vari a bilit y o ver a br oa d re gi o n r o u g hl y  west of 8 5 ° E l o n git u de
o ver s u b c o nti ne ntal I n dia.

T he detre n de d z-sc ore-tra nsf or me d  M A W δ 1 8 O pr o fi le e x hi bits
pr o mi ne nt i ntera n n ual a n d q uasi- oscillat or y  m ulti deca dal – ce nte n nial
s c al e v ari a bilit y ( Fi g. 1C a n d SI  A p pe n di x , Fi g. S 8).  T he  m ulti-
d ec a dal e pis o d es of i nf erre d  w e a k er a n d str o n ger I S M r ai nfall
ar e hi g hli g hte d b y a 3 0- y l o w- pass fi lter.  E m be d de d  wit hi n t he
w e a k er e pis o des of I S M are s ust ai n e d i nter vals  wit h hi g h z-sc ore
v al u es ( > 1),  w hic h  w e i nter pr et as dr o u g ht-li k e c o n diti o ns.  A n
i m p orta nt c a ve at r e gar di n g t his i nter pr etati o n is t hat t h e  m e m-
or y effe cts i n t he o v erl yi n g k arst  mi g ht l e a d t o a n o v er esti mat e
of t h e d ur ati o n of t h es e e pis o d es b ut a n u n d er esti mat e of t h eir

W e a k mi n u s Str o n g M o n s o o n Y e ar s 
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W e a k mi n u s Str o n g M o n s o o n Y e ar s 

Fi g. 2. S p ati al  p att e r n s  of cli m at e fi el d a n o m ali e s a n d  p r o x y l o c ati o n s. ( A a n d B ) S p ati al  p att e r n s  of JJ A S a n o m ali e s ( w e a k  m o n s o o n  mi n u s st r o n g  m o n s o o n
y e a r s) f r o m t h e  m o nt hl y  Cli m ati c  R e s e a r c h  U nit ( C R U) T S 4. 0 3 ( 5 7) a n d t a g g e d  A r a bi a n S e a  m oi st u r e ( A R A B) a n o m ali e s a r e s h o w n a s f r a cti o n s  of t ot al  p r e c i pi-
t a bl e  w at e r ( % T P W, s h a d e d, f r o m r ef. 2 9)  o v e rl ai n  b y t h e v e rti c all y i nt e g r at e d  m oi st u r e fl u x a n o m ali e s ( bl a c k a r r o w s) ( 2 8). ( C ) T h e i n v e r s e fi el d c o r r el ati o n s
b et w e e n t h e JJ A S  A R A B ( % T P W) e xt r a ct e d f r o m t h e g ri d  p oi nt s  n e a r e st t o  M a w ml u h c a v e ( s m all s q u a r e) a n d  p r e ci pit ati o n a m o u nt at all  ot h e r g ri d  p oi nt s
( 5 8).  N ot e t h at t h e i n c r e a s e d fl u x  of 1 8 O- e n ri c h e d  A R A B  m oi st u r e  o v e r  N EI I n di a i s a s s o ci at e d  wit h r e d u c e d r ai nf all  o v e r t h e r e st  of t h e I n di a n s u b c o nti n e nt.
(D ) S a m e a s C ,  b ut f o r si m ul at e d JJ A S  p r e ci pit ati o n  o x y g e n i s ot o p e (δ 1 8 O p )  d at a e xt r a ct e d f r o m t h e g ri d  p oi nt s  n e a r e st t o  M a w ml u h c a v e ( 2 8) a n d  p r e ci pit a-
ti o n a m o u nt ( 5 7).  N ot e t h at t h e  hi g h e r (l o w e r) δ 1 8 O v al u e s  o v e r  N EI a r e a s s o ci at e d  wit h r e d u c e d (i n c r e a s e d) r ai nf all  o v e r t h e r e st  of t h e I n di a n s u b c o nti n e nt.
(E ) S a m e a s D b ut f o r s p ati al c o r r el ati o n s  b et w e e n t h e  o b s e r v e d a m o u nt  w ei g ht e d JJ A S δ 1 8 O p at  D h a k a a n d t h e  p r e ci pit ati o n a m o u nt at  ot h e r g ri d  p oi nt s f o r
t h e  p e ri o d f r o m 2 0 0 9 t o 2 0 1 6 ( s e e r ef. 2 9 f o r  d et ail s). ( F ) T h e fi r st E m pi ri c al  O rt h o g o n al F u n cti o n ( E O F)  m o d e  of  n o r m ali z e d JJ A S  p r e ci pit ati o n ( 5 7)  o v e r t h e
r e gi o n 3 8 ° N t o 4 ° S a n d 5 0 ° W t o 1 0 5 ° E. T h e E O F- 1 ( e x pl ai n e d v a ri a n c e ∼ 1 6 %) s h o w s a  p r e ci pit ati o n  di p ol e a ki n t o t h e  o b s e r v e d  w e a k  mi n u s st r o n g  p att e r n  of
JJ A S r ai nf all a n o m ali e s a s i n A . T h e l o c ati o n s  of  M a w ml u h c a v e ( r e d st a r),  ot h e r c a v e r e c o r d s ( y ell o w  d ot s), a n d  D h a k a ( r e d st a r) a r e s h o w n i n  diff e r e nt  p a n-
el s. Sti p pli n g i n C – E i n di c at e s r e gi o n s  of si g nifi c a nt c o r r el ati o n s at t h e 9 5 % si g ni fi c a n c e l e v el  o bt ai n e d aft e r a c c o u nti n g f o r s e ri al c o r r el ati o n s i n  d at a at e a c h
g ri d  p oi nt f oll o w e d  b y t h e a p pli c ati o n  of t h e F D R  p r o c e d u r e ( 5 8)  wit h a 5 % t h r e s h ol d ( M at e ri al s a n d  M et h o d s ). F D R i s t h e e x p e ct e d  p r o p o rti o n  of r ej e ct e d
h y p ot h e s e s  w h e n t h e  n ull  h y p ot h e si s i s t r u e f o r t h o s e t e st s. L a r g e  bl a c k r e ct a n gl e s ( ∼ 2 0 ° N- 3 5 ° N; 6 8 ° E- 8 0 ° E a n d s m all s q u a r e s ∼ 2 7 ° N- 2 3 ° N; 9 0 ° E- 9 4 ° E) i n C – F
d e m a r c at e t h e r e gi o n  w h e r e t h e JJ A S  p r e ci pit ati o n a m o u nt i s st r o n gl y a n d i n v e r s el y c o r r el at e d t o t h e  m o d el- d e ri v e d δ 1 8 O p a n d t a g g e d  A R A B ( % T P W)
e xt r a ct e d f r o m t h e g ri d c ell  n e a r e st t o  M a w ml u h c a v e. T h e s e ti m e- s e ri e s c o m p a ri s o n s a r e s h o w n i n SI A p p e n di x , Fi g. S 6.
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a m plit u de.  C o m p aris o ns of t h e  M A W δ 1 8 O pr o fi l e  wit h t h e
e xisti n g hi g h-res ol uti o n s p el e ot h e m r e c or ds of I S M fr o m t h e
n ort h, c e ntr al, a n d n ort he ast I n di a ( 1 4 – 1 9), t he  Ar a bi a n P e ni n-
s ula ( 2 0), a n d s o ut he ast  Asia ( 2 1) i n di c at e br oa d si mil ariti es b ut
als o s o me diff ere n ces ( SI  A p pe n di x , Fi g. S 9).  T h e l att er is t o b e
e x p e cte d o wi n g t o t h e d ati n g err ors a n d t h e u ni q ue k arst c h ar ac-
t eristics of e ac h c a v e site t h at l e a d t o t he h o m o g e niz ati o n of
m ete ori c  w aters t o a v ar yi n g d e gr e e.  N ot wit hsta n di n g, t he ge n-
eral p atter n of  m ulti deca dal t o ce nte n ni al ti mes cale v aria bilit y is
si milar a cr oss all rec or ds d uri n g t he p ast  mille n ni u m.  M ore
i m p orta ntl y, h o we ver, t he i nferre d i nt er v als of e xtre me dr o u g hts
i de ntifi e d i n t he  M A W rec or d are als o e vi de nt i n ot her re gi o nal
s pele ot he m rec or ds ( b ase d o n > 9 0 perce ntile val u es of n or malize d
a n d detre n de d ti me s eries of ea c h rec or d) ( Fi g. 3 a n d SI
A p pe n di x , Fi g. S 9).  We n ote t hat s o me e xisti n g rec or ds fr o m  N EI
d o n ot ha ve s uf fi cie ntl y hi g h dati n g precisi o n, t e m p oral res ol u-
ti o n, a n d r o b ust c hr o n ol o gical fra me w or k ( 1 6, 3 2– 3 4), a n d t here-
f ore t hese rec or ds  were e xcl u de d fr o m t his c o m paris o n.

H y d r o cli m a ti c E x t r e m e s  a n d S o ci e t al  C h a n g e s. T h e pr e cis e
c hr o n ol o g y of t h e  M A W δ 1 8 O r e c or d all o ws a dir e ct c o m p ari-
s o n  wit h hist ori c all y d o c u m e nt e d dr o u g hts a n d f a mi n es f or t h e
p eri o d b et w e e n 1 5 0 0 a n d 1 9 0 0  C E ( SI  A p pe n di x , s e cti o n 1).

Alt h o u g h t h e “ dr o u g ht ” c o m pil ati o ns ( 8 – 1 1)  w er e c o nstr u ct e d
b y p ai nst a ki n gl y e xtr a cti n g i nf or m ati o n fr o m a v ari et y of d o c u-
m e nt ar y s o ur c es ( SI  A p pe n di x , s e cti o n 1), o n e i m p ort a nt c a v e at
e xists t h at t h e dr o u g ht c hr o n ol o g y f or t h e 1 5 0 0s t o 1 7 7 0s is
ess e nti all y t h at of f a mi n es ( 1 0).  W hil e f a mi n es t y pi c all y r es ult
fr o m a c o m bi n ati o n of s o ci et al, p oliti c al, a n d e n vir o n m e nt al
r e as o ns, t h e v ast  m aj orit y of f a mi n es i n I n di a b ef or e t h e  Britis h
p eri o d  w er e ulti m at el y c a us e d b y dr o u g ht-i n d u c e d h ar v est f ail-
ur es ( 3 5). It is, t h er ef or e, n ot u nr e as o n a bl e t o ass u m e t h at t h e
dr o u g hts  w er e t h e d o mi n a nt r e as o n f or f a mi n es d uri n g t h e
p eri o d b et w e e n t h e 1 5 0 0s a n d 1 7 7 0s.

A c o m p aris o n of t h e hist ori c dr o u g ht c hr o n ol o g y  wit h t h e
M A W δ 1 8 O pr o fi l e is hi g hli g ht e d b y usi n g a c e nt er e d 3 0- y
sli di n g  m e a n of t h e dr o u g ht r e c urr e n c es as r e p ort e d i n r ef. 1 1
( Fi g. 3). F or  m ost p orti o ns b et w e e n t h e 1 5 0 0s a n d 1 9 0 0s, t h e
hist ori c dr o u g ht fr e q u e n ci es ar e si mil ar t o t h e i nstr u m e nt al
p eri o d ( a v er a gi n g a b o ut f o ur t o ei g ht dr o u g hts p er 3 0 y).  N ot a-
bl y, t hr e e  m ulti d e c a d al p eri o ds of hi g h dr o u g ht fr e q u e n ci es
( a p pr o xi m at el y 8 t o 1 4 dr o u g hts p er 3 0 y) i n t h e hist ori c al
d at a (t h e 1 5 6 0s – 1 6 4 0, 1 7 8 0s – 1 8 1 0s, a n d 1 8 5 0s – 1 8 7 0s) ar e i n
e x c ell e nt t e m p or al a gr e e m e nt  wit h t h e i nf err e d p eri o ds of
w e a k er I S M i nf err e d fr o m o ur d at a ( Fi g. 3). Si mil arl y, t h e p eri-
o ds of l o w dr o u g ht fr e q u e n ci es i n di c at e d fr o m hist ori c al e vi-
d e n c e c o nf or m g e n er all y  w ell  wit h t h e pl u vi al c o n diti o ns
i nf err e d fr o m o ur  M A W r e c or d.  T h er e ar e, h o w e v er, als o a
f e w i nst a n c es of a p p ar e nt  mis m at c h b et w e e n t h e pr o x y a n d
hist ori c al d at a. F or e x a m pl e, t h e  w e a k  m o ns o o n p eri o d
fr o m t h e 1 5 5 0s t o 1 6 4 0s d e d u c e d fr o m t h e hist ori c al dr o u g ht
c o m pil ati o ns a p p e ars t o b e i n fl at e d c o m p ar e d t o t h e pr o x y d at a
( Fi g. 3).

T h e p eri o d fr o m t h e 1 7 8 0s t o 1 8 1 0s st a n ds o ut as a n e x c e p-
ti o n al i nt er v al i n b ot h hist ori c al a n d pr o x y d at a.  T h e hist ori c
dr o u g ht c o m pil ati o ns f or t his p eri o d pri n ci p all y dr a w t h eir
i nf or m ati o n al m ost e x cl usi vel y fr o m o n e  E ast I n di a  C o m p a n y
r e p ort b y F.  C.  D a n v ers, a  Britis h offi c er  wit h t h e c o m p a n y.
His r e p ort, i n t ur n,  w as c o m pil e d fr o m c o nt e m p or ar y a c c o u nts
of dr o u g hts a n d f a mi n es fr o m v ari o us r e gi o ns of t h e s u b c o nti-
n e nt.  D a n v ers ’ r e p ort— “ A  C e nt ur y of F a mi n es ” ( 3 6), s h o ws
t h at t h er e  w er e at l e ast 1 1 dr o u g ht-r el at e d f a mi n es d uri n g t his
p eri o d, si x of  w hi c h, i n cl u di n g t h e  w ell- k n o w n  C h alis a a n d
D oji  B ar a or S k ull F a mi n es, o c c urr e d b et w e e n ∼ 1 7 8 2 a n d
1 7 9 2  C E ( Fi g. 4),  wit h a c o m bi n e d esti m at e d d e at h t oll i n t h e
e x c ess of 1 1  milli o n,  m a ki n g it o n e of t h e d e a dli est d e c a d es i n
I n di a n hist or y ( 8– 1 1, 3 7).  T h e z-s c or e v al u es i n t h e  M A W
r e c or d b et w e e n 1 7 8 0 a n d 1 8 1 0  C E ar e a m o n g t h e hi g h est a n d
o c c urr e d i n stri ki n g t e m p or al a gr e e m e nt  wit h l ar g e p ositi v e
δ 1 8 O e x c ursi o ns i n ot h er r e gi o n al s p el e ot h e m r e c or ds a n d t h e
l ar g est c hl ori d e/ d ust s pi k es i n t h e  Hi m al a y a n i c e c or e r e c or d
( Fi g. 3 a n d SI  A p pe n di x , Fi g. S 9),  w hi c h ar e i nt er pr et e d t o
r efl e ct gr e at er ari dit y a n d e n h a n c e d d ust tr a ns p ort fr o m t h e
I n di a n p e ni ns ul a ( 1 3) i n di c ati n g s e v er e dr o u g ht c o n diti o ns.

M ut u all y c orr o b or ati n g pr o x y a n d hist ori c al e vi d e n c e f or
s e v er e dr o u g hts i n t h e l at e 1 8t h a n d e arl y 1 9t h c e nt uri es s h e ds
n e w li g ht o n t h e p ossi bl e r ol e of cli m at e as a c o ntri b uti n g f a ct or
t h at l e d t o I n di a’s d ei n d ustri aliz ati o n b et w e e n a p pr o xi m atel y
t h e 1 7 5 0s a n d 1 8 6 0s ( 3 8) ( Fi g. 4 a n d SI  A p pe n di x , Fi g. S 1 0).
At t h e p e a k of t h e  M u g h al  E m pir e ( c a. 1 6 5 0 t o 1 7 0 0  C E)
I n di a  w as  m a n uf a ct uri n g a n d e x p orti n g ∼ 2 5 % of t h e  w orl d ’s
t e xtil es.  H o w e v er, b y t h e  mi d dl e of t h e 1 9t h c e nt ur y, I n di a h a d
l ost  m ost of its e x p ort  m ar k et, pr e d o mi n a ntl y t o t h e  Britis h
E m pir e ( SI  A p pe n di x , s e cti o n 1).  W hil e t h e e x a ct  m e c h a nis ms
of d ei n d ustri aliz ati o n  w er e c o m pl e x a n d gl o b al i n s c o p e, it h as
b e e n ar g u e d t h at t h e fr a g m e nt ati o n of t h e  M u g h al  E m pir e a n d
r e d u c e d a gri c ult ur al pr o d u cti vit y s e v er el y li mit e d t h e s u p pl y of
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Fi g. 3. C o m p ari s o n  of t h e  M A W r e c or d  wit h  hi st ori c  d at a a n d  ot h e r  pr o x y
r e c or d s. ( A ) T h e c hl o ri d e c o n c e nt r ati o n s i n  D a s u o p u i c e c or e,  Hi m al a y a ( bl a c k)
( 1 3). (B )  Hi st ori c  d r o u g ht f r e q u e n c y i n a 3 0- y  m o vi n g a v e r a g e ( bl a c k) ( 1 1). T h e
dr o u g ht f r e q u e n c y > 8 i s  hi g hli g ht e d ( s h a d e d).  Hi st ori c  dr o u g ht y e ar s a r e
s h o w n  b y v e rti c al  bl u e li n e s. ( C ) M A W δ 1 8 O r e c or d (t hi s st u d y, c y a n)  o v e rl ai n a
3 0- y  B utt er w ort h l o w- p a s s fi lt er (i n di g o). T h e  d ott e d  bl a c k li n e  hi g hli g ht s t h e
z- s c or e v al u e s  d eli n e ati n g s e v e r al  m ulti d e c a d al  p eri o d s  of i nf e rr e d  dr o u g ht s
( z- s c or e > 1). ( D )  V erti c al  bl a c k li n e s s h o w e xt r e m e  dr y e v e nt s  d eri v e d f r o m
t h e  d e n oi s e d,  d et r e n d e d, a n n u all y i nt er p ol at e d s p el e ot h e m δ 1 8 O r e c or d s
( b a s e d  o n z- s c or e t hr e s h ol d s > 9 0 %  p e r c e ntil e ∼ > 1. 2 5) i n e a c h  of t h e f oll o w-
i n g r e c or d s: S a hi y a c a v e ( 3 0° 3 6 ’N, 7 7 ° 5 2 ’E) ( 1 8),  n ort h I n di a; J h u m ar/ D a n d a k
c a v e ( 1 8 ° 5 2 ’N, 8 1 ° 5 2 ’E) ( 1 5, 1 6), c e nt r al I n di a; T h a m  D o u n  M ai c a v e ( 2 0 ° 4 5 ’N,
1 0 2 ° 3 9 ’E) ( 2 1), L a o s, S o ut h e a st  A si a; a n d  O m a n c a v e ( 1 7 ° 1 0 ’N, 5 4 ° 1 8 ’E) ( 2 0),
A r a bi a n  P e ni n s ul a ( al s o s e e SI A p p e n di x , Fi g. S 9 f or a  d et ail e d c o m p ari s o n).
T h e v erti c al  b a r s ( s h a d e d)  hi g hli g ht i nt e r v al s  of  m ulti y e a r  dr o u g ht s i d e nti fi e d
i n t h e  M A W r e c or d a n d  hi st o ri c al  dr o u g ht c o m pil ati o n s.
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gr ai ns, r es ulti n g i n s h ar p ris es i n t h e pri c es a n d n o mi n al  w a g es
i n t h e c ott o n a n d  w e a vi n g i n d ustr y,  w hi c h pr e ci pit at e d t h e fi rst
p h as e ( c a.  C E 1 7 8 0s t o 1 8 1 0s) of d ei n d ustri aliz ati o n ( 3 8).  O ur
d at a pl a c e t h e e arl y p h as e of d ei n d ustri aliz ati o n i nt o t h e  m ost
s e v er e 3 0- y s p ell of  w e a k er I S M of t h e e ntir e p ast  mill e n ni u m,
t h us s u p p orti n g t h e h y p ot h esis t h at a dr asti c sl u m p i n a gri c ul-
t ur al pr o d u cti vit y t o g et h er  wit h t h e fr a g m e nt ati o n of t h e
M u g h al  E m pir e s o w e d t h e s e e ds of I n di a ’s d ei n d ustri aliz ati o n
( Fi g. 4 a n d SI  A p pe n di x , s e cti o n 1 a n d Fi g. S 1 0).

T h e 1 5 5 0s t o 1 6 4 0s st a n d o ut as a n ot h er i nt er v al of str o n g
c o h er e n ce b et w e e n t h e hist ori c al a n d pr o x y d at a.  Wit hi n t his
n e ar- c e nt ur y-l o n g i nt er v al of  w e a k er I S M, t h e  M A W δ 1 8 O
r e c or d i n di c at es ∼ 2 5 y of s ust ai n e d hi g h z-s c or e v al u es ( > 1)
b et w e e n ∼ 1 5 9 5 a n d 1 6 2 0  C E t h at ar e c o e v al  wit h t h e pr o mi-
n e nt d ust a n d c hl ori d e s pi k es i n t h e  Hi m al a y a n i c e c or e r e c or d
( 1 3) a n d  wit h e xtr e m e p ositi v e δ 1 8 O e x c ursi o ns i n t h e r e gi o n al
s p el e ot h e m r e c or ds ( 1 4– 2 1) i n di c ati n g s e v er e dr o u g ht c o n di-
ti o ns ( Fi g. 3).  T h e dr o u g ht c o m pil ati o ns f or t his p eri o d e xtr a ct
i nf or m ati o n fr o m t e xt u al d o c u m e nts c o m p os e d i n F arsi d uri n g
t h e r ei g ns of t h e pr o mi n e nt  M u g h al e m p er ors s u c h as  A k b ar
( 1 5 5 6 t o 1 6 0 5  C E), J e h a n gir ( 1 6 0 5 t o 1 6 2 8  C E), S h a h J a h a n
( 1 6 2 8 t o 1 6 5 9  C E), a n d  A ur a n gz e b ( 1 6 5 9 t o 1 7 0 7  C E) ( 3 9).
T h es e c o urt c hr o ni cl es, f or e x a m pl e, t h e A k b ar n a m a (t h e b o o k
of  A k b ar) a n d Ai n-I  A k b ari (t h e r e g ul ati o ns of  A k b ar) pr o vi d e
vi vi d a c c o u nts of dr o u g hts a n d f a mi n es d uri n g t his p eri o d,
i n cl u di n g t h e “ D e c c a n F a mi n e ” ( 1 6 3 0 t o 1 6 3 2  C E)— o n e of
t h e  m ost d e v ast ati n g  m ass  m ort alit y e v e nts i n r e c or d e d I n di a n
hist or y ( Fi g. 4 a n d SI  A p pe n di x , s e cti o n 1).  T his p eri o d als o
c oi n ci des ( wit hi n a g e u n c ert ai nti es)  wit h t h e c oll a ps e of t h e
G u g e  Ki n g d o m i n  w est er n  Ti b et ( 1 9) a n d  wit h t h e a b a n d o n-
m e nt of F at e h p ur Si kri ( 4 0), o n e of t h e l ar g est citi es of its ti m e
t h at bri efl y s er v e d as t h e c a pit al of t h e  M u g h al  E m pir e ( c a.
1 5 7 1 t o 1 5 8 5  C E) u n d er t h e r ei g n of  A k b ar, b ef or e it  w as
c o m pl etel y a b a n d o n e d b y 1 6 1 0  C E ( Fi g. 4 a n d SI  A p pe n di x ,

s e cti o n 1 a n d Fi g. S 1 0). I nt e ns e d e b at es s urr o u n d t h e cir c u m-
st a n c es u n d er  w hi c h t h e cit y  w as a b a n d o n e d,  wit h  m ost hist ori-
a ns attri b uti n g it t o a r a n g e of p oliti c al a n d  milit ar y r e as o ns,
alt h o u g h e xtr e m e dr o u g hts a n d t h e e ns ui n g l oss of  w at er s u p pl y
t o t h e cit y h a v e als o b e e n pr o p os e d ( 4 0, 4 1).  O ur d at a s u p p ort
t h e l att er s u g g esti o n as it pl a c es t h e a b a n d o n m e nt p h as e of
F at e h p ur Si kri  w ell  wit hi n o n e of t h e dri est  m ulti d e c a d al e pi-
s o d es (∼ 1 5 8 0 t o 1 6 1 0  C E) of t h e p ast  mill e n ni u m ( Fi g. 4 a n d
SI  A p pe n di x , Fi g. S 1 0).

Stri ki n g a c c or d a n c e b et w e e n o ur d at a a n d t h e hist ori c
dr o u g ht c hr o n ol o g y i n di c at es t h at t h e  M A W r e c or d c a n b e r eli-
a bl y us e d t o e xt e n d b a c k t h e I S M dr o u g ht v ari a bilit y f or p eri-
o ds  w h er e t h e hist ori c i nf or m ati o n is fr a g m e nt ar y or u nr eli a bl e.
O ur d at a r e v e al a pr o mi n e nt n e ar- c e nt ur y-l o n g i nt er v al of
w e a k er I S M b et w e e n t h e s e c o n d h alf of t h e 1 3t h a n d e arl y
1 4t h c e nt uri es,  wit h p e a k dri er c o n diti o ns b et w e e n ∼ 1 2 9 0 a n d
1 3 1 0  C E ( Fi g. 3).  T h e s c att er e d d o c u m e nt ar y e vi d e n c e fr o m
t his p eri o d i n di c at es fr e q u e nt  m ulti y e ar dr o u g hts i n n ort h er n
I n di a b et w e e n ∼ 1 2 9 6 a n d 1 3 1 6  C E ( e. g., r efs. 1 1 a n d 4 2)
u n d er t h e r ei g n of Al a u d di n  K hilji , o n e of t h e s e v er al d y n asti c
r ul ers of t h e “ D el hi S ult a n at e ” t h at pr e c e d e d t h e  M u g h al
E m pir e ( Fi g. 4).  A d diti o n all y, fr a g m e nt ar y hist ori c a n d ar c h a e-
ol o gi c al e vi d e n c e fr o m  w est er n  Ti b et i n di c at es i m p ort a nt p oliti-
c al, e n vir o n m e nt al, a n d s o ci al c h a n g es i n t h e r e gi o n.  B et w e e n
∼ 9 5 0 a n d 1 3 5 0  C E,  w est er n  Ti b et  w as u n d er a c o nf e d er a c y
r ul e b y P ur a n g,  G u g e, a n d  M ar y ul p oliti es ( 4 3).  Hist ori c al
s o ur c es s p e a k of a gr a d u al d e cli n e i n t h e p olit y aft er ∼ 1 2 0 0  C E
wit h a c o m pl et e c oll a ps e b y ∼ 1 3 5 0  C E ( 4 4).  Alt h o u g h t h e his-
t ori c al d o c u m e nts d es cri b e t his c oll a ps e pri m aril y i n p oliti c al
t er ms, ar c h a e ol o gi c al e vi d e n c e fr o m t h e S utl ej  V all e y i n di c at es
s ettl e m e nt a b a n d o n m e nt, a si g nifi c a nt dr o p i n t h e  w at er t a bl e,
a n d str a n d e d  m aj or irri g ati o n s yst e ms t h at ar e t e nt ati v el y d at e d
t o t h e p eri o d  C E 1 2 5 0 a n d 1 3 0 0 ( 1 5), c oi n ci di n g  wit hi n t h e
p eri o d of s e v er e  w e a k e ni n g i n t h e I S M ( Fi g. 4).

M ulti- Yr Dr o u g hts

1 2 9 6- 1 3 1 7

1 2 9 5 1 3 0 5 1 3 1 5 1 4 0 0 1 4 1 0

*1 3 9 6- 1 4 0 8

D ur g a D e vi

1 5 0 0 1 5 5 0 1 6 0 0 1 6 5 0 1 7 0 0 1 7 5 0 1 8 0 0 1 8 5 0 1 9 0 01 0 5 0 1 1 0 0 1 1 5 0 1 2 0 0 1 2 5 0 1 3 0 0 1 3 5 0 1 4 0 0 1 4 5 0

Y E A R  C E

Z-
sc

or
e

2

1

0

- 1

- 2

- 3

3

A b a n d o n e d

D ecli n e

D e-I n d ustriliz ati o n

E ast I n di a C o m p a ny

D el hi S ult a n at e

M u g h al E m pir e Britis h E m pir e

1 7 8 9- 9 31 7 8 3- 8 4 1 8 0 0- 0 5

0061 016109510851 1 6 2 0 1 6 3 0

1 5 9 2- 1 5 9 8 *
*

1 6 2 2- 3 2
D oji B ar a

**

1 7 8 5 1 8 0 51 7 9 5

A k b ar 

J a h a n gir

S h a h J a h a n A ur a n g z e b

P ur a n g P olit y ( W est er n Ti b et)

A b a n d o n e m e nt

G u g e Ki n g d o m ( W est er n Ti b et) C oll a ps e

P e a k

M ulti- Yr Dr o u g htsC h alis aD ecc a n

M ulti- Yr Dr o u g hts

F at h e h p ur- Si kri b uilt

Fi g. 4. T h e  M A W r e c o r d, g e o p oliti c al c o nt e xt, a n d  hi st o ri c  d r o u g ht s. T h e i nt e r p ol at e d  M A W r e c o r d ( 0. 6 y,  bl a c k)  wit h  m ulti d e c a d al  p e ri o d s  of i nf e r r e d
d r o u g ht s ( z- s c o r e > 1,  b r o w n) a n d  pl u vi al c o n diti o n s ( z- s c o r e < 1, g r e e n). T h e i n s et s s h o w  hi st o ri c  d r o u g ht s (li g ht a n d  d a r k  b r o w n  b a r s)  o v e r t h e I n di a n s u b-
c o nti n e nt ( 1 1) ( SI A p p e n di x , s e cti o n 1). T h e  d a r k  b r o w n  b a r s s h o w t h e  hi st o ri c  d r o u g ht s r e p o rt e d  wit h  hi g h r eli a bilit y. T h e a st e ri s k s s h o w t h e c at a st r o p hi c
d r o u g ht s a n d f a mi n e s a s s o ci at e d  wit h  m a s s  m o rt alit y e v e nt s ( al s o s e e SI A p p e n di x , Fi g. S 1 0).  Hi st o ri c El  Ni~n o e v e nt s a r e s h o w n  wit h y ell o w ( 5 2) a n d c y a n ( 5 3)
ci r cl e s. T h e t e xt a s s o ci at e d  wit h s oli d a n d v a r yi n g s at u r ati o n i nt e n sit y- c o l o r e d li n e s  d e s c ri b e s t h e v a ri o u s  p oliti c al/ d y n a sti c ti m eli n e s a n d k e y e v e nt s
di s c u s s e d i n SI A p p e n di x , s e cti o n 1.

P N A S 2 0 2 2  V ol. 1 1 9  N o. 3 9 e 2 2 0 7 4 8 7 1 1 9 htt p s:// d oi. o r g/ 1 0. 1 0 7 3/ p n a s. 2 2 0 7 4 8 7 1 1 9 5 of 9

Do
wn

lo
ad

ed
 f

ro
m 

ht
tp

s:
//

w
w

w.
pn

as
.o

rg
 b

y 
10

4.
15

.1
93

.1
15

 o
n 

De
ce

mb
er
 2

4, 
20

23
 f

ro
m 
I
P 

ad
dr

es
s 

10
4.

15
.1

93
.1

15
.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental


Extreme Droughts and Pluvials. One notable feature of the
MAW record is the presence of abrupt and extremely positive
δ18O excursions (exceeding 2 or even 3 SDs) against the mean
state of both weaker and stronger monsoon conditions (Fig. 4).
We interpret these as episodes of “extreme” droughts. One
such event in our record centered at ∼1400 CE occurred tanta-
lizingly close to the “Durga Devi Famine”—one of the most
widely referenced famines (1395 to 1408 CE) in the historic
accounts (7–11) that struck large parts of western India (Fig. 4
and SI Appendix, section 1). Another event centered at ∼1640
CE constituting the largest positive δ18O excursion in our
record, coincided with the so-called “Ming Dynasty drought”
(∼1638 to 1641 CE) that affected large parts of northern
China and India (22, 45). The closest modern analog of these
extreme events is the drought of 1877 when the AIR fell more
than 3 SDs against the backdrop of a stronger monsoon (SI
Appendix, Fig. S1). The 1877 drought was a regional expression
of a globally orchestrated period of climate anomalies that coin-
cided with a strong El Ni~no, which immediately followed the
preceding 6 y of strong La Ni~na conditions (5). We note here
that the 1877 drought is, however, weakly expressed in our
record, likely because a single season of 18O-enriched low rain-
fall amount may not be sufficient to skew the δ18O of speleo-
them to more positive values due to the mixing of meteoric
waters in the overlying karst. In addition to extreme droughts,
our record also contains evidence of the presence of extreme
pluvial conditions. For example, the first half of the 19th cen-
tury in our record is marked by an exceptional wet phase of
∼35 y (CE 1810 to 1845), which came on the heels of one of
the driest ISM episodes (∼CE 1780s to 1810s) in our record
(Figs. 3 and 4). We estimate that this extreme dry to extreme
wet transition occurred well within less than a decade and may
represent an extreme manifestation of abrupt nonlinear transi-
tions in ISM in response to either changes in the internal feed-
back mechanisms or external forcing (16, 25).

ENSO and ISM Droughts. Historic documentary and proxy evi-
dence discussed above make an intriguing case that ISM can
periodically “lock” into a drought-prone mode that may last for
decades (15, 16). Understanding what climate dynamics trig-
gered and sustained such extended periods of drought during
the past millennium is vital to estimate the likelihood of their
recurrence in the future. ISM droughts have been generally
attributed to changes in the El Ni~no Southern Oscillation
(ENSO) (46), sea surface temperature anomalies in the Indian
(47), and Atlantic (48) Oceans, and internal dynamics (49).
While detailed examinations of the potential causative mecha-
nisms require coordinated proxy-modeling efforts that are out-
side the scope of this paper, here below we briefly explore the
role of El Ni~no in causing the ISM droughts during the past
millennium by cross-examining the historical and proxy-based
reconstructions of ENSO with our record.
Time-series analysis of the MAW δ18O record in the fre-

quency domain reveals intermittent but prominent periodicities
in the interannual band of ENSO (∼2 to 8 y) (SI Appendix, Fig.
S8) consistent with the similar spectral estimates detected from a
temporally short (∼1960s to 2010s) but ultrahigh-resolution
(∼0.1 y) speleothem record from Mawmluh cave (34). Intermit-
tent presence of the ENSO band, particularly before the ∼1250s
and after ∼1650s, is quite like the waxing and waning of
the ENSO–ISM relationship observed during the instrumental
period (50), and thus in the long-term context of our data the
supposed “breakdown” of this relationship since the 1980s (51) is
not that unusual. Furthermore, comparisons of the MAW record

to a large array of tree-ring and coral-based reconstructions of
ENSO (SI Appendix, Fig. S11) reveal no consistent relationship
between the multidecadal periods of enhanced ENSO variance
and ISM droughts, due in part to large divergence among the
various ENSO reconstructions during the preindustrial period.

We also compared the historic droughts chronology (11) to
two historic El Ni~no events chronologies constructed from tex-
tual documentary evidence from northern Peru (52), a region
of heightened sensitivity to ENSO, and global multiproxy data
blended with historical documentary sources for the period
between 1525 and 1900 CE (53). Both chronologies show
broad qualitative similarities in the evolution of El Ni~no activ-
ity but differ markedly in terms of the number of identified
El Ni~no events (SI Appendix, Fig. S12). The chronology in ref.
52 likely underestimates El Ni~no events, as not all events result
in precipitation extremes in northern Peru, whereas the latter
chronology (53) is likely an overestimation because it includes
some instances where the historic ISM droughts were used to
denote El Ni~no events, which is problematic because not all
summer monsoon droughts are caused by El Ni~no events over
India (54). Notwithstanding these caveats, both chronologies
show notable multidecadal scale peaks in El Ni~no activity cen-
tered in the 1640s, 1720s, 1800s, and ∼1880s. While the peaks
in El Ni~no activity in the 1640s and 1800s correspond with
the increased historical drought frequency (SI Appendix, Fig.
S12), on an event-by-event basis comparison, only ∼20% and
∼50% of the historic droughts appear to have cooccurred with
El Ni~no events as reported in refs. 52 and 53, respectively.
These estimates of drought–El Ni~no association from historical
sources are not unlike during the instrumental period, where
less than 50% of the ISM droughts have cooccurred with the
El Ni~no events (54) (SI Appendix, Fig. S1), suggesting that the
ISM internal dynamics and/or other external forcing are
equally, if not more important, causative mechanisms of pro-
tracted droughts during the past millennium (15, 54).

In summary, historical documentary and proxy evidence pre-
sented in this paper show that the ISM drought history during
the past millennium was characterized by subdecadal to multi-
decadal periods of weaker ISM that contained protracted
droughts. This view of the ISM system stands in stark contrast
with the instrumental period, whose apparent stability might
lead one to incorrectly surmise that neither protracted droughts
nor frequently occurring droughts are intrinsic aspects of its
variability. This seemingly reassuring but rather myopic view
currently informs the region’s present-day water resource infra-
structure and contingencies policies and discounts the possibil-
ity of protracted monsoon failures in the future (15–17).
Recurrence of protracted droughts can easily overwhelm the
adaptive capabilities of modern societies unless a longer-term
and holistic understanding of monsoon variability is incorpo-
rated into drought management and mitigation planning.

Materials and Methods

Field Collection and Sample Preparation. Mawmluh cave (25°150 N,
91°420 E, 1,290 m above sea level) is located near the town of Sohra (Cherra-
punji) at the southern fringe of the Meghalaya Plateau, NEI. The cave is overlain
by a total overburden of ∼30 to 100 m, consisting of limestone, sandstone, a
0.5- to 1-m-thick layer of coal, and a thin soil cover (<15 cm), which permits the
short residence time of seasonal changes in precipitation (59). In most portions
of the cave, relative humidity is >95%. The vegetation above the cave is sparse,
mostly consisting of grasses, shrubs, and bushes. Only dolines hold remnants of
forest, which today are held sacred. Two stalagmites—ML-5 (∼128.5 mm) and
ML-8 (∼55.40 mm)—were collected ∼300 to 500 m from the cave’s entrance in

6 of 9 https://doi.org/10.1073/pnas.2207487119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

10
4.

15
.1

93
.1

15
 o

n 
D

ec
em

be
r 2

4,
 2

02
3 

fr
om

 IP
 a

dd
re

ss
 1

04
.1

5.
19

3.
11

5.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207487119/-/DCSupplemental


February 2015. The cave’s ambient temperature and relative humidity (at the
time of sample collection were ∼18.0 °C and 98%, respectively. A multiannual
monitoring program, conducted between 2007 and 2014, characterizes the
cave’s hydrochemistry and ventilation dynamics (59). The stalagmites were cut
with a thin diamond blade along the growth axes and polished. Subsamples for
230Th dating (weighing typically between 200 and 300 μg) were obtained by
drilling with a 0.5-mm carbide dental burr. An automated triaxial micro mill
(New Wave Micromill) was used to obtain subsamples for stable isotopic analy-
ses by continuously milling at 50-μm increments along the growth axis of ML-5
(between ∼18 and 128.5 mm with 0 being the top where the isotopic sampling
was initiated) and at 100 μm for ML-8 (between 0 and 55.40 mm, with 0 being
the top where the isotopic sampling was initiated) (SI Appendix, Table S1). Both
ML-5 and ML-8 samples are characterized by the presence of thin (∼15 to
20 mm) whitish aragonitic layers (SI Appendix, Fig. S3). We discarded samples
from this layer because the previous cave studies from the Mawmluh cave have
shown that this distinctive layer was pervasively deposited over a large number
of stalagmites, flowstones, and stalactites in the cave since the post-1950s, mark-
ing the onset of large-scale limestone mining operation above the Mawmluh
cave, which resulted in extensive fracturing of bedrock and the rapid infiltration
of meteoric waters into the cave. The oxygen and carbon isotopic values from
this aragonite layer are in isotopic disequilibrium and not representative of the
values expected from natural climate variability (59).

Stable Isotope Measurements. The ML-5 and ML-8 isotope profiles consist of
1,286 and 259 stable isotope measurements, respectively (Fig. 1 and SI
Appendix, Table S1 and Fig. S13). Subsamples for δ18O and δ13C analyses were
measured using a Finnigan MAT 253 mass spectrometer coupled with an online
carbonate preparation system (Kiel IV) at the Isotope Laboratory, Xi’an Jiaotong
University, Xi’an, China. All results are reported per mil (&) relative to the
Vienna Pee Dee Belemnite (VPDB) standard. The long-term precision of the
VPDB standard for the δ18O and δ13C was ∼0.08 &. Duplicate measurements
of standards NBS19 and TTB1 show a long-term reproducibility of ∼0.1& (1σ)
or better.

230Th Dating. The chronological frameworks of ML-5 and ML-8 records were
established by 14 and 4 230Th dates, respectively (SI Appendix, Table S2). 230Th
dating was performed at Xi’an Jiaotong University, China, by using Thermo
Finnigan Neptune plus multicollector inductively coupled plasma mass spec-
trometers. We used standard chemistry procedures (60) to separate uranium
and thorium. A triple-spike (229Th–233U–236U) isotope dilution method was used
to correct instrumental fractionation and to determine U/Th isotopic ratios and
concentrations (61). U and Th isotopes were measured on a MasCom multiplier
behind the retarding potential quadrupole in the peak-jumping mode using
standard procedures (61). Uncertainties in U/Th isotopic measurements were cal-
culated offline at the 2σ level, including corrections for blanks, multiplier dark
noise, abundance sensitivity, and contents of the same nuclides in spike solu-
tion. Corrected 230Th ages assume an initial 230Th/232Th atomic ratio of 4.4 ±
2.2 × 10�6 and a bulk earth 232Th/238U value of 3.8 for material at secular
equilibrium (61).

Age Models and Composite Record. The ML-5 and ML-8 age models and
associated age uncertainties were modeled using the COPRA routine (26). We
used 2,000 Monte Carlo age model realizations to account for the dating uncer-
tainties and the median and the 2.5 and 97.5% quantile confidence limits were
used in the final age model. ML-5 and ML-8 have a subannual temporal resolu-
tion, respectively. The ML-5 and ML-8 isotope profiles span from 1080 to 1854
CE and 1738 to 1906, respectively. The ML-8 isotope profiles were stacked with
ML-5 at 1854.65 CE to derive the final composite MAW record with a subannual
average resolution (SI Appendix, Fig. S3). Statistically significant replication
between the ML-5 and ML-8 δ18O profiles during their contemporaneous growth
period (∼1739 and 1854 CE, n = 116, r = 0.33, P = 0.02) on their indepen-
dent age models allow us to generate a composite record by stacking the ML-5
and ML-8 δ18O profiles at ∼1854 CE. For the contemporaneous interval from
1739 to 1854 CE, the ML-5 sample was selected as the main record because of
its higher age precision in comparison with ML-8. The portion from 1854 to
1906 CE is derived from ML-8 (SI Appendix, Fig. S4).

Statistical Analyses.
Denoising the composite record. The composite MAW δ18O record exhibits
prominent high-frequency oscillations (Fig. 1 and SI Appendix, Fig. S4) due to
extremely high temporal resolution (mean ∼0.6 y) and the low water residence
time in Mawmluh cave (59). This high-frequency signal likely reflects the mixed
δ18O of meteoric waters from (mostly ISM) rainfall throughout the year. We
removed this high frequency “noise” using the ensemble empirical mode
decomposition (EEMD) algorithm (55), which is an adaptive data decomposition
method for analyzing nonstationary and nonlinear time series. EEMD uses an
ensemble distribution of data generated by adding white noise to the source
data and then iteratively removes the highest frequency oscillatory components
superimposed on lower frequency signals. We denoised the δ18O data by
removing the first component of the EEMD decomposition (Fig. 1 and SI
Appendix, Fig. S5). The lag-1 autocorrelation of the first EEMD component is
�0.39, lag-2 is 0.12, and lag-3 is even smaller (0.03), indicative of characteristic
white noise.
Trend removal of the denoised record. To highlight the subdecadal to multide-
cadal variability, we used singular spectrum analysis (SSA) to remove the nonlin-
ear trends (>200 y) from the denoised records (Fig. 1 and SI Appendix, Fig. S5).
The SSA method decomposes time series into monotonic and oscillatory modes
of variability (56). We detrended the composite record by removing the first
component (i.e., the largest eigenvalue from an autocovariance matrix of SSA).
The size of the embedded window was set to one-fifth the size of the length of
the time series. The denoised and detrended time series was normalized by its
mean and SD to produce z-scores and was interpolated to 0.6- and 1-y resolution
(Fig. 1 and SI Appendix, Fig. S5) for better comparison with other time series.
The 0.6-y interpolated version was used for the spectral and wavelet analysis.
Spectral and wavelet analysis. Periodic variations in the denoised and
detrended time series were assessed by the multitaper method (MTM) using a
half-bandwidth parameter of 2 that represents the optimal compromise between
spectral resolution and variance (62). Because interpolation procedures might
introduce artifacts, potentially biasing derived frequencies, we also conducted a
parallel analysis on uninterpolated denoised and detrended data using the
Lomb–Scargle approach (63). The latter utilizes the unevenly spaced data and
provides an independent check for any such artifacts. All power spectra were
assessed only up to a conservative assessment of the Nyquist frequency (i.e., up
to a frequency approximately twice the average sample frequency). We quanti-
fied the effect of age model errors by conducting MTM (62) and Lomb–Scargle
(63) procedures on the 2,000 age model realizations from COPRA to obtain
uncertainty bands for the estimated spectrum. Peaks were tested for significance
relative to the null hypothesis of a globally red noise background, estimated
empirically from the first-order autoregressive (AR-1) character of the data. We
tested the significance of spectral peaks by comparing them against simulated
2,000 AR-1 nulls and estimating the 5 to 95% quantile of this distribution. Only
spectra outside the AR-1 envelope are deemed significant. Wavelet analysis was
performed using procedures described in ref. 64.
Strong and weak years composites. The strong (1983, 1988, and 1994) and
weak (1982, 1987, 2002, 2004, and 2009) ISM seasons as shown in Fig. 2 are
defined as positive (negative) departures of 1 SD from the mean of all India
rainfall (4).
Field and linear correlations and significance. The statistical significance of
field correlations is calculated using the false discovery rate (FDR) procedure (58)
to control the proportion (q = 5%) of erroneously rejected null hypotheses using
a MATLAB code (65), where q guarantees that 5% or fewer of the locations where
the null hypothesis is rejected are false detections. The statistical significance of
linear trends and correlation coefficients (95% confidence intervals and P values)
reported in this paper, where appropriate, account for the autocorrelation of
time series.
IsoGSM2.We used an isotope-enabled general circulation climate model version
2 (IsoGSM2) (66) together with the moisture-tagging (29) simulation data to
understand the dynamic controls of precipitation oxygen isotope (δ18Op). The
IsoGSM2 has been widely used for both modern and past climate and isotope
simulations and agrees well with available δ18Op observations in the Global Net-
work of Isotopes in Precipitation (GNIP) on annual and seasonal time scales. The
IsoGSM2 model has been extensively validated for the Indian monsoon domain
(29). IsoGSM2 has a horizontal resolution of ∼200 km (T62) with 28 vertical
levels. The model applies a global downscaling technique, which nudges
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temperature and wind speed (at scales larger than 1,000 km) toward the
National Center for Environmental Prediction Reanalysis 2 (NCEP R2) (28, 67).
The nudging (performed at every 6 h for all sigma levels) provides dynamical
constraints to the simulated atmospheric circulation and is directly comparable
with the observations. In IsoGSM, most isotopic fractionations are assumed to
occur at thermodynamic equilibrium, except for open water evaporation, conden-
sation in supersaturation conditions (vapor to ice), raindrop reevaporation, and
air–rain isotopic exchange, where kinetic fractionation occurs. In the tracer mode,
IsoGSM2 can track a given moisture mass back to its last time at sea level by set-
ting the surface evaporative fractionation factor to 1 for the target region (and 0
for all other regions) and by turning off all the other isotopic fractionation in the
atmosphere. The evaporated water is marked by its origin with a tag. The tagged
vapor once added to the atmosphere is allowed to undergo the same atmo-
spheric hydrological cycle as normal water vapor until it leaves the atmosphere
as precipitation (67). The tagged simulation output (1979 to 2010) was gener-
ated at daily intervals and interpolated into 17 vertical pressure levels and
monthly averaged (67).

Data, Materials, and Software Availability. The data used in this study
are reported in SI Appendix, Tables S1 and S2 and have been depos-
ited at the National Oceanic and Atmospheric Administration (NOAA),

https://www.ncdc.noaa.gov/data-access/paleoclimatology-data (68). All
other study data are included in the article and/or SI Appendix.
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