Hindawi Publishing Corporation

Journal of Geological Research

Volume 2011, Article ID 765248, 12 pages
doi:10.1155/2011/765248

Review Article

High-Resolution Monsoon Records Since Last
Glacial Maximum: A Comparison of Marine and Terrestrial

Paleoarchives from South Asia

Manish Tiwari,! Ashutosh K. Singh,>? and Rengaswamy Ramesh?

! National Centre for Antarctic & Ocean Research, Headland Sada, Vasco, Goa 403804, India
2 Geosciences Division, Physical Research Laboratory, Navrangpura, Ahmedabad 380009, India
3 Department of Geology, University of Delhi, New Delhi 110007, India

Correspondence should be addressed to Rengaswamy Ramesh, rramesh@prl.res.in

Received 28 December 2010; Accepted 11 April 2011

Academic Editor: Atle Nesje

Copyright © 2011 Manish Tiwari et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Agricultural production and the availability of fresh water in Indian subcontinent critically depend on the monsoon rains.
Therefore it is vital to understand the causal mechanisms underlying the observed changes in the Indian monsoon in the past.
Paleomonsoon reconstructions show that the water discharge from the Ganges-Brahmaputra River system to the Bay of Bengal
was maximum in the early to mid-Holocene; data from the Western Arabian Sea and Omanian speleothems indicate declining
monsoon winds during the Holocene, whereas records from the South West Monsoon (SWM) precipitation dominated eastern
Arabian Sea show higher runoff from the Western Ghats indicating gradually increasing monsoon precipitation during the
Holocene. Thus there exists considerable spatial variability in the monsoon in addition to the temporal variability that needs
to be assessed systematically. Here we discuss the available high resolution marine and terrestrial paleomonsoon records such
as speleothems and pollen records of the SWM from important climatic regimes such as Western Arabian Sea, Eastern Arabian
Sea, Bay of Bengal to assess what we have learnt from the past and what can be said about the future of water resources of the

subcontinent in the context of the observed changes.

1. Introduction

The Indian economy is based on agriculture, which mostly
depends on the monsoon rain and to some extent on river
flow and ground water resources. In the absence of monsoon
that brings adequate rain, crop yield is reduced and due
to recurrent droughts there may even be severe shortage of
drinking water. The water resources of India comprise rivers,
lakes, and ground water aquifers and the amount of water
they hold is linked to the rainfall on the one hand and human
exploitation on the other. Thus it is important to have a
correct long-term forecast of the monsoon that can help in
the proper management of our water resources [1]. Monsoon
prediction is seriously hampered by the nonavailability of
past data, which is limited to about hundred years [2]. It is
very difficult to predict the monsoon without understanding
its full variability. Generating quantitative paleomonsoon
data using available, dateable, natural archives, such as deep

sea and lake sediments, varved sediments, and speleothems
is a starting point towards this end [3-6].

Monsoon is a term derived from an Arabic word
“Mausim” meaning weather. It is technically applied to the
seasonal reversal of winds in the Indian subcontinent and
Africa, especially in the Arabian Sea, due to land-sea thermal
and pressure contrast. It is mainly due to coupled heating
and cooling of Himalaya (Tibetan plateau) and the southern
Indian Ocean and the consequent movement of the ITCZ
[7]. The Asian monsoon system is a dynamic component of
the modern climate system and changes in this convectively
active region can result in severe droughts or floods over
large, densely populated regions [8]. The inherent seasonality
of monsoon circulation leads to cool, dry winters and
warm, wet summers over the Asian landmass. These sea-
sonal changes in atmospheric circulation and precipitation
also affect the ocean, leading to a strong seasonality in
the strength and direction of ocean currents, sea-surface



temperature (SST), and salinity patterns, as is observed
in the Indian Ocean and the South China Sea (SCS). In
specific regions, such as the Northwestern Arabian Sea, these
dynamics lead to well-defined seasonal upwelling regimes
in the open-ocean and near-shore environments [9]. The
south Asian monsoon has been known to be stronger during
warm climate (interglacial/interstadial) and weaker during
cooler periods (glacial/stadial) ([10] and references therein),
while the winter monsoon behaves the other way [11-13].
Thus monsoons are components of the global climate that
play an important role in water resources of the Indian
subcontinent.

The Southwest monsoon (SWM) occurs during June to
September and the Northeast Monsoon (NEM) affects the
southern parts of the Indian subcontinent during October
to December [14]. AISRTS (All India Summer Monsoon
Rainfall Time Series) is available from 1871 onwards [15],
which has documented the last ~140 years of rainfall. If
rainfall exceeds by more than 10% from the long-term
average, it is called as excess rainfall year, while when it is
lower by 10% or more, it is a deficient rainfall year. But
to understand full variability of monsoon, which assumes
added importance in view of the presently experienced
global warming, we require records of monsoon during
differing climatic conditions extending back to thousands of
years.

2. Multiproxy Comparison of Studies from
Different Regions

Evolution and variability of the Asian monsoon system
are believed to respond to at least five types of large-scale
climate forcing or changes in boundary conditions [49],
including (i) the tectonic development of the Himalayan-
Tibetan orography, in million-year time scales, (ii) changes
in the atmospheric CO; concentration, in time scales of tens
of thousand of years, (iii) changes in the Earth’s orbit that
result in periodic variations of seasonal solar radiation, in
time scales of tens of thousands of years, (iv) changes in
the extent of ice sheets (thousand years time scales), and (v)
internal feedbacks within the climate system (multiple-time
scales). These factors act simultaneously and over different
time scales to amplify or lessen the seasonal development
of continental heating/cooling, land-sea pressure gradients,
latent heat transport, and moisture convergence, all of which
control the strength of the monsoon circulation. We present
below a comparative analysis of multiproxy studies from
diverse terrestrial (speleothems—stalactites and stalagmites
from Indian and Oman caves) and marine (western, north-
ern and eastern Arabian Sea along with Bay of Bengal)
realms divided into different time periods, which would
help us to understand the spatiotemporal variability and
complexity of the south Asian monsoon. The focus of this
paper is the high-resolution records with accurate, absolute
chronology since Last Glacial Maximum (~21,000 years
before present)—a period which covers extensive glaciation,
deglacial period witnessing rapid climatic fluctuations, and
finally the Holocene (past ~11,700 years, [4]), which is a
period of relatively unvarying warmth.
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2.1. Monsoon and Associated Oceanographic Effects from
Marine Proxies. During the summer and winter monsoons
the surface oceanic circulation in the Northern Indian Ocean
(Arabian Sea and Bay of Bengal) experiences changes in
direction in consonance with the changing wind patterns
[50, 51]. Intense upwelling occurs along the Somalian and
Oman coasts with a transport of 1.5-2 Sv in the upper 50 m
[52]. The typical temperature of the upwelled water is 19—
24°C [53]. The reason attributed for such intense coastal
upwelling is the Ekman divergence due to the flow of strong
winds parallel to the coast. The central Arabian Sea exhibits
a bowl-shaped mixed layer deepening under the effect
of Findlater Jet wind-stress forcing and Ekman pumping
[54, 55]. The cold and dry Northeast monsoon winds
accompanied by the Ekman pumping cause subduction of
the high salinity surface waters in the northern Arabian Sea
[56, 57].

The upwelling zones along the Somalian and Oman
coasts cause intense biological and geochemical changes
in this region with SST falling by ~4°C as nutrient-rich
deeper water surfaces that enhance the sea surface biological
productivity considerably [9, 50, 58]. Weak upwelling also
occurs along coastal southwest India [50, 59]. During the
Northeast monsoon, minor upwelling is observed in the
northeastern Arabian Sea [50]. The cold and dry NE
monsoon winds cause the deepening of the mixed layer to a
depth of 100125 m due to convective mixing in the northern
Arabian Sea, which leads to nutrient injection and hence high
productivity during winter monsoon in this region [60, 61].
The typical productivity values for the western Arabian
Sea are 2.0, 1.0, and 0.5 g C/m?/day for the SW monsoon,
NE monsoon, and the intermonsoon periods, respectively
[62, 63]. Similarly for the eastern Arabian Sea the typical
productivity values are 0.6, 0.3, and 0.2 g C/m?/day for the
SW monsoon, NE monsoon, and the intermonsoon periods,
respectively [64]. As the moisture laden SW monsoon winds
approach the Western Ghats they are forced to ascend
resulting in copious precipitation and runoff into the coastal
Arabian Sea, reducing the sea surface salinity considerably
[21]. Denitrification takes place due to the very low concen-
tration of oxygen in the entire Arabian Sea from 250m to
1250 m water depths [65, 66]. This oxygen minimum zone
(OMZ) is due to the high-oxygen consumption below the
thermocline for the oxidation of organic matter supplied
by the high overhead surface productivity. Furthermore
the sluggish flow of the oxygen poor intermediate water
[66, 67] along with a strong tropical thermocline (due to
relatively high SST that prevents mixing of the oxygen-rich
surface waters with the deeper waters) maintains the OMZ
[68, 69]. Thus OMZ and denitrification are the interplay
of monsoon winds and the ensuing productivity along with
other climatically controlled factors such as ocean ventilation
rate [40, 70-73].

Such pronounced changes in the seawater characteris-
tics make the Arabian Sea ideal for deciphering the past
changes in monsoon intensity. The surface productivity that
manifests itself in many forms such as organic, calcareous,
and siliceous productivity, also affects the carbon isotopic
composition of the seawater, which is preserved in the calcitic



Journal of Geological Research

30

25 4

20 4

A
15 4 31711

Latitude (°N)

10 4

T T T T T T
40 50 60 70 80 90 100
Longitude (°E)

FIGURE 1: Sample locations discussed in the text. Triangles represent
the marine-based records: 905 [78]; SS4018G [10]; 74KL [16];
RC27-23 [73]; 723A [19, 20]; 63KA [44]; 39KG/56KA [41]; 136KL
[40]; 3268G5 [21]; SK145-9 [23]; GC-5 [22]; SS3827G [24]; 126KL
[36]; 31/11 [37]. Circles represent terrestrial speleothem records:
Qunf [32]; Akalagavi [31]; Gupteswar, Dandak [30]; Sota [86];
Timta [87].

shells of various foraminifera. Similarly the SST and sea
surface salinity alter the oxygen isotopic composition of
these shells and they get recorded in the sea sediments.
The nitrogen isotopic composition of sedimentary organic
matter can indicate the denitrification intensity relatable to
productivity variations. Thus the downcore variations of
such proxies could help document the past variations in
monsoon intensity and the related climatic changes.

3. Discussion

Paleomonsoon studies in the Indian region were initiated
around 30 years ago by Prell et al. [74] and Bryson and
Swain [75]. Since then, a large number of workers ([2,
16-27, 29-32, 41-44, 76-78] and references therein) have
carried out high-resolution monsoon studies in archives
from various locations in and around the subcontinent that
are influenced by the monsoon winds/precipitation. The data
thus generated has helped document the fluctuations in the
past monsoon strength both in space and time. Different
proxies such as planktic/benthic foraminiferal abundances,
their stable oxygen and carbon isotope ratios [18, 19, 21,
23, 24, 76, 77], varved sediments [41, 42], speleothems
[2, 29-32], tree-rings [79], 8'*C and 8'°N of lacustrine and
marine organic matter [10, 73, 80-83], and pollen records
(84, 85] have been used to obtain paleomonsoon records
with different resolutions. A few of the important proxies and
their significance are shown in Table 2.

Recent marine studies have the advantage of accurate
AMS (Accelerator Mass Spectrometry) '*C dating, and in
some case, have provided time resolutions as low as ~50 years
(e.g., [23]) that can go up to subdecadal scale in extreme
cases such as varved sediments [41]. The past strength of
SWM was elucidated by using the above proxies from differ-
ent monsoon-sensitive geographical regime (Figure 1) such
as (i) the western Arabian Sea—experiences high productiv-
ity due to SWM wind induced upwelling [16-19, 76, 77]—
thus record strength of monsoon winds; (ii) the northern
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FIGURE 2: Variability in monsoon strength as deciphered from
multiple proxies from various studies from different regions (EAS:
Eastern Arabian Sea, WAS: Western Arabian Sea, NAS: Northern
Arabian Sea); the arrows in each case depict increasing monsoon
direction.

Arabian Sea—affected by amount of Indus river discharge
(43, 44] and associated varve thickness [41, 42] relatable
to SWM precipitation intensity; (iii) India and Oman—
the growth rates and stable oxygen and carbon records of
speleothems were used to quantitatively reconstruct SWM
precipitation intensity [2, 29, 30, 32, 86]; (iv) the south-
eastern Arabian Sea sediment cores which are influenced
by the surface runoff due to SWM precipitation from the
western Ghats of India [21, 23, 25]—thus records strength
of SWM precipitation; (v) water discharge from the Ganga-
Brahmaputra (G-B) river system into the Bay of Bengal
(BOB) [35-37]. The major inferences drawn from these
regions have been presented in Table 1. For Indian populace,
the more important aspect of monsoon is precipitation
variability that may result in severe droughts or devastating
floods. Therefore it is more important to decipher this aspect
for which eastern Arabian Sea is better suited than other
regions of Indian Ocean. From the comparative analysis, as
represented in Figure 2, among different regions, it is clear
that at short-time scales, monsoon exhibits a high-spatial
variability—different regions experience different trends in
monsoon intensity. But when we look at multi-millennial



Journal of Geological Research

($9102 JuaTIIPas

SpI10221
SV UId)SBY 0] TB[IUIIS
portzad jey) Surmp

potad jey) Surmp

UI 9)I}eWRY MO]) puoaxn Surseanur APydis [[ejurex puoxn Sursearour APydis BUIIXEWI
9JBWI dNUBY YLIOU ©15933ns 1nq ewrxew 431y s1s933ns © 15933ns 1nq ewrxew UOOSUOUW JUDO[OH 0086
WIem IIM Saydjewd UOOSUOW JUNDO[OH wayloafads oy UOOSUOW JUII0[OH A[1ed Aj1e3 INMS Suoms 01 00201
BLUTXRUW UOOSUOW BLWIIXEW UOOSUOW  A[183 IND-IB3[D B MOYS  JO IN[BA Og;Q MO jno-1ead e moysjou op  3sa83nssarxord spdnniy
9udd0[OH A[1eq 9UID0[OH A[1B9 10U OP BIJJIUTWIRIOJ BIDJIUIUWIRIOJ IN[BA Og;Q
JND-1e3[d B MOYS Juop  d1pjue[d Ia[amp paxTur
PI0J3I Og;Q ‘PIAIDSQO  ULIBM JO dN[BA (@
RUITXEW TOOSUOJA] INMS
2u20]0H A[1e2 ‘porrad  Yedp 9y} paisaddns goun mop 15533ns
ST} SULIP PIAIISqO  2dUBPUNQE J)TUT[OBY S[qe[TeAR PIOJAT sarxoxd
aUud0[0H jo Suruurdaq : : . c : uepunge spodoialg : 00201
uoosuour SuIseaIdU] MO ‘onel /D) Y3y ua0a[ads oN N . srdnnu woiy pazoydmap
3 seA1(] 108unog jo pug ysiy pue #°0 mof “aqn.i 010011
oy} £q pasaddnsxnyy g SE YeIM [[1)S WOOSTOUT A\S
; SO JO an[eA Og;@ YSTH
[BIAN[} PIONPAI 42gH.L 'ST)
PUe 12/11295 'S5 JO Qg9
sporiad
"V 9s[nd 12)eMm It sek1q soposido 1ourrem/19[00d 19[002 uLmp soposids sekiq
[IIM [BAD0D OS[E ‘JUAD Surmp uoosuour uone)doard 19ss3] ;
193unog se yons sporrad Jourrem/19[00d 3uump  193unog se yons saposida
wirem poIa[[y-Surfjog I193U01)S/19BaM d[qe[TRAR PI0JAT [IIM uoosuour 00L11
19[000 SuLmp uoosuowr UOOSUOW 193U0IIS/IeIM  I9P[0D ULINp UoOsSuUOU
ueadoing . $I9JIUTWRIO) JO OgQ wayoads oN Sunenonyy moys : 01 00051
I9YBIM (pILIJUI Yim ursearout I9YBOM £$30UUIUIOD
WL snouoryuAg uoosuow Suren)on 201 £q p1saBBns WM pAe[ewIE wa2isom s)es uonejrdoaid Suruay3uamns
‘porrad uonene[So : 14 108uo0mns A[3ursearouy QAR BJWIL], WOIJ R WMS e NMS
way0a[ads ur Og; 9
"dUBpUNER A)TUT[ORY ‘uoosuour
T Juno MO ‘OTIRI A[[/AII0TYD paonpai Suresrput porad [eoed
Y31y a1y 4q paarasqo ©3G URIQRIY UI9)SBd y :
AJIpLIE PURUIID) NIM  [PLIUBH YIIim Surgdjew : : Jse[ Jo sagde)s 1a)e] Surmnp
. aSreydsip [eany ojul Jounr mof s3s933ns . 000ST
snouorpusg ‘porrad  Jg 1491~ Je wnwrurw S[qe[reA. PI0J3I ON TAMS eam (dq I T2~)
WNWIUTW pUe L2q1.i souepunqe spodorag 01 0001¢
Teoe[S3 isef jo 11eg )M san[eA D], MO[ S5y pUB Aafinaovs 55 §o N WINTITXE]A [RIOR]D)
- U0 PISEq INMS ATPPM Og¢19 U1y £4q parsadsns “Ayanonpoid mof “4agn. ISPTIP UMS 3597M
UOOSUOUT MG eI 'sD) JO aN[eA Og; 9 YSTH
[8z—-12] (UraI3Y]) $OUIIJAX sp
3 _ [Pe—ze] [1e-6T ‘1] o7 ¢ parerqies
(8% L¥ “LT] [9%—07] [6€—¢] UPWIO) WOLSI00I  PIPU] WO SPI0DI (sprodaruonendmard g [0z-91 ‘01]) (Sp10daz (ag
SPI0J2I DIJBWII PIIOM  BaQ URIQeIV WIdULION  SpIodal reduaq 10 Aeq AL L TR INMS) SP10221 PUIM ITNMSQ) spiodaxr . 949



Journal of Geological Research

SPI0231 Way)odads

20§ pue
urrem apnine[-y3g Temsandno) Jo 04,9
: : IoAe[
Qraydstway a1eWUI pLIe ) 1sa33ns aanisod A[Suisearour SaIpnIs
uzdlIou Surdreaun JUPLIPOS SAIPA INI anfea Y8y O, @ pue nwBeeg uewo £q pa1sad3dns N MS Houn mo[ 3s388ns soqn. [e1240s woyy patayddap (0017—006¢
4 : £q pa1sa83ns 1oALL TSI Jo yymoi1d oN 'S0) JO SAN[BA g Q JAIISOJ :
15933ns spiodax : JU2U0d NLIOTYD YSIH Sururpap cerpup Sy T JAMS Sururpaq
snpuj woij younr ySry : : e : o
armeradwa) 7ds1o wolj d[qe[ree
SPI0231 Way)oaads
uonnjosaI-y3iyg
uoosuowr Suruayiduans gouns 1oySry oy 35930 (saproging
purrem Surdreaun 10 SurdIeAun B TAMS Sutseardap 'S0 0 “5°9) aurpap
1aqn. 'S5y pue Uafynaovs
‘snonunuod $)sa33ns ue )s233ns [y /eq Sunsa38ns laqn. B PIAIISQO OS[E MJ

ZdSID eI wIem
‘pruny a3 s3sa83ns
onueny "N Je Neuwsy
Jo a8ejuadiad moT

‘019 M1 sarxoxd aprym
uoosuow SuruIpIp
Sunestput uaqn.i so

JO $35B3109P San[eA DO,
1) QUIIO[OH-PIUI 1)}y

'S0 JO ;9 JO SoN[RA
aATIeSaU IO “4aqnt 'S0
Qg1 JO sanea 1omo[ 4q

Pa1sa38ns 10A11 g-0) £q

BIPU] WOIJI[qR[IeAR
piodar
way0aads oN

ayrwSere)s wewQ
) UT PIAIISQO
SeM ON[BA g9
ur puax) Jursearouf

'S0 PUR 1af1]n200s "S5

g1 JO 9N[eA TOMOT 21}
£q pa1sa33ns qrey urer y3ry

B JNQ UOOSUOW FUISLaIdUT
Apys1[s moys sarpnis 00620075
sidnnuw Quasojog
)] Jo yxed Ajres
0) 9U20[OH-PIA SuLIn(]

uononpaI
UOOSUOW UT P)I[JoI
JOU ST ZJSTD) WO} JUSAD
[002 14 7' orewI]
wirem 3sa83ns (zdS1O)
$9100 0] PUBUIIL)
WOIJ UONONIISUOIAT
amjeradua) ‘porrad
urrem s3s938ns onuepy
"N WoIJ 1) way
Jo a8ejuaorad moT

porzad

uoosuow SuTuAYSud1)S
Sunesrpur UoTsINOXd
aanedau e Lerdstp

10 3urdreaun £ejs 19310
$9100 £qIeaU WO Qg @
9] J[IYyM ‘Toosuow
Surreaun Suneosrpur
ULIOJIUN $SI] 1O IO
sAes THTTT 2100 9y Ul
san[ea uoqie)) JoruedIQ

pasdreydsIp 19yem ST
2Ig UeUIQ
‘uoosuour a1 Je ajewId
MS 3uoms pue Og,9 MO[  pLIE A[3uisealour J[qe[IeAR pI0daI
£q pa3sa83ns aSreydsip 15933ns walod[ads oN

[BIAN]] WINWITXB] W 3eeIS JO Qg

Jo anfea Surseardu]

pouni 12yS31y 3s933ns Sreutip

[Teyurex ySiy Sunsaddns

pue payiodar upivuau
4D JO onIeA Og @ MO]

puan Sururpap
B IIqIUXe saprojng 'sH %
ydnotpre sarxoxd sydnmur 00FSs—0088

uo paseq SuoIs sem A MS

QuadojoH-prw 03 dn

8101, 9} “QUADO[O-pIi pLIE s35983ns PUITXRUI
[002 s15933ns onuepy T 1aqni S5y pue 4afnaovs : 3[qe[ieA. PI0J31 pouni mo[ )sag3ns :

. 0 Ajres wory anwidere1s Jo O, 9 . uoosuour aUI0[0H A[18d ()088—0086

N WoIJ 1euay $D) JO g9 JO aNeA 0 an[eA 5T U1 woayloapds oN 4aqn.i s5) JO aNeA O g @ 111 DoUSNEOM

Jo adejuaniad ysSry A1ap 3} Ul puar) SuIsLaIdd(] JO otEA ot U e pIUREIM INMS
: : : UOISINOXd dAIISO]

[8z—11] (uraI3Y]) $OUIIJAX sap
Grc _ [ve—zel [1e-6T ‘1] ot pajeIqes
(8% “L¥ “L1] [9%-0%] [6€-s€] UPWIO WOLSPI022I  BIPU WIOL) SPI0OX (sprooar uoneydoard g (0791 ‘0T]) (sproda1 (ag

SDIODDI DONNEUWIID DIIOAA

POC UPIALIV UIYULIONT

SDIONAI TeSuaa 10 Aea

TATAA Q) SDIODDI

DUIM TATAA Q) SDIODDI



Journal of Geological Research

snpuy wouj
aSreydstp 191em 12yS1y  uoosuow SuruaySuars
$15933ns syuawuTpas 9)eDIPUT BIJTUTUIRIO]
PIATEA JO SSAUNDIY) JO san[eA Qg @ UT
o uraseanUT Uy puaxn Sururpap Apydis

(porrad

ULTEM [RASIPIA) dNIURY
10N Je aSejuaniad
9IBWAH JO aNJeA MO']

P10231 O gr@
pasordop ayrwuderess
uew Q) £q pajesrput
uoneyidmard ydryg

aywideeig uewQ
Jo y3moI13 ON

"SOARD Yepue(]
pue remsaydno
Je pap10d31
[[eJures Jo puas}
Surseardur smoys
Og:@ Ut uond[daq
JJO-UNI [BUOOSUOUT
yeam a3 s3sa83ns
BSSLIO “OMI10B[e)S

uoosuow SuTuaYSudIS
3)eDIPUT SIN[BA O g; @
[BI9JIUTWIRIO) UI PUAI)
SuTsLaII9p NO-18IP Y

JAMS Jo Sutuayeam
15933ns Lafynaovs so

PUE 42q1.L 'ST) JO SPIOIAT

potrad sty Surnp
uoosuow SUISLaIdUT
15933ns sarxoid aydnny

00CI—00¥1

13uan)s puim pue
Surqjomdn ur vononpax

JUIAIIX? S)5933ns 007 1—00ST

Temsaydno (%) sap1ojng vu11as1qoio
30 0419 YSIH Osi9 40 2nea 124BIH JO 9dUBpUNQE MO[ AI9A
‘[[eyurex
snpuj wouj uoosuow SUrUIPIp
. Jo puan Sursearour apr1s
SHUENY ‘N 93 1edsIp 191eM I9YSIY Suryestpur sanea TNMS Sursearour

ur ajewI prod 3sa33ns
JUUOD )WY JPYSTH

a3 s35933ns JuswWIpas
QATEA JO SSIUNIIY}
31} UT 3SLAIOUT UY

Oy [elojrurtie1o]
3} UT PIAIISqO
uo1sImoxd aanIsod 1SS

d)Iude[e)g uew
Jo yamoi1d oN

15933ns saAed
©10G 3 Temsaydno
yj0q woij
PI0J31 O g; @ 1OMOT

15983ns uafinoovs 'so) pue
12qn.1 s9) JO SPI0AT O g, @

IOYBIM UO ST UOOSUOW B
a7} [[2I2A0 INQ UOOSUO 00970061
Suruay3uans Apysis

q04d
0) ur 931eYOSIp I91EM

21w
: paonpaIpue eI

wrrem ‘pruiny s3sasns

981RYDSIP TOALI
SNPUJ PadNPaI A edIpUT

d)Tudee)g uew

SoN[BA Qgr@ Ul
UOTSINOXd dAnIsod
yuoutwoxd o) 4q

‘uoneydmoard

NMS pauayeam
A[p109A9s SuryedTpUT

TAMS eam Guramdn
yeam Sunsaddns
B3S URIQRIY 1SaM J1]) UT
uonendod ayefodegourp
Ul Uoronpal pue sapojng

SHUE[Y "N 1B 9JJBWAY  SSIUNIIY) dATEA PIONPAI PLIE 33 535385ns 4o Jo yymoid oN payseBEns amoeers JO-UNI I2JEMUSITJ DULIBIQ0ID 3O (%S~)  0061-001C
: : ‘ 'S5 JO Qg9 Ul uonardop Temsaydno dUBPUNQE ‘BIJIUTUIRIOJ
Jo a8ejuadiad moT X Qg9 JO $aN[BA JANISO] MO] 15933NS BIJIUTIIRIOJ
pue o1jeI ATUIoRY] WOoI1j POPIOdI [[ef JO Og;Q S YONS
O on JO SIN[EA Qg @ SABISO
Y31y ‘onjer ALI0[YD) MO urel Mo[ A[PuaIXyg sarxoxd xg suor3ax parrea
wo1j pajrodar st Ayrprre
peaxdsapim jo porrad y
[8z—-12] (Ur2I3Y]) $OUIIJAX sp
g _ [ve—zel [1€-6T 1] o7 ¢ paredqires
s Suomw wﬁ MM:n u: 10, ©d cﬁﬁﬂoﬂw 10 s Suuh_mmm@%uﬂ 0 Apg  UEWO WOLSPIOIAT  BIPUJ WO} SPI0331 (spaoa :.MEMMMMEQ ¥ ﬁmmsf o:vwﬁhﬂuﬁw& (dd
P HewIp pHIom S UBIqely UISIION P [ g Jo Aeg watosppds swatospds JAMS) Sp PUIM N MS) SP. 14) spouad

©a§ ueIqely UIaseayinog

©IG UBIQRIY UIAISIAN st




Journal of Geological Research

SJeWIId pruIny ‘wrrem
Suneorpur onuepy
IoN] Je a8ejuaorad
9)TJBUIDH JO ONJBA MO

a3eyuaniad

9)IJBWIdY] UT 9SBIIOUT
JOLIQ pUE JSTI BPNUILIdG
1e 3urjooo 98y 2]
S[II[ M SNOUOIYDUASG

2)eWI [00D

a1 $35933ns onueny'N
1B )WY JO O

o) ur puary Sursearduy

(porrad

WLIEM TRAJTPIIN) dNIUBNY
1I0N] Je d8ejuadiad
9)TJBUWIDH JO aN[EA MO

JNMS
Suomns 1s933ns agn.t s

JO Qg9 MO[ puE IyoRIRY
JJO SSaWIIY) dATRA YSTH

INMS
Jeam s3sa33ns Lagn.s

5D JO 0@ Yty pue
wwoﬁvﬁuﬁt SATBA I9MOT

8uans
UoO0SuOuI Yeam $3sa33ns
SSAUDIY) ATEA JOMO']

TAMS Yeam 23 $3s933ns
4241159 JO O g9
ur asearour dreys pue
SSAUDIY) QATBA JOMO]

(VI €9) NMS
Jeam s3sa33ns Lagn.s

D JO 0419 Y81y pue
SSIUIIY) JATRA TOMO]

dTude[el§ uew

Jo yamo1d oN
puan Sururpap
© SMOUS 9SIBYDSIP IOALL
enndeuryerg-saduen)
oyrwudere)s

UBW(Q Ul P10
Qg9 Ul 3seaiour
£q paysaddns
uonejdnaid
paonpay

uonejrdnaid
pauayiduans
qISuaIIS NS PONPaI  9)eDIPUI SINEA
3UnedIPUT UOISINOXD (4@ WAYI03[ds Ur
aAn1s0d 1IqIYXd Qg @ UOISINIX 2ATIBIN
ot yead Jy3ips e 10y

UoOnIpuUOd pLie
ue 15933ns yorym
Qg UT dsearour

a1} SpI0031
oTwidere)s uewr

SUOT)IPUOD
prre 1sa33ns
san[eA O 1YSIH

SaARD TARSR[RYY
pue Yyepue(
Wo1j PIPIOIAT SEM
[TeJ urer moy A19A
jouni
19431y $35933ns
P10231 O¢g; @
I9MO[ 9} ‘S9ARD
1ae3e[eyy pue ejog
Temsaydno) yepue
WIo1j Ul uaas se
paseadul [[ej urey
saAed TEMS)dND)
pue Sepueq
WOy pa1Iajur
[1ey ures ysry

pI0d21 swayj0a7ads
Qg9 Ul 3searour
£q pa1sadsns
uoneyrdoard
paonpay
waoafads yepueq
33 Temsaydnoy
Ut papI0da1
[[EJUTeI JO pud1}
Surseardur smoys
Ogr9 ur uonadaq

uoneyrdmnaid
paonpar uonesIpur
SOARD Yepue(]
1B PaAIdSqoO ANIpLIy

SoARD Yepue(
pue remsaydno
Je PopI0231
[[eJ UreI Mo

puon
Surseanur ue smoys JNMS

INMS
Jeam 15a83ns Lafinoovs so
pUE L2qr.t S5 JO SPI0dAT

Qg1 @ 24} Ul osealdU]

NEYTRR
SO pue L1 sH JO Qg
ur asea1dout £4q paysadans
dq 14005~ e pa1ajud
JuaA? uonyeyrdmoard
padnpal ‘gount Mo
dq 14058~ 18 pa1ajud
A)1p1Ie Jo JuaAd I0(ew
$15983ns eog ueIqRIY
JSB2 JO AJTUTTES UT 9SLIOUT
0 aNp JO 43finaovs
'SD) pUe Lagn. s
SPI03I g, @ UT 35BIIDU]

1afynaovs
SO pue 4agnt 5 JO OgQ
UL QUIIP U2PPNs oy}

Aq paydapar 4g 1K 0011~
18 D2J21UdD 1UIAD DIIE UY

JAMS
Suons 15933ns saprong

80 jo dduepunqe YSIg

JUISAIJ—(0G

NMS Suons
a1 $3s933ns saprojng

30 Jo souepungqe ySiy

001-00¢

TAMS Yeam s3s233ns
sap1ojjnq vu1ia319010
JO dduBpUNgER MO] AIA

00€-00¥

AMS
Suons s3sa83ns saprojng

85 jo dduepunqe YSIg

00%—00S

JNMS Yeam s3saddns
aouBpUNqE SIPL0jINg
80 3o puan Surseaddq

005-008

TAMS Yeam 23 s1s933ns
sap1ojjnq vu1ia319019
JO dduepuUNqe MO[ AToA

008—000T

JNMS pauayeam
03 anp Juramdn

Jeam Apueoyrudis
15933ns sarxoxd
I97)0 X duepUNqE

000T—00CT



Journal of Geological Research

TaBLE 2: A few of the important proxies/archives used for monsoon reconstruction and their significance.

Proxies/archives discussed in the

S No. present work

Significances of each proxies

Oxygen isotopes of foraminifera reflect the isotopic composition of the seawater
that depends on salinity and temperature. Eastern Arabian Sea receives abundant

Oxygen isotopes of Speleothems
and Foraminifera

(1

fresh water as either direct precipitation or runoff from the adjacent Western Ghats
during the Southwest monsoon. This reduces the sea surface salinity (SSS) that is

reflected in negative excursion in the oxygen isotopic composition of planktic

foraminifera.

The spatial distribution of Globigerina bulloides in the world ocean shows that it is
dominant in temperate subpolar water mass and thus the only likely cause for high
abundance in low latitude areas (tropical oceans) has been upwelling induced

Globigerina bulloides abundance in
tropical oceans

(2)

productivity. The initiation of upwelling in the western Arabian Sea and the
subsequent increase in Globigerina bulloides flux indicates that foraminiferal
population respond within a few weeks to changes in near surface hydrography,

which has been demonstrated in studies from Western Arabian Sea Sediment Trap
data. The enhanced upwelling in the Arabian Sea, especially western region, is
strongly correlated to Southwest monsoon.

Kinetic isotope effects during photosynthesis cause preferential uptake of 12C in the
organic matter, which enriches the ambient dissolved bicarbonate in heavier

(3) Carbon isotopes of foraminifera

isotopes (**C). The foraminifera secreting calcareous shells in equilibrium with the
ambient water will record these isotopic signatures. Thus a higher §>C value

probably corresponds to an enhanced rate of photosynthesis in the euphotic layer
that indicates an increase in productivity relatable to stronger monsoon.

Due to lack of oxygen in Oxygen Minima Zone, the anaerobic bacteria utilize NO;~
for the decomposition of organic matter. During this process they preferentially
consume NO; ™~ with lighter isotope ("*N), thus enriching the residual nitrate in the

Nitrogen Isotopes of sedimentary
Organic matter

(4)

heavier isotope, which gets upwelled to the sea surface and is taken by the
organisms as a nutrient. This enriched nitrogen isotopic signature is preserved even

when the organic matter settles down and gets preserved in sea sediments. Thus a
high 6N can be related to increased denitrification, which in turn is controlled by
the productivity increase relatable to monsoon strength.

Total Organic Carbon (TOC) preserved in the sea sediments is derived from the
particulate organic carbon (POC, the carbon content of particulate organic matter)
and is a manifestation of the overhead primary productivity if there are no
alterations after the deposition. The overhead rain of calcitic shells is a major

Total Organic Carbon & Inorganic
Carbon

(5)

constituent of the sea sediments. It has been observed that during the monsoon
season in the Arabian Sea, 50-60% of the total flux to the bottom is composed of

calcitic material. Thus calcium carbonate percentage in the sea sediments can
indicate the overhead productivity provided the core has been raised from depths
above the lysocline (~3800 m in the Arabian Sea) and there is no contamination
from the terrigenous inputs

time scales then we find that monsoon records from varied
realms exhibit similar trends.

Fleitmann et al. [32] deciphered declining SWM pre-
cipitation during the Holocene based on speleothems from
Oman. But this region is near the edge of the monsoon
precipitation and receives very little rain as compared to the
Indian subcontinent. Moreover, such arid/semiarid regions
with dynamic karstic terrains have been reported to have
long residence time of water up to decades [88]. Also, the
strong evaporation in such regions could greatly alter the
8180 of precipitation during infiltration and in the upper
portion of the vadose zone [89], making such reconstruc-
tions somewhat ambiguous. In the western Arabian Sea
during the Holocene, a few of the SWM wind intensity,
based proxies (e.g., content of G. bulloides—a calcareous

micro-organism flourishing in the cooler, upwelled waters
during SWM season) showed that monsoon winds have
been declining, following the reduction in insolation. On
the other hand, studies from the eastern Arabian Sea, which
record SWM precipitation, have indicated otherwise. The
eastern Arabian Sea receives abundant fresh water as either
direct precipitation or runoff from the adjacent Western
Ghats (Sahyadri Hills) that induces intense orographic
precipitation during the SW monsoon. This reduces the
sea surface salinity (SSS) that is reflected in the oxygen
isotopic composition (6130) of planktic foraminifera. Such
reconstructions have indicated increasing strength of SWM
precipitation during the Holocene [21, 22, 27]. Similarly,
Agnihotri et al. [28] have found increasing productivity
during the Holocene based on denitrification intensity
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(8'°N), which is relatable to SWM strength. To resolve this
apparent contradiction between the studies from the western
and the eastern margins of the Arabian Sea, Tiwari et al. [10]
studied productivity proxies from the western Arabian Sea.
They found out that the reason for declining trend observed
in the planktic carbonate production (relative abundance
(%) of G. bulloides—[19] and declining %CaCO3;—([10])
is the preference to silicate productivity over calcareous
productivity during periods of enhanced monsoon winds.
During initial stages of SWM (weaker monsoon winds),
upwelling takes place from shallower regions bringing nitrate
and phosphate to the surface that supports calcareous
microorganisms. But as the monsoon progresses and the
winds became stronger, upwelling takes place from the
deeper waters, injecting silicate to the photic zone, which
enhances siliceous productivity [90, 91]. This has been
observed in sediment records of past climate as well [45,
92]. Other productivity indicators (organic carbon, §'°N,
813C of three species of foraminifera) analyzed by Tiwari
et al. [10] unambiguously indicate strengthening monsoon
during Holocene, unlike insolation that declines during
the same period. This multiproxy result indicates that, on
sub-Milankovitch, multi-millennial timescales, monsoon is
predominantly governed by internal feedback mechanisms
and lagged summer insolation maxima by several thousand
years, as noted earlier by Clemens et al. [49].

4. Conclusions

In essence, the above discussion shows that there exists a
large spatial variability in monsoon records, which becomes
more pronounced on shorter timescales. But on longer
time scales, a more coherent picture emerges. On glacial-
interglacial time scales, SWM was stronger (weaker) during
the warmer (colder) periods, with a minimum during the
Last Glacial Maximum. During deglaciation, monsoon fluc-
tuated widely with weaker monsoons during colder episodes
such as Younger Dryas and stronger monsoons during warm
episodes such as Bolling-Allerad. During the early Holocene,
a widely reported SWM maximum is followed by a decline.
Thereafter, during the Holocene, the SWM either stayed
uniform or showed decline only after the mid-Holocene,
which needs to be verified further with accurately dated
records from both the western and eastern Arabian Sea
margins. During the Holocene, monsoon did not decline
following the reducing insolation, which highlights the
importance of internal feedback mechanisms. On short time
scales (millennial to subcentennial), a period of widespread
aridity is reported at ~2000 yr BP followed by arid periods
at ~1500yr BP, ~1100yr BP, ~850yr BP, and ~500yr BP
[23]. On such short time scales (centennial to subcentennial),
monsoon has been reported to follow insolation [93]. This
highlights complex dynamics of SWM at different timescales.
This intercomparison of monsoon records from different
regions show that despite the considerable spatial variability
in monsoon strength, it increases during warmer periods
in general. This indicates that monsoon may strengthen in
the future scenario of global warming that corroborates the
model results represented in IPCC AR4. An understanding

of this requires systematic studies covering various regions
under the SWM realm using multiple proxies at different
spatiotemporal scales.

Acknowledgments

The authors thank ISRO-GBP for funding. M. Tiwari thanks
the Director-NCAOR for encouragement. A. K. Singh thanks
Delhi University for support. This is NCAOR Contribution
no. 06/2011.

References

[1] R. Ramesh and M. G. Yadava, “Climate and water resources of
india,” Current Science, vol. 89, no. 5, pp. 818-824, 2005.

[2] R.Ramesh, “High resolution holocene monsoon records from
different proxies: an assessment of their consistency,” Current
Science, vol. 81, no. 11, pp. 1432-1436, 2001.

[3] M. Tiwari, S. Managave, M. G. Yadava, and R. Ramesh,
“Spatial and temporal coherence of paleomonsoon records
from marine and land proxies in the indian region during
the past 30ka,” in Platinum Jubilee Special Publication of the
Indian Academy of Sciences, N. Mukunda, Ed., pp. 517-535,
Bangaluru, India, 2009.

[4] R. Ramesh, M. Tiwari, S. Chakraborty, S. Managave, M. G.
Yadava, and D. K. Sinha, “Retrieval of south asian monsoon
variation during the holocene form natural climate archives,”
Current Science, vol. 99, no. 12, pp. 1770-1786, 2010.

[5] R. Korisettar and R. Ramesh, “The indian monsoon: roots,
relations and relevance,” in Archaeology and Interactive Dis-
ciplines, S. Settar and R. Korisettar, Eds., vol. II of Indian
Archaeology in Retrospect, pp. 23-59, Indian Council of
Historical Research, Manohar Publications, New Delhi, India,
2002.

[6] A. K. Singh, M. G. Yadava, and R. Ramesh, “High resolution
monsoon records from land and the ocean: what have
we learnt during the last decade?” Jal Vigyan Sameeksha
(Hydrology Review), vol. 22, pp. 177-190, 2007.

[7] P. J. Webster, “The elementary monsoon,” in Monsoons, J. S.
Fein and L. Stephens, Eds., pp. 3-32, John Wiley & sons, New
York, NY, USA, 1987.

[8] P.J. Webster, V. O. Magana, T. N. Palmer et al., “Monsoons:
processes, predictability, and the prospects for prediction,”
Journal of Geophysical Research C, vol. 103, no. 7, pp. 14451—
14510, 1998.

[9] R. R. Nair, V. Ittekkot, B. Haake et al., “Increased particle flux
to the deep ocean related to monsoons,” Nature, vol. 338, no.
6218, pp. 749751, 1989.

[10] M. Tiwar, R. Ramesh, R. Bhushan et al., “Did the Indo-Asian
summer monsoon decrease during the holocene following
insolation?” Journal of Quaternary Science, vol. 25, no. 7, pp.
1179-1188, 2010.

[11] A. Sarkar, R. Ramesh, S. K. Bhattacharya, and G. Rajagopalan,
“Oxygen isotope evidence for a stronger winter monsoon
current during the last glaciation,” Nature, vol. 343, no. 6258,
pp. 549-551, 1990.

[12] V. S. Kale, L. L. Ely, Y. Enzel, and V. R. Baker, “Geomorphic
and hydrologic aspects of monsoon floods on the narmada
and tapi rivers in central india,” Geomorphology, vol. 10, no.
1-4, pp. 157-168, 1994.

[13] M. Tiwari, R. Ramesh, B. L. K. Somayajulu, A. J. T. Jull, and
G. S. Burr, “Early deglacial (~19-17 ka) strengthening of the
northeast monsoon,” Geophysical Research Letters, vol. 32, no.
19, Article ID L19712, pp. 1-4, 2005.



10

(14]

(22]

S. R. Managave, M. S. Sheshshayee, R. Ramesh, H. P. Bor-
goankar, S. K. Shah, and A. Bhattacharyya, “Response of cellu-
lose oxygen isotope values of teak trees in differing monsoon
environments to monsoon rainfall,” Dendrochronologia, vol.
29, no. 2, pp. 89-97, 2011.

G. B. Pant and K. R. Kumar, Climates of South Asia. Belhaven
Studies in Climatology, Belhaven Studies in Climatology, John
Wiley & Sons, Chichester, NY, USA, 1997.

E Sirocko, M. Sarnthein, H. Erlenkeuser, H. Lange, M. Arnold,
and J. C. Duplessy, “Century-scale events in monsoonal
climate over the past 24,000 years,” Nature, vol. 364, no. 6435,
pp. 322-324, 1993.

E Sirocco, D. G. Sconberg, A. McIntyre, and B. Molfino,
“Teleconnections between the subtropical monsoon & high
latitude climates during the last glaciations,” Science, vol. 272,
pp. 526-529, 1996.

D. M. Anderson, J. T. Overpeck, and A. K. Gupta, “Increase
in the asian SW monsoon during the past four centuries,”
Science, vol. 297, no. 5581, pp. 596-599, 2002.

A. K. Gupta, D. M. Anderson, and J. T. Overpeck, “Abrupt
changes in the Asian Southwest monsoon during the holocene
and their links to the North Alantic ocean,” Nature, vol. 421,
no. 6921, pp. 354-357, 2003.

A. K. Gupta, M. Das, and D. M. Anderson, “Solar influence on
the indian summer monsson during the holocene,” Geophysi-
cal Research Letters, vol. 32, no. 17, Article ID L17703, pp. 1-4,
2005.

A. Sarkar, R. Ramesh, B. L. K. Somayajulu, R. Agnihotri, A. J.
T. Jull, and G. S. Burr, “High resolution holocene monsoon
record from the eastern arabian sea,” Earth and Planetary
Science Letters, vol. 177, no. 3-4, pp. 209-218, 2000.

M. Thamban, V. Purnachandra Rao, R. R. Schneider, and P. M.
Grootes, “Glacial to holocene fluctuations in hydrography and
productivity along the southwestern continental margin of
india,” Palaeogeography, Palaeoclimatology, Palaeoecology, vol.
165, no. 1-2, pp. 113-127, 2001.

M. Tiwari, R. Ramesh, M. G. Yadava, B. L. K. Somayajulu,
A.J. T. Jull, and G. S. Burr, “Is there a persistent control of
monsoon winds by precipitation during the late holocene?”
Geochemistry, Geophysics, Geosystems, vol. 7, no. 3, Article ID
Q03001, pp. 1-7, 2006.

M. Tiwari, R. Ramesh, B. L. K. Somayajulu, A. J. T. Jull,
and G. S. Burr, “Paleomonsoon precipitation deduced from a
sediment core from the equatorial indian ocean,” Geo-Marine
Letters, vol. 26, no. 1, pp. 23-30, 2006.

A.D. Singh, D. Kroon, and R. S. Ganeshram, “Millennial scale
variations in productivity and OMZ intensity in the eastern
arabian sea,” Journal of the Geological Society of India, vol. 68,
no. 3, pp. 369377, 2006.

O. S. Chauhan, E. Vogelsang, N. Basavaiah, and U. S. A. Kader,
“Reconstruction of the variability of the southwest monsoon
during the past 3ka, from the continental margin of the
southeastern arabian sea,” Journal of Quaternary Science, vol.
25, no. 5, pp. 798-807, 2009.

P. Govil and P. D. Naidu, “Evaporation-precipitation changes
in the eastern arabian sea for the last 68ka: implications
on monsoon variability,” Paleoceanography, vol. 25, article
PA1210, 11 pages, , 2010.

R. Agnihotri, S. K. Bhattacharya, M. M. Sarin, and B. L. K.
Somayajulu, “Changes in surface productivity and subsurface
denitrification during the holocene: a multiproxy study from
the eastern arabian sea,” Holocene, vol. 13, no. 5, pp. 701-713,
2003.

(29]

(30]

(39]

(41]

(42]

Journal of Geological Research

M. G. Yadava and R. Ramesh, “Past rain fall and trace element
variations in a tropical speleothem from india,” Mausam, vol.
52, pp. 307-316, 2001.

M. G. Yadava and R. Ramesh, “Monsoon reconstruction from
radiocarbon dated tropical indian speleothems,” Holocene, vol.
15, no. 1, pp. 48-59, 2005.

M. G. Yadava, R. Ramesh, and G. B. Pant, “Past monsoon
rainfall variations in peninsular india recorded in a 331 year
old speleothem,” Holocene, vol. 14, no. 4, pp. 517-524, 2004.
D. Fleitmann, S. J. Burns, M. Mudelsee et al., “Holocene
forcing of the indian monsoon recorded in a stalagmite from
southern oman,” Science, vol. 300, no. 5626, pp. 1737-1739,
2003.

U. Neff, S. J. Burns, A. Mangini, M. Mudelsee, D. Fleitmann,
and A. Matter, “Strong coherence between solar variability and
the monsoon in oman between 9 and 6 kyr ago,” Nature, vol.
411, no. 6835, pp. 290-293, 2001.

S.J. Burns, D. Fleitmann, M. Mudelsee, U. Neff, A. Matter, and
A. Mangini, “A 780-year annually resolved record of indian
ocean monsoon precipitation from a speleothem from south
man,” Journal of Geophysical Research D, vol. 107, no. 20, pp.
1-9, 2002.

O. S. Chauhan, D. V. Borole, A. R. Gujar, M. Antonio, P. G.
Mislanker, and C. M. Rao, “Evidences of climatic variations
during late pleistocene-holocene in the eastern bay of bengal,”
Current Science, vol. 65, no. 7, pp. 558-562, 1993.

H. R. Kudrass, A. Hofmann, H. Doose, K. Emeis, and
H. Erlenkeuser, “Modulation and amplification of climatic
changes in the northern hemisphere by the indian summer
monsoon during the past 80 kyr,” Geology, vol. 29, no. 1, pp.
63—-66, 2001.

O. S. Chauhan, “Past 20,000-year history of himalayan aridity:
evidence from oxygen isotope records in the bay of bengal,”
Current Science, vol. 84, no. 1, pp. 90-93, 2003.

M. E. Weber, M. H. Wiedicke, H. R. Kudrass, C. Hiibscher, and
H. Erlenkeuser, “Active growth of the bengal fan during sea-
level rise and highstand,” Geology, vol. 25, no. 4, pp. 315-318,
1997.

S. M. Ahmad, G. A. Babu, V. M. Padmakumari, and W. Raza,
“Surface and deep water changes in the northeast indian ocean
during the last 60 ka inferred from carbon and oxygen isotopes
of planktonic and benthic foraminifera,” Palaeogeography,
Palaeoclimatology, Palaeoecology, vol. 262, no. 3-4, pp. 182—
188, 2008.

H. Schulz, U. Von Rad, and H. Erlenkeuser, “Correlation
between arabian sea and greenland climate oscillations of the
past 110,000 years,” Nature, vol. 393, no. 6680, pp. 54-57,
1998.

U. Von Rad, M. Schaaf, K. H. Michels, H. Schulz, W. H.
Berger, and F. Sirocko, “A 5000-yr record of climate change
in varved sediments from the oxygen minimum zone off
Pakistan, Northeastern Arabian sea,” Quaternary Research, vol.
51, no. 1, pp. 39-53, 1999.

U. Von Rad, A. Liickge, W. H. Berger, and H. D. Rolin-
ski, “Annual to millennial monsoonal cyclicity recorded in
holocene varved sediments from the NE arabian sea,” Journal
of the Geological Society of India, vol. 68, no. 3, pp. 353368,
2006.

M. Staubwasser, F. Sirocko, P. M. Grootes, and M. Segl, “Cli-
mate change at the 4.2ka BP termination of the indus valley
civilization and holocene south asian monsoon variability,”
Geophysical Research Letters, vol. 30, no. 8, pp. 7-1, 2003.

M. Staubwasser, E. Sirocko, P. M. Grootes, and H. Erlenkeuser,
“South Asian monsoon climate change and radiocarbon in the



Journal of Geological Research

arabian sea during early and middle holocene,” Paleoceanogra-
phy, vol. 17, no. 4, pp. 15-1, 2002.

G. J. Reichart, M. Den Dulk, H. J. Visser, C. H. Van Der
Weijden, and W. J. Zachariasse, “A 225 kyr record of dust sup-
ply, paleoproductivity and the oxygen minimum zone from
the murray ridge (Northern Arabian Sea),” Palaeogeography,
Palaeoclimatology, Palaeoecology, vol. 134, no. 1-4, pp. 149—
169, 1997.

M. Staubwasser, “An overview of holocene south asian mon-
soon records - monsoon domains and regional contrasts,”
Journal of the Geological Society of India, vol. 68, no. 3, pp. 433—
446, 2006.

W. Dansgaard, S. J. Johnsen, H. B. Clausen et al., “Evidence
for general instability of past climate from a 250 kyr ice-core
record,” Nature, vol. 364, no. 6434, pp. 218-220, 1993.

G. Bond, B. Kromer, J. Beer et al., “Persistent solar influence
on north atlantic climate during the holocene,” Science, vol.
294, no. 5549, pp. 2130-2136, 2001.

S. C. Clemens, W. Prell, G. Murray, G. Shimmield, and G.
Weedon, “Forcing mechanisms of the indian ocean monsoon,”
Nature, vol. 353, no. 6346, pp. 720725, 1991.

K. Wrytki, “Physical oceanography of the indian ocean,” in
The Biology of the Indian Ocean, B. Zeitzschel, Ed., pp. 18-36,
Springer-Verlag, New York, NY, USA, 1973.

F. Schott, J. C. Swallow, and M. Fieux, “The Somali current
at the equator: annual cycle of currents and transports in
the upper 1000 m and connection to neighbouring latitudes,”
Deep Sea Research Part A, vol. 37, no. 12, pp. 1825-1848, 1990.
R. L. Smith and J. S. Bottero, “On upwelling in the arabian
sea,” in A Voyage of Discovery, M. Angel, Ed., pp. 291-304,
Pergamon Press, New York, NY, USA, 1977.

E A. Schott and J. P. McCreary, “The monsoon circulation of
the indian ocean,” Progress in Oceanography, vol. 51, no. 1, pp.
1-123,2001.

J. P. McCreary and P. K. Kundu, “A numerical investigation of
sea surface temperature variability in the arabian sea,” Journal
of Geophysical Research, vol. 94, no. 11, pp. 16-114, 1989.

R. R. Rao and R. Sivakumar, “Seasonal variability of near-
surface thermal structure and heat budget of the mixed layer of
the tropical indian ocean from a new global ocean temperature
climatology,” Journal of Geophysical Research , vol. 105, no. 1,
pp. 985-1015, 2000.

J. M. Morrison, “Inter-monsoonal changes in the T-S prop-
erties of the near-surface waters of the northern arabian sea,”
Geophysical Research Letters, vol. 24, no. 21, pp. 25532556,
1997.

F. Schott and J. Fischer, “Winter monsoon circulation of
the northern arabian sea and somali current,” Journal of
Geophysical Research , vol. 105, no. 3, pp. 6359—6376, 2000.

B. Haake, V. Ittekkot, T. Rixen, V. Ramaswamy, R. R. Nair,
and W. B. Curry, “Seasonality and interannual variability of
particle fluxes to the deep arabian sea,” Deep-Sea Research Part
I, vol. 40, no. 7, pp. 1323-1344, 1993.

S. R. Shetye, “Seasonal variability of the temperature field
off the south west coast of india,” Proceedings of the Indian
Academy of Sciences, vol. 93, no. 4, pp. 399-411, 1984.

K. Banse and C. R. McClain, “Winter blooms of phytoplank-
ton in the arabian sea as observed by the coastal zone colour
scanner,” Marine Ecology Progress Series, vol. 34, pp. 201-211,
1986.

M. Madhupratap, S. P. Kumar, P. M. A. Bhattathiri et al,,
“Mechanism of the biological response to winter cooling in
the northeastern arabian sea,” Nature, vol. 384, no. 6609, pp.
549-552, 1996.

11

[62] L. A. Codispoti, “Primary productivity and carbon and

nitrogen cycling in the arabian sea,” in U.S. JGOFS: Arabian
Sea Process study, S. L. Smith, K. Banse, J. K. Cochran et al,,
Eds., vol. 13, U.S. JGOFS Planning Report, 1991.

R. T. Barber, J. Marra, R. C. Bidigare et al., “Primary
productivity and its regulation in the arabian sea during 1995,
Deep-Sea Research Part II, vol. 48, no. 6-7, pp. 1127-1172,
2001.

P. M. A. Bhattathiri, A. Pant, S. Sawant, M. Gauns, S. G. P.
Matondkar, and R. Mohanraju, “Phytoplankton production
and chlorophyll distribution in the eastern and central arabian
seain 1994-1995,” Current Science, vol. 71, no. 11, pp. 857862,
1996.

S. W. A. Naqvi, “Some aspects of the oxygen-deficient
conditions and denitrification in the Arabian sea,” Journal of
Marine Research, vol. 45, no. 4, pp. 1049-1072, 1987.

D. B. Olson, G. L. Hitchcock, R. A. Fine, and B. A. Warren,
“Maintenance of the low-oxygen layer in the central arabian
sea,” Deep-Sea Research Part II, vol. 40, no. 3, pp. 673-685,
1993.

Y. You and M. Tomczak, “Thermocline circulation and
ventilation in the indian ocean derived from water mass
analysis,” Deep-Sea Research Part I, vol. 40, no. 1, pp. 13-56,
1993.

D. Spencer, W. S. Broecker, H. Craig, and R. E Weiss,
“GEOSECS indian ocean expedition 6,” Sections and Profiles,
U.S. Government Printing Office, Washington, DC, USA,
1982.

S. Z. Qasim, “Oceanography of the northern arabian sea,”
Deep Sea Research Part A, vol. 29, no. 9, pp. 1041-1068, 1982.

G. J. Reichart, M. D. Dulk, H. J. Visser, C. H. Van Der
Weijden, and W. J. Zachariasse, “A 225 kyr record of dust sup-
ply, paleoproductivity and the oxygen minimum zone from
the murray ridge (Northern Arabian Sea),” Palaeogeography,
Palaeoclimatology, Palaeoecology, vol. 134, no. 1-4, pp. 149—
169, 1997.

G. J. Reichart, L. J. Lourens, and W. J. Zachariasse, “Temporal
variability in the northern arabian sea oxygen minimum zone
(OMZ) during the last 225,000 years,” Paleoceanography, vol.
13, no. 6, pp. 607-621, 1998.

G. J. Reichart, S.J. Schenau, G. J. De Lange, and W. J. Zachari-
asse, “Synchroneity of oxygen minimum zone intensity on the
oman and pakistan margins at sub-milankovitch time scales,”
Marine Geology, vol. 185, no. 3-4, pp. 403—415, 2002.

M. A. Altabet, M. J. Higginson, and D. W. Murray, “The effect
of millennial-scale changes in arabian sea denitrification on
atmospheric CO,,” Nature, vol. 415, no. 6868, pp. 159-162,
2002.

W. L. Prell, W. H. Hutson, D. F. Williams, A. W. H. Be, K.
Geitzenauer, and B. Molfino, “Surface circulation of the indian
ocean during the last glacial maximum, approximately 18
000yr BP” Quaternary Research, vol. 14, no. 3, pp. 309-336,
1980.

R. A. Bryson and A. M. Swain, “Holocene variations of
monsoon rainfall in rajasthan,” Quaternary Research, vol. 16,
no. 2, pp. 135-145, 1981.

P. D. Naidu and B. A. Malmgren, “A high-resolution record of
late quaternary upwelling along the oman margin, arabian Sea
based on planktonic foraminifera,” Paleoceanography, vol. 11,
no. 1, pp. 129140, 1996.

P. D. Naidu and B. A. Malmgren, “Seasonal sea surface
temperature contrast between the holocene and last glacial



12

(84

(85

(86

(87

(91

]

]

period in the western arabian sea (Ocean Drilling Project Site
723A): modulated by monsoon upwelling,” Paleoceanography,
vol. 20, no. 1, pp. 1-9, 2005.

T. S. Ivanochko, R. S. Ganeshram, G. J. A. Brummer et al,,
“Variations in tropical convection as an amplifier of global
climate change at the millennial scale,” Earth and Planetary
Science Letters, vol. 235, no. 1-2, pp. 302-314, 2005.

A. Brauning and J. Griebinger, “Late Holocene variations in
monsoon intensity in the Tibetan-Himalayan region-evidence
from tree rings,” Journal of the Geological Society of India, vol.
68, no. 3, pp. 485-493, 2006.

Y. Enzel, L. L. Ely, S. Mishra et al., “High resolution holocene
environmental changes in the thar desert, northwestern india,”
Science, vol. 284, no. 5411, pp. 125-128, 1999.

R. Agnihotri, K. Dutta, R. Bhushan, and B. L. K. Somayajulu,
“Evidence for solar forcing on the indian monsoon during the
last millennium,” Earth and Planetary Science Letters, vol. 198,
no. 3-4, pp. 521-527, 2002.

R. Ramesh and M. Tiwari, “Comment on “Monsoon related
changes in sea surface productivity and water column denitri-
fication in the eastern arabian sea during the last glacial cycle®
by V.K. Banakar, T. Oba, A.R. Chodankar, T. Kuramoto, M.
Yamamoto, M. Minagawa,” Marine Geology, vol. 238, no. 14,
pp. 119-120, 2007.

R. Ramesh, M. S. Sheshshayee, and M. Tiwari, “Significance of
0N variations in a sediment core from the equatorial Indian
Ocean during the past ~35ka,” Current Science, vol. 93, no. 6,
pp. 840-843, 2007.

A. Bhattacharyya, P. S. Ranhotra, and S. K. Shah, “Temporal
and spatial variations of late pleistocene-holocene climate
of the western himalaya based on pollen records and their
implications to monsoon dynamics,” Journal of the Geological
Society of India, vol. 68, no. 3, pp. 507-515, 2006.

N. R. Phadtare and R. K. Pant, “A century-scale pollen record
of vegetation and climate history during the past 3500 years
in the pinder valley, kumaon higher himalaya, india,” Journal
of the Geological Society of India, vol. 68, no. 3, pp. 495-506,
2006.

M. G. Yadava and R. Ramesh, “Stable oxygen and carbon
isotope variations as monsoon proxies: a comparative study
of speleothems from four different locations in india,” Journal
of the Geological Society of India, vol. 68, no. 3, pp. 461475,
2006.

A. Sinha, K. G. Cannariato, L. D. Stott et al., “Variability of
southwest indian summer monsoon precipitation during the
B@lling-Allemd,” Geology, vol. 33, no. 10, pp. 813-816, 2005.
A. Ayalon, M. Bar-Matthews, and E. Sass, “Rainfall-recharge
relationships within a karstic terrain in the eastern mediter-
ranean semi-arid region, israel: delta O-18 and delta D
characteristics,” Journal of Hydrology, vol. 207, no. 1-2, pp. 18—
31, 1998.

F. McDermott, “Palaeo-climate reconstruction from stable
isotope variations in speleothems: a review,” Quaternary
Science Reviews, vol. 23, pp. 901-918, 2004.

T. Rixen, B. Haake-Gaye, V. Ittekkot, M. V. S. Guptha, R.
R. Nair, and P. Schliissel, “Coupling between SW monsoon-
related surface and deep ocean processes as discerned from
continuous particle flux measurements and correlated satellite
data,” Journal of Geophysical Research C, vol. 101, no. 12, pp.
28569-28582, 1996.

T. Rixen, B. Haake, and V. Ittekkot, “Sedimentation in the
western arabian sea the role of coastal and open-ocean
upwelling,” Deep-Sea Research Part II, vol. 47, no. 9-11, pp.
2155-2178, 2000.

Journal of Geological Research

[92] D. W. Murray and W. L. Prell, “Pliocene to pleistocene
variations in calcium carbonate, organic carbon, and opal on
the owen ridge, Northern Arabian Sea,” Proceedings of ODP
Scientific Results, vol. 117, pp. 343-363, 1991.

[93] M. Tiwari and R. Ramesh, “Solar variability in the past and
palaeoclimate data pertaining to the southwest monsoon,”
Current Science, vol. 93, no. 4, pp. 477-487, 2007.



