Reconstruction of the Holocene monsoon climate vability in the
Arabian Sea based on alkenone sea surface temperaguiprimary

productivity and denitrification proxies

Dissertation

zur Erlangung des Doktorgrades an der Fakultd¥ithematik, Informatik und Naturwissenschaften
Fachbereich Geowissenschaften

der Universitat Hamburg

vorgelegt von
Anna Ball
aus

Hamburg

Hamburg, 2014



Tag der Disputation: 4. November 2014

Folgende Gutachter empfehlen die Annahme der Dagar:

Prof. Dr. Kay-Christian Emeis
und

Dr. Birgit Gaye



ZUSAMMENFASSUNG [

Zusammenfassung

Der Indische Monsun beeinflusst weite Teile uns&vedtbevolkerung. Allerdings sind
kurzfristige Monsunschwankungen auf fir den Mensctedevanten Zeitskalen (Jahrzehnte
bis Jahrhunderte) bisher wenig untersucht. Ziedatidrbeit ist es, holozdne Schwankungen
in der Entwicklung des Sommer- und des Wintermossum hoher Auflésung zu
rekonstruieren. Hierflir wurden verschiedene Sedikeene aus unterschiedlichen Gebieten
im Arabischen Meer analysiert. Die Ozeanographis Aeabischen Meeres und die dort
vorherrschenden biogeochemischen Prozesse, wiefl@ienwassertemperaturen (SST),
Priméarproduktion, Intensitdt der Zwischenwasseregstoffminimumzone  sowie
Denitrifizierung in der Wassersaule sind eng ansiesonalen Monsunzyklus gekoppelt.

Primarproduktion und SST im nordwestlichen ArabestiMeer werden hauptséchlich
durch Auftriebsprozesse gesteuert, die mit dem Semmonsun einhergehen, wohingegen
niedrige SST und erh6hte Primarproduktion im notldideen Arabischen Meer vor Pakistan
an die nordostlichen Winde des Wintermonsuns gedogind. In dieser Arbeit wurde ein
fein laminierter Sedimentkern vom Pakistanischentit@ntalhang genutzt, um die Intensitat
des Wintermonsuns wahrend des spéaten Holozans her uflosung zu rekonstruieren.
Hierfir habe ich verschiedene Primarproduktionskaidren (organischer Kohlenstoff,
Karbonate/Opal3'°N) sowie Alkenone zur Bestimmung von SST-Anderungealysiert
(Kapitel 3). Die rekonstruierten SST nehmen wahréadletzten 2400 Jahre ab, wohingegen
die Primarproduktion zunimmt, was auf eine lang ateémde Verstarkung des
Wintermonsuns zuriickzufthren ist. Ein Vergleich meeiWintermonsun-Rekonstruktion mit
Aufzeichnungen zur Sommermonsunaktivitat zeigtsdasin der asiatischen Monsunregion
wéahrend des spéaten Holozans einen inversen Zusanamgizwischen Sommermonsunstérke
und Wintermonsunintensitat gegeben hat. Dieser rdosenhang zwischen Sommer- und
Wintermonsunaktivitat wird hdochstwahrscheinlich @ulangfristige Verschiebungen in der
Breitengradposition der Intertropischen Konverg@oane (ITCZ) verursacht, die wiederum
durch Anderungen in der solaren Einstrahlung aiedetn werden.

Der Vergleich von zwei SST-Rekonstruktionen, didard von Alkenon-Analysen an
einem Sedimentkern aus dem Sommermonsun dominieciglwestlichen Arabischen Meer
und an einem Sedimentkern aus dem vom Wintermorseginflussten nordostlichen
Arabischen Meer durchgefuhrt wurden, zeigt, dasseli antagonistische Verhalten von
Sommer- und Wintermonsunstarke auch wéahrend detetet25000 Jahre existiert hat

(Kapitel 4). Starker Auftrieb vor der Kiste des diithen Oman spiegelt eine verstarkte
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Aktivitat des Sommermonsuns wahrend des frihen #dmlen Klimaoptimums wider.
Zeitgleich dazu lassen ansteigende SST vor Pakistah eine Abnahme der
Wintermonsunstarke schlieRen. Die seit dem frihetot#in einsetzende Verstarkung der
Wintermonsunaktivitat wurde hochst wahrscheinliclhurcth eine siddwarts gerichtete
Verschiebung der ITCZ angetrieben.

Die Alkenone-SST-Rekonstruktion des spaten Holozéans dem norddstlichen
Arabischen Meer zeigt eine enge Korrelation zu Hémaaufzeichnungen des asiatischen
Kontinents und der héheren Breiten der Nordhemisphaf Zeitskalen von Jahrzehnten und
Jahrhunderten. Dabei fuhren kéltere Klimabedingungge sie z. B. wéahrend der kleinen
Eiszeit beobachtet wurden, zu einer Verstarkung raedostlichen Monsunwinde und zu
einer Abnahme der SST im norddstlichen ArabischeeM

Kapitel 5 befasst sich mit der zeitlichen und rdohen Variabilitat der
Sauerstoffminimumzone (OMZ) im Arabischen Meer vediar des Holozans. Weiterhin
wurde der Zusammenhang zwischen OMZ-Intensitat Anderungen in der Monsunstarke
untersucht. Hierfir wurde ein Sedimentkern vom kwaritalhang vor Nord-Oman, der das
spate und mittlere Holozan umfasst, auf untersdiblesl Indikatoren zur Zwischenwasser-
Sauerstoffanreicherung und Stidwestmonsunstarkgsierl Der Vergleich meingr™N und
Mn/Al Daten mit anderen Datenséatzen zur Denitgfimng und Sauerstoffversorgung aus
dem nordlichen Arabischen Meer zeigt, dass sichkeen der OMZ wahrend des Holozans
von Nordwestern (frihes Holozan) nach Nordosterdtésp Holozan) verlagert hat. Diese
Verschiebung wird zum einem durch eine Reorgamisatier Zwischenwasser-Zirkulation
(Sauerstoffzufuhr) im noérdlichen Arabischen Meeruwsacht, die durch den Anstieg des
Meeresspiegels hervorgerufen wurde. Hinzu kommedeAmgen in der Monsunintensitét,
die sich regional unterschiedlich auf die Primaduktion (Sauerstoffbedarf) des Arabischen

Meeres ausgewirkt haben.
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Abstract

The Indian monsoon climate influences large paftghe world’s population. But
relatively little is known about its decadal to tamial scale variation at time scales of
societal relevance. The aim of this study was tmmstruct the Holocene history of summer
and winter monsoon variability in high-resolution &nalyzing sediment cores from different
locations in the Arabian Sea (northern Indian O¥e@ueanic properties and biogeochemical
processes in the Arabian Sea, such as sea sugfaperature (SST), primary productivity and
the intensity of the mid-water oxygen minimum zarel water column denitrification are
closely coupled to the seasonal monsoon cycle.

While primary productivity and SST in the northwerst Arabian Sea are mainly
impacted by upwelling processes associated withstimemer monsoon, in the northeastern
Arabian Sea off Pakistan low SST and high primamydpctivity are driven by the north-
easterly winds of the winter monsoon. Based on tiiglern setting, | analyzed alkenone-
derived SST changes together with proxies of priymproductivity (organic carbon,
carbonate/opab™N) in a well-laminated sediment core from the Pakisontinental margin
to establish a high-resolution record of winter wmon strength for the late Holocene
(chapter 3). Over the last 2400 years reconstru88d@ decreased whereas productivity
increased, reflecting a long-term trend of wintemsoon strengthening. A comparison of my
winter monsoon record with records of summer monssiwength shows that an inverse
relationship of summer and winter monsoon streegthts in the Asian monsoon region over
the late Holocene. The linked variation of summed ainter monsoon strength most likely
was caused by shifts in the long-term latitudinasipon of the Intertropical Convergence
Zone (ITCZ), forced by changes in solar output.

Reconstruction and comparison of alkenone-derivEBd Patterns from two sediment
cores, one from the summer monsoon dominated nesttenn Arabian Sea and one from the
winter monsoon influenced northeastern Arabian 8=agal that this antagonistic behavior of
summer and winter monsoon strength was also evmentthe last 25,000 years (chapter 4).
Strong upwelling at the coast of northern Omarertf intensified summer monsoon activity
during the early Holocene climate optimum, conterapeous with a decline in winter
monsoon strength as indicated by increasing SSTPaKistan. Strengthening of winter
monsoon activity since the early Holocene was fbrbg a southward displacement of the
ITCZ throughout the Holocene.
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The late Holocene alkenone-based SST record frenmditheastern Arabian Sea shows
a close correlation to decadal to centennial sciteate variability recorded on the Asian
continent and the high-latitude Northern Hemisph@ader climate conditions (as observed
during the Little Ice Age) increase the strengtmoftheast monsoonal winds and lower SST
in the northeastern Arabian Sea.

Chapter 5 deals with the temporal and spatial lditia of the Arabian Sea oxygen
minimum zone (OMZ) over the Holocene and its relatto varying monsoon strength.
Proxies of mid-water oxygenation and southwest monsstrength were analyzed in a
sediment core from the northern Oman Margin repriasg the late and mid Holocene. The
comparison of mys®N and Mn/Al records with other records of denitifiion and
oxygenation from the northern Arabian Sea shows tia location of the core OMZ has
shifted from the northwest (early Holocene) to tluetheast (late Holocene) throughout the
Holocene. This shift was caused by a reorganizatfanid-water circulation (oxygen supply)
in the northern Arabian Sea due to sea level wgether with spatial differences in the
response of primary productivity (oxygen demandjanying monsoon activity.
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CHAPTER 1

1. Introduction

1.1. The Indian monsoon system

The Indian monsoon is a major component of ouralobmate system that affects large
parts of the world’s population. In the monsoonisagalmost 80% of the total annual
precipitation is supplied during the summer monsseason with far-reaching consequences
for the environment, economy and society of soutlesrd southeast Asia. Variations in the
onset of summer monsoon rains but also in the atnoluprecipitation can seriously affect
the livelihood of people living in countries infloeed by a monsoon climate (e.g., Clift and
Plumb, 2008). Thus, it is important to understdmel ¢ontrols of the monsoon and how it has
changed in the past.

The monsoon circulation is driven by solar triggeifferential heating of land and
ocean and the resultant development of atmosplmassure gradients. Increased solar
insolation in spring forces the Asian continenthiat faster than the Indian Ocean due to
differences in heat capacity and specific heatatiewand land (Webster, 1987). The warm air
over the continent starts to rise and a low atmesphpressure cell develops over the
continent and a cell of high pressure over thelsratindian Ocean, marking the onset of the
summer monsoon with low-level winds blowing frone ttouthwest (SW) (Figure 1.1a). Near
the equator the low-level trade winds converge mtband of low pressure, forming the
Intertropical Convergence Zone (ITCZ) that shifemsonally with the course of the sun.
Northward migration of the ITCZ at the beginningtibé summer monsoon supplies moisture
from the Indian Ocean to the Asian continent whiereauses heavy rainfall. The cross-
equatorial monsoon circulation and rainfall pattarae further strengthened by the orography
and high elevation of the Himalayan mountains (Rretl Kutzbach, 1992). In boreal winter
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the atmospheric pressure gradient reverses duMmaadlar insolation and faster cooling of
the Asian continent than the southern Indian Oc&hgr.ITCZ migrates to the south and dry,
continental, north-easterly winds prevail over &ngarts of India and the northern Indian
Ocean (Figure 1.2b).

Ocean Data View

40°E 60°E 80°E

Figure 1.1: The Indian monsoon system during (a) Northern Kphgre summer and (b) Northern Hemisphere
winter. Differences in atmospheric pressure foroeaanual reversal of low-level winds (gray arrovesid
seasonal shifts in the Intertropical ConvergenceeZfed dotted line). This drives the seasonal saleof

surface circulation in the Arabian Sea (dashedkdamows; redrawn from Schott and McCreary (2001)).

1.2. The northern Arabian Sea and the seasonal mamsn cycle

The Arabian Sea is a semi-enclosed oceanic basheinorthern Indian Ocean, bordered
by the African continent in the west, the Arabiaenisula in the north and Pakistan and
India in the east. Oceanic properties and biogeod® processes in the Arabian Sea are
closely coupled to the seasonal monsoon cycle. stheh-westerly winds of the summer
monsoon cause that the surface circulation in thebidn Sea is clockwise during summer
while it reverses; now being anti-clockwise, durithg@ northeast monsoon in winter (Figure
1.1). The main monsoon driven oceanic propertieshef Arabian Sea will be described
below.

Sea surface temperature— Sea surface temperature (SST) changes in thtenor
Arabian Sea are mainly governed by upwelling preegsn summer and convective mixing

in winter (Figures 1.2a and 1.2c). The summer level jet stream over the northwestern
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(NW) Arabian Sea (Findlater Jet; Findlater, 196®)uces upwelling of cold and nutrient rich
waters along the coast of Somalia and Oman, soS8atin this region is low from July to
August (Hastenrath and Lamb, 1979). While the reatitern (NE) Arabian Sea is not
influenced by upwelling processes and SST remaiasmwduring summer, low solar
insolation together with enhanced evaporation duelry and continental winds from the
northeast cause convective deepening of the mayget land sea surface cooling off Pakistan
during the winter monsoon season (Prasanna KuntePeasad, 1996).

Primary productivity — The Arabian Sea is one of the most productiveanc regions
worldwide. Primary productivity is highly seasorahd closely coupled to the seasonal
monsoon cycle (Figures 1.2b and 1.2d). In the ebasgion of the NW Arabian Sea primary
production is elevated during the summer monsotenwupwelling of mid-waters associated
to south-westerly winds provides nutrients to fisgh rates of biological productivity.
Sediment trap studies from this region show thatigle fluxes reach values of up to 600 mg
m? day* from June to September (Haake et al., 1993; Nait.£1989; Rixen et al., 1996). In
the NE Arabian Sea, on the other hand, primary yotdty is most pronounced during the
winter monsoon (Banse and McClain, 1986; Madhuprataal., 1996). This second peak in
primary productivity is supported by the additiosapply of nutrients into the euphotic zone
through convective winter mixing.

Oxygen minimum zone -High rates of primary production and the subseqozpgen-
consuming mineralization of sinking organic mattegether with sluggish intermediate water
circulation (and thus low oxygen supply) favor abé¢ mid-water oxygen minimum zone
(OM2Z) between 200 and 1200 m water depth in théheon Arabian Sea (e.g., Olson et al.,
1993). Although primary productivity is highest ithe NW Arabian Sea, oxygen
concentrations at intermediate water depth are dowethe NE basin due to the inflow of
saline and warm water masses from the Red Sea argiaP Gulf and resultant weak
ventilation of the NE Arabian Sea.

Nitrogen cycle — Stable and year-round oxygen deficient condstiam intermediate
water depth make the Arabian Sea to one of the mugaitrification regions of the world
ocean (Bange et al.,, 2000; Bulow et al., 2010; Watr@l., 2009). Denitrification reduces
nitrate (NO3 ) to nitrite (NO; ) and gaseous nitrogen fi\and thus accounts for the main loss

of fixed nitrogen from the biosphere with implicais for carbon cycling and the biological
pump (Altabet et al., 2002). The Arabian Sea, femtiore, contributes to the oceanic loss of
nitrous oxide (NO) to the atmosphere since® an important green house gas, is produced
as a by-product of denitrification (Bange et al002). Overall, nitrogen cycling in the
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Arabian Sea is primarily dominated by denitrificati(nitrogen loss) and advective input of

nitrogen from the south (major nitrogen source)n@gaet al., 2000).

A) SST [°C] C) SST [°C]

©08 0.1 02 63 04 05 08 07 1 25 10 36

] S 7]
Q08 01 02 03 04 05 06 07 1 25 10 30

Chlorophyll a [mg/m?] Chlorophyll a [mg/m?]

Figure 1.2: Sea surface temperature (SST) and primary prodiycin the northern Arabian Sea during summer
(left panels) and winter monsoon (right panelsypestively. SST data are obtained from the WorldadcAtlas
2009 (Locarnini et al., 2010). Primary productivithanges are indicated by the chlorophyll a distiin
(satellite observations, available from http://gdasci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instade®dean

_month). Black arrows indicate prevailing wind difens.

1.3. Past climate variability and the Indian monson system

The strength of the Indian monsoon system was tablesthrough time but changed in
line with past global climate variability. Past dgas in the Earth climate, such as the
occurrence of glacial/interglacial cycles, weregdered by changes in the seasonal
distribution of solar radiation driven by long-texariations in the Earth’s orbit (eccentricity,
obliquity and precession), known as Milankovitchcleg. Glaciation of the Northern
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Hemisphere high-latitudes due to varying solaratoin has also affected the intensity of the
Indian summer monsoon through internal climate lbeedd mechanisms including snow
cover, surface albedo, land-sea thermal contradtthe long-term position of the ITCZ
(Figure 1.3). Thus, monsoon strength has variedlacial/interglacial cycles as a response to
changes in Northern Hemisphere solar insolationgdacial boundary conditions (Clemens et
al., 1991; Prell and Kutzbach, 1992). Climate ower last 100 kyrs fluctuated not only on
orbital time scales, but exhibits several abruptmvag events (Dansgaard-Oeschger events)
that were followed by more gradual cooling (Heihrievent) on sub-orbital time scales
(Dansgaard et al., 1993), and that were also teflem the intensity of the Indian summer

monsoon.

Orhital forcing

P

‘ 2
QP

Eccentricity (~100 kyr) Obliquity (~41 kyr) Precession (~21 kyr)

high solar J\/[ O low solar
Q;tion gﬁon
¢
K

high primary ) e ) .

L gh p low primary
<~ - productioh

productioh

Figure 1.3: Simplified overview of climate variability in th&rabian Sea region as a function of changing solar

radiation driven by long-term variations in the & orbit.

Summer monsoon intensity over southern Asia wangthened during periods of high
solar insolation and warm climate conditions on therthern Hemisphere (interglacial,
interstadial), while times of low solar insolatiand relatively colder climate on the Northern
Hemisphere (glacial, stadial) were linked to weaknsier monsoon winds (Clemens and
Prell, 1990; Schulz et al., 1998). Strong SW monsbwinds have driven intense upwelling,
high primary production and a pronounced OMZ areVatied denitrification in the Arabian
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Sea over interglacial and interstadial periods.(&qeis et al., 1995; Reichart et al., 1998;
Rostek et al., 1997). On the other hand, deniatifon was nearly absent (Altabet et al., 1999;
Suthhof et al.,, 2001) and primary production was lduring glacial and stadial periods
(Figure 1.3).

Recent studies have further shown that Holocemeat# was far from stable: Centennial
scale variations in the Asian summer monsoon sedbpe linked to cold, ice-rafting events in
the North Atlantic ('Bond event’; Bond et al., 2D@iat occurred with a cyclicity of about
1500 years (Gupta et al., 2003; Hong et al., 200B¢ initial forcing for the centennial to
decadal scale climate fluctuations over the Holeasrstill unclear but may be related to solar

activity associated with sunspot cycles (Bond gt28101; Neff et al., 2001).

1.4. Arabian Sea sediments — a recorder for monsomariability

Arabian Sea sediments provide a unique climatenaaf past monsoon variability. The
composition of sediments records the environmeatal climate conditions that prevailed
during their deposition. Elevated (monsoon drivprijnary productivity and a pronounced
OMZ cause high sedimentation rates and well presesediments at the continental margins
that enable the reconstruction of monsoon streagtihecadal to centennial scale resolution.
To reconstruct past variations in the oceanic emvirent of the Arabian Sea, | used different
sediment cores (Table 1.1) and analyzed differexdéqeeanographic proxies, which are

described below (Figure 1.4).

1.4.1. Alkenones as an indicator for sea surfacengerature variations

Long-chain alkenones §&Csg), synthesized by haptophyte algae, provide a well-
established proxy to estimate present and pastséace temperatures in the ocean (Brassell
et al., 1986; Prahl and Wakeham, 1987). The alket®8IT proxy is based on the ratio of di-
and tri-unsaturated fzalkenones that changes as a function of growthpéeature. The
alkenone-producing coccolithophoridSmiliania huxleyi and Geophyrocapsa oceanica
respond to an increase of growth temperature bgiymiag relatively higher amounts of di-
unsaturated &-alkenones, which is expressed in the alkenone tuwagebn index
Uf, =C37:4(Cs7:2+ Cs7:9). The U, -SST relationship can vary between oceanic regaomsis
determined through culture, water column and sediroere top calibrations (Herbert, 2003).
For this PhD thesis, | used a sediment core tdpredibn from the Indian Ocean (Sonzogni et
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al., 1997b) to translate thef, -index to sea surface temperature (SSTU5 {0.043)/0.033)).

In Arabian Sea sediments alkenones reflect an amnmean temperature signal of the upper
mixed layer (Sonzogni et al., 1997b).

1.4.2. The estimation of primary productivity changes

Several approaches exist to reconstruct past chamg@ceanic primary production
(contents and fluxes of biogenic remnants, orgamacker molecules, elements like Ba, Cd,
Cu, species composition of phytoplankton, proxieswface nutrient concentrations), each
on them having their own limitations and advantagsrger et al., 1994). Applicability of
the respective primary productivity proxies strgndépend on the studied oceanic region and
the prevailing environmental conditions.

One direct indicator of primary productivity is legison the production of organic matter
by phytoplankton growth under the availability aftrients and light at the sea surface and the
subsequent flow of particulate organic matter thiouhe water column to the seafloor.
However, only a small fraction of the organic mafieoduced by phytoplankton is preserved
in marine sediments. The content of organic mdtiat is buried in marine sediments is
further influenced by organic matter remineraliaatin the water column and sediment-water
interface and by its preservation in the sedimed) processes primarily being a function of
oxygen availability and sedimentation rate (Mukgrd Suess, 1979; Paropkari et al., 1992).
Nevertheless, sedimentary contents and fluxes ofdmic components, such as organic
carbon, opal and carbonate, trace past variationgrimary productivity in the highly
productive and oxygen poor waters of the Arabiaa &eg., Emeis et al., 1995; Schulz et al.,
1998).

1.4.3. Stable nitrogen isotopes

Nitrogen consists of the two stable isotog&¥ and *°N that occur with an natural
abundance of 99.64% and 0.36%, respectively (H@89). The ratio of the two stable
isotopes of nitrogen*{N/**N) is expressed a&°N, which is given as the per mil difference
from the N-isotope composition of atmospherig tNat has &N values of @o: 8N =
[(RsampleRstandar)/ Rstandard] 1000, where Rampieis the'®N/**N ratio of the sample andsRndard

is the'N/*N ratio of atmospheric N
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Incomplete transformation of nitrogen in the marm&ogen cycle (including nitrogen
fixation, ammonium and nitrate assimilation, amnfication, nitrification, denitrification,
anammox) is often associated with a kinetic frawiomn of stable nitrogen isotopes because
marine organisms usually prefer the lighter stabi¢ope'N over the heaviet°N isotope.
Thus, measurements 8f°N are used to study fluxes and processes in théenenaitrogen
cycle (e.g., Ganeshram et al., 2000; Gaye et @l32Naqvi et al., 1998). In this study,
sedimentans™N is used as a tracer for denitrification that mily reflects the intensity of
the OMZ. In oxygenated waters of the open oceantrithas an average’N value of about
5%0 (Sigman et al., 2000). Under low oxygen concemnst denitrification fractionates
nitrogen isotopes leaving the remaining nitrateictvd in*°N. This isotopically enriched
nitrate is transported into the euphotic zone \pavelling and mixing, gets assimilated by
phytoplankton uptake and sinks to the seafloor,apoing thes™N signature of marine
sediments (Altabet et al., 1995; Naqvi et al., 1998

DUST
oy MIATIA

"Lithogenic MAR Pakistan Margin

Oman Margin PRIMARY PRIMARY NE monsoon
oon OMZ INTENSITY
ons PRODUCTION PRODUCTION

15N

..,ﬁ% Alkenones : | " ] va,
P& 0 > ssT 1 M2t 1 -, « %
WIND ] 1 : &5 . »
STRENGTH [ ! [ . .
ZrIAl .. : OMZ : .. ten "“gr/Ca
1
° DENITRIFICAZION | ° ’I\D"I'EéiDE"\-lng
1
- ' -
[ 1 [ )
1
1
1
1
1
1

F-—=—=-=-=-=-=--

M74/1b
163SL
/(MC680)

TOC, carbonate, opal
S0130

275KL
S090
93KL

MDO00-2354

Figure 1.4: Overview of the different paleo-proxies (red) tlamé used in this study to reconstruct monsoon
driven processes in the northern Arabian Sea. Bsesethat are mainly driven by the SW monsoon are
illustrated in gray (Oman Margin) and NE monsooduiced processes are marked in black (Pakistan Margi
Biogeochemical processes related to oxygen minimane antensity are shown in blue. Further showrhés t

location of sediment cores that are investigatatimstudy.
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1.4.4. Elemental composition of sediments

Most of the major and trace metals in the oceanrar@ved in biogeochemical cycles
and thus provide information about the climatic acdanic processes they are linked to. The
elemental composition of sediments is often exgess the element to aluminium ratio in
order to account for possible dilution with CaZ@ Arabian Sea sediments major and trace
elements can be attributed to mainly three soueses thus can be used as provenance
indicators: (1) terrigenous sources (eolian andidiil), (2) biogenic carbonates and (3)
primary productivity (Reichart et al., 1997; Shinetdi and Mowbray, 1991; Sirocko et al.,
2000). Elements such as Mn, Mo and V are furthesiige to redox processes that occur at
the boundary of the OMZ and trace changes in tfebidn Sea oxygen minimum zone (e.g.,
Reichart et al., 2002b; Suthhof et al., 2001) his study, | used the elemental composition of
sediments to gain information about past variationgust input (Mg/Al, Ti/Al), monsoon
wind strength (Zr/Al), OMZ intensity (Mn/Al) and wier mixing (Sr/Ca). A detailed
description of the respective element indicat@iven in chapters 3 and 5.

Table 1.1:Basic information of the sediment cores investigatethis study.

Core Latitude Longitude  water depth depth time period Rewlution
N° E° [m] interval [cm] [yrs BP] [yrs]
S090-39KG 24°50.01 65°55.01 695 15 -38 - 56 6-8
S0130-275KL 24°49.31 65°54.60 782 188 60 - 2400 5-80
S090-93KL 23°35 64°13 1802 245 1000 - 24 600 ~100
M74/1b-163SL 21°55.97 59°48.15 650 400 160 - 2700 1aD-30
5700 - 8000 10-50
MDO00-2354 21°02.55 61°28.51 2740 400 1300 - 24 900 10m-3
MC680 22°37.16 59°41.50 789 50 80 - 1000 25 -150
5700 - 6100 60 - 120

KG = box core, KL = piston core, SL = gravity coMC = multicorer
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CHAPTER 2

2. Project, objectives and thesis outline

Project - The research presented in this PhD thesis tsopéine BMBF funded Research
Unit CARIMA (Natural versus anthropogenic controfspast monsoon variability in central
Asia recorded in marine archives) that involveg ferman and one Indian Research Groups.
As a subproject of the research program CAME (@Gértsia and Tibet: Monsoon dynamics
and geo-ecosystems), CARIMA provides the ‘maring’ pd CAME by studying monsoon
impacts on the marine environment. The main ainCARIMA is to quantify the natural
monsoon variability at inter-annual to centennialet scales over the Holocene to gain a
better understanding of monsoon dynamics at tim&esof societal relevance. In my study, |
used different sediment cores from two regionshi@ Arabian Sea that are differentially
impacted by the SW and NE monsoon as unique monswohives. | analyzed and
reconstructed monsoon driven oceanic processesasuphimary productivity, upwelling and
winter mixing, denitrification and OMZ intensity dnthe input of lithogenic material to

Arabian Sea sediments.

Objectives— The key objectives that are addressed in tisediation are the following:

- | aim to investigate and reconstruct monsoon vditalover the late Holocene (last 2000
years) in high-resolution. Therefore, | reconsidctSST and primary productivity
variations that are mainly driven by changing NEnsuon activity on the Pakistan

continental margin (chapter 3).
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- Past variations in summer and winter monsoon stherrgvealed an antagonistic
relationship over glacial/interglacial and stadiérstadial cycles (Rostek et al., 1997,
Schulte and Mdller, 2001; Schulz et al., 1998)m o disentangle signals of SW and NE
monsoon in order to investigate if this antagoaisélationship of summer and winter

monsoon strength has also existed throughout theckioe (chapters 3 and 4).

- Past studies have shown that the monsoon was ietphgtNorth Atlantic climate change
over sub-Milankovitch time scales (Gupta et al.020Schulz et al.,, 1998). | aim to
investigate if centennial scale changes in monsmtinity over the Arabian Sea were also
linked to Northern Hemisphere climate change olverast 2000 years (chapters 3 and 4).

- | will discuss possible forcing mechanisms (soletivity, position of the ITCZ) that link
SW and NE monsoon strength on the one hand, andaoamctivity to global climate
variability on the other hand (chapters 3 and 4).

- Future climate scenarios predict a strengtheningn®disoon and resultant enhancement
of primary production in the Arabian Sea under glolvarming conditions (Goes et al.,
2005). This scenario implies an expanding OMZ wpitissible feedback mechanisms for
global climate change through® emissions. In this context, | aim to investigiue past
variability and spatial extension of the ArabiaraS@MZ and its relation to short-term
(decadal to centennial scale) fluctuations of monsatensity over the Holocene (chapter
5).

Thesis outline — The following chapters present the results @ fBhD thesis and
correspond to 3 manuscripts that are acceptecubmisted to or will be submitted to peer-

reviewed scientific journals.

Chapter 3

Late Holocene primary productivity and sea surface temperature variations:
implications for winter monsoon variability

Boll, A., Lickge, A., Munz, P., Forke, S., Schuiz, Ramaswamy, V., Rixen, T., Gaye, B.,
Emeis, K.-C. (Paleoceanography 29, 778-794. ddit®2/2013PA002579)
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Chapter 4

Contrasting sea surface temperature of summer and wter monsoon variability in the
northern Arabian Sea over the last 25 ka

Ball, A., Schulz, H., Munz, P., Rixen, T., Gaye, Bmeis, K.—C. (submitted to

Palaeogeography, Palaeoclimatology, Palaeoecology)

Chapter 5

Spatial and temporal variability of the Arabian Seaoxygen minimum zone over the
Holocene

Ball, A., Munz, P., Lickge, A., Schulz, H., Gaye, Bmeis, K.-C. (submitted to Quaternary

Science Reviews)
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CHAPTER 3

3. Late Holocene primary productivity and sea surfae
temperature variations: implications for winter monsoon

variability

Abstract

Variability in the oceanic environment of the ArabiSea region is strongly influenced
by the seasonal monsoon cycle of alternating winections. Prominent and well studied is
the summer monsoon, but much less is known abdat Holocene changes in winter
monsoon strength with winds from the northeast diate convective mixing and high
surface ocean productivity in the northeastern mamalSea. To establish a high-resolution
record of winter monsoon variability for the latelbicene, we analyzed alkenone-derived sea
surface temperature (SST) variations and proxigwiofary productivity (organic carbon and
8'°N) in a well-laminated sediment core from the Pakiscontinental margin. Weak winter
monsoon intensities off Pakistan are indicated fréd® B.C. to 250 A.D. by reduced
productivity and relatively high SST. At about 2B(D., the intensity of the winter monsoon
increased off Pakistan as indicated by a trendw@t SST. We infer that monsoon conditions
were relatively unstable from ~500 to 1300 A.D.cdngse primary production and SST were
highly variable. Declining SST and elevated biot@adiproduction from 1400 to 1900 A.D.
suggest invigorated convective winter mixing byesgthening winter monsoon circulation,
most likely a regional expression of colder climedaditions during the Little Ice Age on the
Northern Hemisphere. The comparison of winter monsiatensity with records of summer
monsoon intensity suggests that an inverse rekfiprbetween summer and winter monsoon
strength exists in the Asian monsoon system duhiadate Holocene, effected by shifts in the

Intertropical Convergence Zone.
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3.1. Introduction

The Asian monsoon system is one of the most impbdamponents of global climate.
Although variations in the Asian monsoon have aagrenpact on climatological and
biogeochemical processes in the ocean as well danok there are yet few high-resolution
studies recording monsoon variability during th&t 2000 years. One opportunity to establish
such high-resolution records of late Holocene denahange comes from laminated
sediments deposited on the Makran continental mangithe northeastern Arabian Sea
(Doose-Rolinski et al., 2001; Lickge et al., 20@dn Rad et al., 1999a).

Primary productivity in the Arabian Sea is high asdtightly linked to the seasonal
dynamics of the Asian monsoon system. Forced bgrsawg atmospheric pressure gradients
between central Asia and the southern Indian Oasah accompanied by shifts in the
Intertropical Convergence Zone (ITCZ) (Clemens ket 8991), low-level winds reverse
direction in the course of the year. Strong soudlsterly winds during the summer months
caused by differential land-ocean heating in spiiHgstenrath and Lamb, 1979) induce
clockwise surface water circulation in the Arabi@ea. As a consequence, upwelling of
nutrient-rich waters along the coast off Somaliapad, and southwest India supports high
biological productivity during the months June tep&mber (Haake et al., 1993; Nair et al.,
1989; Rixen et al., 1996). A secondary primary piithity peak in the northern basin is
initiated when the wind direction reverses dueastdr cooling of the continent in fall (Rixen
et al., 2005). Prevailing moderate and dry nortstexdy winds in winter drive a
counterclockwise surface circulation and cool AaabiSea surface waters (Wyrtki, 1973),
thereby initiating convective winter mixing thatopides nutrients for seasonally and
regionally enhanced biological productivity (Bareed McClain, 1986; Madhupratap et al.,
1996).

Whereas most sediment trap studies in the centi@biAn Sea indeed indicate highest
biological productivity during the summer monso&mderse et al., 2000; Prahl et al., 2000;
Wakeham et al., 2002); highest particle fluxeshia hortheastern Arabian Sea are observed
during the winter monsoon season (Andruleit et20Q0; Lickge et al., 2002; Rixen et al.,
2005; Schulz et al., 2002k)nd are associated with sea surface cooling dovatdot 23°C.
Hence, periods of low sea surface temperaturesSiTthe northeastern Arabian Sea are
linked to the cool northeast monsoonal winds duvinger.

We know today that monsoon activity varied not ooty Milankovitch time scales but
also during the late Holocene, as evident in AmalB@a sediments (Agnihotri et al., 2008;
Anderson et al., 2010, 2002; Chauhan et al., 2GL{pta et al., 2011, 2003; Liuckge et al.,
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2001; von Rad et al.,, 1999a) and in various caeerds from Oman (Burns et al., 2002;
Fleitmann et al., 2004), Yemen (Van Rampelbergal.e2013), India (Berkelhammer et al.,
2010; Sinha et al.,, 2011b, 2007), and China (Zhahgl., 2008). Similarly, primary
productivity in the Arabian Sea was not uniformtone scales of a few hundred thousand
years but tracked monsoon variations caused byaffiaterglacial cycles (Rostek et al.,
1997; Schulte and Muller, 2001; Schulte et al.,%9chulz et al., 1998). Although some
knowledge exists about summer monsoon related esamgprimary productivity over the
last 2000 years from the Oman Margin (Anderson.e2810, 2002; Gupta et al., 2003) and
the southwestern coast off India (Agnihotri et 2008), paleoceanographic responses to late

Holocene winter monsoon variability in the northeas Arabian Sea are unknown.
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Figure 3.1: Study area in the northeastern Arabian Sea offsRakwith core locations 275KL and 39KG and
sediment trap station EPT-2. The shaded area itedic@MZ impinging on the continental slope. Bathymét
shown in meters. Inset: vertical profile of coréebRZ showing varve-like lamination. This map is puegd by
using Ocean Data View (Schlitzer, 2013).

Here we report a high-resolution record of winteonsoon variability for the late
Holocene discerned from changes in primary progitgtand sea surface temperature for the
mainly winter monsoon dominated northeastern Aral$aa. We analyzed a 188 cm long

section of a well-laminated sediment core from Bakistan Margin (Figure 3.1) for bulk
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components (organic carbon, carbonate, and opaBlesnitrogen isotopes, and alkenone
unsaturation ratios to reconstruct the productisitgl monsoon variability throughout the last
2400 years. A key proxy for the winter monsoon nstgy is the alkenone-derived SST
estimate, which we validate by analyzing the seal#tgrof the alkenone-based SST signal at
eastern PAKOMIN sediment trap station (EPT-2) cleseour core location. Our detailed
objectives are to (1) examine the relationship betwSST and alkenone unsaturation ratios
in sediment trap material for the northeastern AalSea, (2) reconstruct late Holocene
(winter monsoon dominated) SST and paleoprodugtohianges for the northeastern Arabian
Sea, (3) compare the winter monsoon dominated deatth records of summer monsoon
variability to learn about the dynamics of the nuwors low-level wind system, and (4)
examine possible links in the regional wind andfeme ocean system to Northern

Hemisphere climate change in historical time.

3.2. Study Area

Unlike offshore the coast of Somalia, Oman, anditemast India, upwelling does not
occur during the southwest (SW) monsoon seasom@Pakistan Margin, so that SSTs are
warm during summer (27.8 to 29.3°C). In the noritexan Arabian Sea, high productivity
during the SW monsoon in summer is partly suppobigdhe lateral advection of nutrient-
rich surface waters from the upwelling area off @n&chulz et al., 1996). Cool winter SSTs
(~23°C) during the northeast (NE) monsoon seaseraecompanied by a deepening of the
mixed layer through convective mixing (Figure 3t2at stimulates a second peak in primary
production (Banse and McClain, 1986; Madhupratag.et.996). During this season reduced
solar insolation together with enhanced evapordgad to density increase of surface waters
and convective deepening of the mixed layer over Rakistan Margin. Concentrations of
nitrate and chlorophyla and primary production in the surface layer heveretate with
mixed layer depth and wind speeds (Madhupratap.,e1206; Prasanna Kumar and Prasad,
1996; Prasanna Kumar et al., 2001). Increasedcfmituxes during the months of January
and February indicate even higher production dutimgNE monsoon season than during the
SW monsoon season over the Pakistan Margin (Antietieal., 2000; Schulz et al., 2002b;
see Figure 3.2).

In the northern Arabian Sea, a stable mid-watelgeryminimum zone (OMZ) between
200 and 1200 m water depth is maintained by higigamic matter (OM) fluxes and

subsequent oxygen consumption during mineralizatbrorganic matter, combined with
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reduced vertical mixing caused by the input of wasaline water masses from the Persian
Gulf and the Red Sea to intermediate water defdso( et al., 1993; Schulz et al., 1996).
High organic matter fluxes from the euphotic zoaise rates of denitrification in the OMZ,
which in turn raise thé'°N values of thermocline nitrate mixed into the auo# layer and
assimilated by phytoplankton. Intensification oé t®OMZ thus results in high sedimentary
8N values upon burial of particulate N, whereas vemaky of the OMZ and reduced
denitrification intensity lead to low sedimentaryN values (e.g., Altabet et al., 1995; Gaye-
Haake et al., 2005; Naqvi et al., 1998; Suthhafle2001).
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Figure 3.2: Annual variability of mixed layer depth and SST &ite 275KL extracted from the World Ocean
Atlas (Levitus and Boyer, 1994) and total partidle<fmeasured in sediment trap EPT-2 after Andrideial.
(2000). Increased particle fluxes occur during M monsoon season when strong convective wintemmix

deepens the mixed layer and SST decreases.
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Sediments deposited within the OMZ depth interval the Pakistan Margin are
laminated with alternating dark and light sedimiayers and record high input of lithogenic
material originating from dust storms and/or rivenoff (Schulz et al., 1996; von Rad et al.,
1999a, 1995). Lickge et al. (2002) showed that tharknae are deposited over large parts of
the year and reflect primary production of marimgamic matter, whereas light-colored
laminae contain almost exclusively land-derivedemats which are deposited in the winter

season during short-term heavy rainfall events.

3.3. Methods
3.3.1. Sample collection and stratigraphy

In this study we investigated piston core 275KL aod core 39KG, both located within
the center of the OMZ off the Pakistan coast (Fegil). The box core 39KG (24°50.01'N,
65°55.01’E; 695 m water depth) was collected in3L8Aring SONNE cruise 90, and results
were published by Doose-Rolinski et al. (2001), kgee et al. (2001), and von Rad et al.
(1999a). The piston core 275KL was retrieved frbmdame position in 1998 during SONNE
cruise 130 (24°49.31'N, 65°54.60’E; 782 m waterttgpWe studied the top 188 cm interval
of core 275KL and the top 15 cm of core 39KG, whiahether yield a continuous record of
environmental conditions on the Pakistan Marginrdiie last 2400 years. Core 275KL was
continuously sampled in 0.5 cm intervals (sampleolgion of 5 to 80 years) for bulk
analyses (organic carbon and carbonate), and dkiedy or fourth sample (of this sample
series) was analyzed for opal concentrations aabilestnitrogen isotope measurements.
Alkenones were measured at continuous 2 cm internvakore 275KL. In core 39KG, all
parameters were analyzed on 1 cm intervals (6ytea8 resolution). All samples were freeze
dried and homogenized with mortar and pestle pa@hemical treatment and analyses.

In addition to seasonal varves, core 275KL exhit@tdish brown silt turbidites up to 9
cm thick and light gray short event deposits (>1 nimek) consisting of allochthonous
lithotypes interpreted as “plume deposits” by egisally heavy river floods that transport
mud suspensions across the narrow shelf onto ¢le stpper slope (Lickge et al., 2002; von
Rad et al., 2002b). Sediments containing thesetedemosits or turbidites were excluded
from our sample set.

Varves, turbidites, and event layers in our core eguivalent to the lithostratigraphy
observed in core 56KA from the same position. Gi€A has been dated by von Rad et al.

(1999a) by varve counting and several conventiaaral accelerated mass spectrometry
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(AMS) *“C datings. Our age model is based on the visuakletion of event deposit layers
from both cores as stratigraphic tie points andrplation between these tie points.

We also analyzed alkenones and calculated alkefhaxes as well as the&J;, -index of

samples from the Eastern PAKOMIN sediment trap nmgostation (EPT-2; 24°45.6'N,
65°48.7E; 590 m water depth) to ascertain the Wglof sea surface temperatures estimated
in sediment core samples. The EPT-2 trap was degldypm May 1995 to February 1996
and was previously studied by Andruleit et al. @0&nd Schulz et al. (2002b).

3.3.2. Bulk components (organic carbon, carbonatand opal)

Total carbon was analyzed on a Carlo Erba 1500ezi&hanalyzer (Milan, Italy) with a
precision of 0.2%. Total organic carbon (TOC) wasasured with the same instrument after
samples were treated with M hydrochloric acid (HCI) to remove inorganic carbon
Analytical precision for organic carbon was 0.02%&rbonate carbon was calculated as the
difference between total carbon and organic carbon.

Biogenic opal was determined by wet alkaline exioacof biogenic silica (BSi) using a
variation of the DeMaster method (DeMaster, 19&bBout 30 g sediment per sample was
digested in 40 mL of 1% sodium carbonate solutida,COs) in a shaking bath at 85°C.
After 3 h, the supernatant was withdrawn and népé@ in 0.021M HCI. The concentration
of dissolved silica in subsamples was determinedtgrhetrically. Biogenic opal was
calculated by multiplying the BSi concentrationghwa factor of 2.4. The mean standard
deviation based on duplicate measurements of sangpl@.17%. To ensure that BSi is not
overestimated by mineral dissolution at low BSi @amtrations, we analyzed representative
samples after 3, 4, and 5 h and used a slope torefor the determination of BSi
concentrations (Conley, 1998). The amount of BSs ween estimated from the intercept of
the line through the time course aliquots (DeMasté&B1). Results of slope-corrected opal
estimates showed that our method slightly overedaoh opal concentrations by a mean of
0.13%. All bulk components are presented as weigltent.

Mass accumulation rates of organic carbon wereutatked by multiplying the dry bulk
densities of the sediments (measured at the Depattrof Geosciences, University of

Tubingen) with calculated sedimentation rates &edateight fraction of organic carbon.
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3.3.3. X-ray elemental analysis

X-ray fluorescence (XRF) core scanner data wertecld by XRF core scanner | at
MARUM-Center for Marine Environmental Sciences (brsity of Bremen) using a Kevex
Psi Peltier cooled silicon detector and a Kevexa)-tube with the target material
molybdenum (Mo). Counts were acquired directlyhat $plit core surface of the archive half
every 2 mm down-core over an area of 0.Z with an instrument slit size of 2 mm using a
generator setting of 20 kV, 0.087 mA, and a sangpiime of 30 s. The split core surface was
covered with a polypropylene foil to avoid contaation of the XRF measurement unit and

desiccation of the sediment.

3.3.4. Nitrogen stable isotope ratios

The ratio of the two stable isotopes of nitrogENA*N) is expressed a&°N, which is
given as the per mil deviation from the N-isotomenposition of atmospheric N&™N =
0%o): 8"°N = [(RsampleRstandard/Rstandard*1000, where Rampleis the’>N/*N ratio of the sample
and Ruangargis the N/N ratio of atmospheric N 8*°N values were determined using a
Finnigan MAT 252 gas isotope mass spectrometer hitd-temperature flash combustion in
a Carlo Erba NA-2500 elemental analyzer at 1100P@e tank M calibrated against the
International Atomic Energy Agency reference stadddAEA-N-1 and IAEA-N-2,which
were, in addition to an internal sediment standalsh used as working standards. Analytical
precision based on replicate measurements of aerefe standard was better than%.1

Duplicate measurements of samples resulted in & steadard deviation &.07P%o.

3.3.5. Alkenones

Freeze-dried and homogenized sediment samples 8f)tavere extracted twice for 5
min with methylene chloride (DCM) using an acceleda solvent extractor (Dionex;
temperature 75°C, pressure 70 bar). Directly adtdraction, a known amount of internal
standard (14-heptacosanone) was added to the ®xtr@lbe extracts were then rotary
evaporated until near dryness and saponified wih rdethanolic potassium hydroxide
(KOH) solution overnight. The KOH solution was dfiender a nitrogen flow, dissolved in
DCM, and cleaned over a silica gel column using D@M eluent. The clean fraction

containing the alkenones was dried underaNd taken up in n-hexane (50-150uL) prior to
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analysis. Alkenones were analyzed by gas chromapbgr on an Agilent 6850 gas
chromatograph (GC) equipped with a split-splitledst system and flame ionization detector
(310°C). Separation was achieved on a silica col@m x 0.1 pum film thickness x 0.32
mm ID; Optimal; Macherey-Nagel) using hydrogenasier gas (1 mL min). The GC oven
maintained 50°C for the first minute and was thesgpammed from 50° to 230°C at 20°C
min, from 230° to 260°C at 4.5°C minand from 260° to 320°C at 1.5°C riifollowed by

an isothermal period of 15 mingf- and Gr.z alkenones were identified by comparing peak
retention times between sediment samples and angoskediment standard. Quantification of
alkenones was achieved by integrating the peaksart#he Gr-alkenones and that of the
internal standard (14-heptacosanone). Since betlC#halkenones and the internal standard
are very similar in structure, no different respofectors between the-ketone and the &
alkenones are assumed. Alkenones were translatedea surface temperature using the core
top calibration for the Indian Ocean from Sonzognal. (1997b): SST =Uj, -0.043)/0.033

with Uf, =C37.4(Cs72+ Cs7:9). Replicate extraction and measurement of a wgrkiediment

standard resulted in a mean standard deviatiostmhated SST of 0.5°C.

3.4. Results
3.4.1. Alkenone fluxes andJ;, in sediment traps

Alkenone fluxes in EPT-2 between May 1995 and Fatydi996 ranged from 0.15 g
m? d* to 1.21 pg nf d* (Figure 3.3a). Peak fluxes occurred in May 199211ug nf d?)
and during the late NE monsoon in January 199&(Q® m d*) and February 1996 (0.94
ng m? d). Alkenone fluxes for the months September andat could not be determined
due to low amounts of sample material. Alkenonadfion the Pakistan continental margin
track coccolith fluxes during the seasonal cycladqAileit et al., 2000) with maxima at the
onset of the summer and of the winter monsoon. Thderscores a strong link between
primary and alkenone production. AlkenongAQGluxes on the Pakistan Margin match those
from the Oman Margin (Wakeham et al., 2002) dmat slightly lower than the total alkenone
(Cs7, CsgandCsg) fluxes in the central Arabian Sea (Prahl et alQ®0Sediment trap studies
from different parts of the Arabian Sea thus showadstrong coupling between
coccolithophore (and alkenone) production and @reesgnal cycle in this area (Andruleit et
al., 2000; Broerse et al., 2000; Prahl et al., 2008keham et al., 2002).



24 CHAPTER 3: LATE HOLOGE WINTER MONSOON VARIATIONS

This seasonality may bias the SST signal in sedisnenvard seasonal flux maxima, so
that it may not be representative of the annualmMm®88T (AM-SST). In our set of trap
samples covering the period from May 1995 to Felyrd®96, the seasonal variability of
alkenone-derived SST (26.1°C to 28.11€; from 0.904 to 0.971; Figure 3.3b) is attenuated

compared to observed SSTs which vary from 23.0°29%t@°C (Reynolds et al., 2002). The
observed mismatch between alkenone-based SST imessdtrap samples and regional
seasonal SST patterns seems to be a general phemormelependent on oceanic region
(central Arabian Sea (Prahl et al., 2000); Sealdfdisk, northwest Pacific (Seki et al., 2007),
subtropical oligotrophic North Pacific (Prahl et, @005)). In general, these studies found that
alkenone-based SST produces a warm SST bias iremamd a cold SST bias in summer
concordant with our observations from the nortrevasfrabian Sea, wheraonthly average
alkenone-based SSTs deviate most from modern ax$e®STs during the cold winter
months of the trapping period in 1995/1996. Therestmation of winter SST by alkenones
may be explained by a change in the coccolithoplmm@munity to alkenone-producing
species that exhibit a different response to graethperature, thus altering the relationship
of U§, ratio to SST (Prahl et al., 2005). At the Pakististargin, changes in the

coccolithophore assemblage (including the alkemmoelucing specieBmiliania huxleyi and
Gephyrocapsa oceanica) are mainly controlled by variations in the meaixed layer depth
and total nutrient availability (Andruleit et akp04). A change in the alkenone-producing
coccolithophore community due to mixed layer deempmt site EPT-2 is well reflected in
the ratio of G. oceanica to E. huxleyi that show an increasing abundanceCGofoceanica
relative to E. huxleyi in winter (see Figure 3.4; coccolithore flux datere taken from
Andruleit et al. (2000)). Although relative specasnposition of the two alkenone-producing
coccolithophorides seems to be stable in the Indaean sedimentary record (spatially
(Sonzogni et al., 1997b) as well as through timed$2-Rolinski et al., 2001)), we suggest

that it might be of importance fous, calibration on a seasonal scale on the Pakistan
continental margin. If we use a linear offset @85 (instead of 0.043) to calibrate thg

index to SST as suggested by Prahl et al. (2005h# deeply mixed wintertime, alkenone-
based SST were much closer to observed SST atwater depth (Figure 3.4). On the other
hand, the slight cold bias of alkenone-based SSJumtrap samples during summer is best

explained by alkenone production in the upper miagér between 0 to 30 m water depths.
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Figure 3.3: (a) Total coccolith (gray bars; Andruleit et &000) and alkenone fluxes (open circles) at trap-EP

2 in the northeastern Arabian Sea off PakistanAlkg¢none-derived SST measured in EPT-2 samplesie)
compared to 1995/1996 monthly SST (circle; extdidtem the web-site http://ingrid.ldgo.columbia.gdMean
alkenone-based SST is about 0.4°C higher than neaapetrature over May 1995 to February 1996.

Albeit the complexity of processes that plays a rinl seasonal alkenone-based SST

estimates, we state that sedimentaty measurements on the Pakistan Margin are best

approximated by AM-SST. The average alkenone-deri@88T of the sampling period is

27.4°C, which (considering an uncertainty of 0.5A@tches well with the mean modern SST

(27.0°C; see Figure 3.3b), which in turn is venyse to the average mean SST from May to

February obtained from the Levitus climatology @& (Levitus and Boyer, 1994)).

Climatological annual mean SST (including the menthissing in the trap investigation) is

26.4°C (Levitus and Boyer, 1994). But because alkes reflect an integrated signal of the

upper 0 to 50 m of the water column (Sonzogni gt1897b), small deviations from actual

sea surface temperature measurements are to betekpe

Our interpretation of sedimentaty;, measurements as an AM-SST signal is supported

by U§, estimates for sediment trap samples from the aeAtabian Sea (Prahl et al., 2000)
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and by a compilation of sediment trap time serissriduted over different oceanic regions
worldwide (Rosell-Melé and Prahl, 2013). Furthereyaneasurements of sediment core tops,
which were used to develop an alkenone calibragguation for the Indian Ocean, showed no
significant differences between calculated produrciveighted temperature and AM-SST
(Sonzogni et al., 1997a, 1997b). According to Del@sénski et al. (2001), alkenone-derived
SSTs measured in a Holocene section of a sedinoeatfiom the Pakistan Margin were best

approximated by annual mean temperature as well.
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Figure 3.4: (a) Alkenone SST bias (circle; difference betweeonthly observed SST at 10 m water depth
(Levitus and Boyer, 1994) and alkenone-derived S&asured in EPT-2 samples) compared to the rati®. of
oceanica to E. huxleyi (square, data were taken from Andruleit et alO®D at trap EPT-2. Red shaded area
indicates overestimation of SST by alkenones intevirThis overestimation is significantly reducedtbe use

of a different SST calibration (filled circle; SS—-T(Ug'7 - 0.085)/0.033). (b) Seasonal variations of mixaget

depth at site 39KG/275KL showing a strong mixedelayeepening during winter.
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3.4.2. Alkenone SST record in core 39KG/275KL

Alkenone SST vary between 26.9°C and 28.42¢ from 0.932 to 0.981) over the last

2400 years and thus lie well above the modern drmean of 26.4°C (Levitus and Boyer,

1994). Conte et al. (2006) stated that a positifseb of reconstructed core top temperature
(27.6°C for S0O90-39KG) compared to atlas tempeeatisr observed in several areas
worldwide. It is alternatively explained by diagénelteration of alkenone ratios in the water
column and/or surficial sediments, by lateral adeec or by variations in the seasonality and
depth of alkenone production. In our view, diagé&nhean be ruled out as a significant process

affecting ourUy, estimates, because the offset was also obserregdre trap alkenone SST

and modern AM-SST and was furthermore confirmedMy/Ca temperatures (Dahl and
Oppo, 2006). Biasing of the alkenone signal by mtkes produced and advected from the
upwelling area off Oman may be a factor (Andruéial., 2000), but coccolithophore fluxes
on the Pakistan Margin are only slightly enhancednd) the SW monsoon season, and the
associated bias in the alkenone signal must be iabrmimportance. As SSTs in the
southeastern Arabian Sea remain relatively highnduwinter, lateral advection of water
masses and alkenones from the southwest Indiant ¢tm®wing the counterclockwise
surface current established during the NE monsonrihe other hand would result in a warm
bias of alkenone SST on the Pakistan Margin duthmgy winter. However, based on a
comparison of coccolith fluxes with coccospheredis (which should present a vertical flux
signal), Andruleit et al. (2000) suggested that cotithophore assemblages were not
influenced by resuspension processes during this ¢if the year.

Regardless of the absolute S¥Figure 3.7 illustrates relative SST variations achthe
overall mean of 27.7°C over the last 2 millennidth8ugh the amplitude of the alkenone-
derived SST signal is small in our record, our Sf&tonstruction exhibits statistical
significant periods of long-term SST changes. S®&&ge high at around 28.2°C until 250
A.D., rapidly decreased and outlined a time penbtbw SST that lasted from 400 to 1000
A.D. After a rebound to >28°C between 1000 and 1B80D., the decline in SST continued
until minimum temperatures (26.9°C) are registetedng the 18th century. The minimum of
our SST reconstruction at this time agrees with régults obtained from a global climate
proxy network, which suggests 0.3°C cooler SSTs thi@sent during the Little Ice Age in
the northeastern Arabian Sea (Mann et al., 2009). S3T estimates, after this minimum,

suggest a northern Arabian Sea warming tendenc¢yéraists to the present.
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3.4.3. Records of Productivity

Our analytical approach to trace the past proditgtighanges were based on TOC
concentrations,3'°N values, and the ratio of carbonate to opal. Thege of TOC
concentrations (1.0 and 2.0%) a#fdN values (7.1 to 8.5%0) in the sediment cores a@ssit
39KG/275KL (Figure 3.6) is a characteristic of higtoductivity areas with a well-developed
OMZ and water column denitrification (e.g., Altakettal., 1999; Gaye-Haake et al., 2005;
Naqvi et al., 1998) such as the northern Arabiaa &owie et al., 1999). Organic carbon
concentrations in sediments on the Pakistan Mdegid elsewhere) are influenced by surface
productivity but also by dilution with lithogenic aterial, bottom water oxygen
concentrations, bulk accumulation rate, sedimeditite, refractory of organic matter, and the
mineral surface area (e.g., Keil and Cowie, 19%8ppkari et al., 1992; Suthhof et al., 2000;
van der Weijden et al., 1999).

At our core site the use of organic carbon massraatation rates (TOC MAR) as a
productivity indicator that theoretically remove arfluence of dilution is complicated by
strongly fluctuating sedimentation rates (SR) (iaggrom 87 to 212 cm kyb). Sediment
mass accumulation rates (71 to 203 g°daar™; event deposits excluded) calculated from SR
and bulk densities are even higher than glacialigiacial variations reported from the
western (SR ranging from 6 to 38 cm Kyand MAR ranging from 5 to 50 g ¢hrkyr
(Emeis et al., 1995)) and eastern Arabian Sea &Bgimg from 4 to 9 cm kyr(Rostek et al.,
1997)). SR and MAR at our study site are causekidyly variable input of lithogenic matter
(range from 81 to 86%) from river runoff and/or tdatrms (Schulz et al., 1996; von Rad et
al., 1999a). Even though sedimentary OM in our cueénly consists of marine OM'¢C
measured in core 275KL ranges from -21.5 to %8,5significant positive correlations
between TOC MAR and SR {R0.56) and TOC MAR and sedimentary mass accumalatio
rates (R=0.76) indicate a dominant influence of bulk MARh@athus alternating input of
organic matter transported with mineral matter snpassage across the shelf) on organic
carbon accumulation rates (Emeis et al., 1995; &lidhd Suess, 1979). This conclusion is
supported by the good agreement between down-amiatiens in TOC MAR and varve
thickness, which is an indicator for precipitatiand river runoff (von Rad et al., 1999a; see
Figure 3.5b). Thus, we infer that in our study afB@C contents can be used as a tracer for
the past primary productivity changes rather thiam ¢rganic carbon accumulation rates.
Although measured TOC contents during the periddlté®00 A.D. might partly be affected
by dilution as indicated by visual comparison ofjamic carbon concentrations with MAR

(Figure 3.5a), no significant correlation betweedC contents and mass accumulation rates
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(R?=0.008) could be observed indicating no significemtrol of the dilution on down-core

variations in TOC concentrations.
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Figure 3.5: (a) Late Holocene variability of TOC contents conggiato bulk mass accumulation rates in core
S0130-275KL. (b) Down-core variations of organichmm mass accumulation rates for core SO130-275KL
compared to varve thickness data (dotted line) oredsin core SO90-56KA (von Rad et al., 1999a) ftben

same location (both turbidite/event deposit free).

Over the last 2400 years of our record, elevated Tédncentrations coincide with
increaseds™N values and vice versa, a relationship described Holocene sediments
(Agnihotri et al., 2003) and over glacial/intergia@ycles (Altabet et al., 1995; Ganeshram et
al., 2000; Suthhof et al., 2001) in the northerdidn Ocean. Parallel changes in TOC
concentrations and™®N are both related to the productivity variatiormused by variable
access to the subthermocline nitrate pool. Thaateitpool has a high™N resulting from
denitrification within the upper part of the OMZ ¢ et al., 2013). Upwelling does not
occur at our core location, so that variable deegwenof the mixed layer due to convective
winter mixing during the NE monsoon season is thstriikely process transporting tfi\-
enriched nitrate to the ocean surface and enalplinductivity. Togethers™N values and
TOC concentrations in our sediment cores thus aefleoductivity changes associated with

mixed layer deepening due to NE monsoon conditiérthird indirect signal of productivity
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Is the ratio of the biogenic constituents carborfeteging from 6 to 15.5%) and opal (ranging
from 0.5 to 0.9%), because high nutrient availgbilnduces diatom blooms and high flux
rates or organic matter, whereas high carbonateredes indicate low nutrient availability.

The carbonate to opal ratio ranges from 14 to 29 iadicates a dominance of carbonate
primary producers (coccolithophores) at our study that decreases over time relative to
opal from diatoms (Ramaswamy and Gaye, 2006).ilhgéneral trend, declining carbonate

to opal ratios indicate a shift to higher produitynaround 1400 A.D. (Figure 3.6).
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Figure 3.6: Late Holocene productivity record for cores 39K 275KL from the northeastern Arabian Sea.
Carbonate/opal ratios;°N values (bold line: running mean of 3) and smodtR@®C contents (running average
of 5) were used as productivity indicators. Theygghaded areas indicate good agreement betweenqbiraty
proxies. The dashed lines indicate the respectiemmmover the complete dataset. Further illustrates
characteristic climate periods known from the NerthHemisphere: Little Ice Age (LIA), Medieval Warm

Period (MWP), Cold Dark Ages (CDA), and Roman Warnmde(RWP).
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As discussed above, proxies indicative of proditgtiehanges are influenced by a lot of
processes. To minimize the effect of processegelated to productivity variations and to
better filter out the signal caused by productivdtyanges, a productivity index (combining
TOC, 8N, and carbonate/opal) was calculated. First, #mege of values for all three
parameters was standardized to values between Q,asal that the respective productivity
indicators were equally weighted and comparableaith other. The sum of the standardized
values was calculated and again standardized tesdletween O (low productivity) and 1
(high productivity). High productivity from 1400 t&950 A.D. and periods of decreased
productivity from about 200 B.C. to 250 A.D., asoaled by all individual productivity
parameters (Figure 3.6, indicated by the gray sheaaleas), are well reflected by our
productivity index (Figure 3.7, not reverse y axis) addition, superimposed on short-term
variability, the productivity index shows a gradti@nd to increasing primary production in

the northeastern Arabian Sea over the late Holocene

3.4.4. Variability in Sr/Ca ratios

The relationship between elevated Sr/Ca ratiosiaacased winter monsoon activity
was first proposed for glacial/interglacial intds/doy Reichart et al. (1998) and was later
adapted for Holocene sediments by Lickge et al0XR0These authors proposed that
elevated Sr/Ca ratios image variations in mixeeéiajepths. Because aragonite has a higher
Sr content than calcite, variations in Sr/Ca trdbk depth interval of the aragonite
compensation depth (ACD), and the deepening ofAlBB and higher Sr/Ca ratios indicate
intensified deep winter mixing due to elevated einmhonsoon activity (Reichart et al., 1998).
A different mechanism for changes in Sr/Ca on miillal time scales was proposed by
Boning and Bard (2009), who attributed the variaion Sr/Ca in the northeastern Arabian
Sea to changes in the formation of Antarctic Inedmte Waters. Today, Antarctic
Intermediate Water in the Arabian Sea can onlyrbeed up to 5°N (You, 1998), so that for
the 2400-year record here, this long-term varigbiéi most likely irrelevant.

The Sr/Ca ratio in the sediment cores vary betw@edR3 and 0.032 at sites
39KG/275KL (Figure 3.7), which are in the range meviously measured values for
Holocene sediments from the Makran area (Luckgd.eR2001). The increase in Sr/Ca ratios
indicates a shift to winter monsoon conditions o Pakistan Margin around 700 A.D.
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3.5. Discussion
3.5.1. Productivity and SST variability: evidence ér monsoonal change

Winter monsoon activity affects both sea surfacepierature and mixed layer depth over
the Pakistan Margin and thus controls the amounh@&fmocline nutrients entrained into the
mixed layer (Figure 3.2). As a result, primary protvity changes in the northeastern
Arabian Sea are strongly coupled to the intensitthe NE monsoon season. Whereas
primary production is unambiguously related to noams strength, SST in the northeastern
Arabian Sea, although primarily controlled by mamsorelated processes, can also be
impacted by global temperature variations. A desteia the alkenone-based SST signal at
sites 39KG/275KL can thus be caused either by |®tegéngthening of NE monsoon
conditions or by globally lowered atmospheric terapare. If SST was changing as a
response to varying NE monsoon intensity, then shiguld also be noted in our primary
productivity reconstruction because intensified MBnsoon strength induces high rates of
primary production at the Pakistan continental nmarghe general trend of decreasing SST
and increasing productivity seen in our record dherlast 2400 years (Figure 3.7) confirms
that alkenone SST primarily reflect changes in ke monsoon strength. This coupling of
SST and productivity is particularly pronouncedidgrthe periods from 400 B.C. to 300
A.D. and from 1400 A.D. until the present, whilesiless clear between ~500 and 1300 A.D.
Furthermore, alkenone SSTs follow the same patierreconstructed winter SSTs (based on
planktic foraminifera transfer functions measuradthe same sediment core; unpublished
data) confirming the strong influence of the wirgeason on alkenone SST in this region.

A link between NE monsoon conditions, decreasin@sS@nd increasing productivity
can be observed not only on a seasonal scale aerdiloy last 2400 years but also on time
scales of several hundreds of thousands of yearthel northeastern Arabian Sea, relatively
high productivity and sea surface cooling appearcdaespond to glacial stages due to
elevated NE monsoon activity (e.g., Rostek etl®197; Schulte and Miller, 2001; Schulte et
al., 1999).

3.5.2. Local monsoon dynamics in the northeasternrAbian Sea during the last 2400

years

On the basis of the above-mentioned considerations,multi-proxy study from the

northeastern Arabian Sea indicates three main gerf changing monsoon intensities
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throughout the late Holocene (Figure 3.7). Wintansoon intensity was low before about
250 A.D. and is recorded by high SSTs and genedally primary production due to
diminished north-easterly winds and reduced comweatinter mixing in the northeastern
Arabian Sea. Winter monsoon mixing strengthenesr 250 A.D., which caused a cooling of
the sea surface and slightly increased primaryymioh. Finally, winter monsoon conditions
started to predominate off Pakistan at about 7@.,Aas indicated by a shift to higher Sr/Ca
ratios in core 275KL (Figure 3.7, note reverse 8njCaxis). Weak correlation between SST
and primary productivity from ~500 to 1300 A.D. gegts a “transition period” from weak to
strengthening NE monsoon, characterized by unstaid fluctuating environmental
conditions on the Pakistan Margin. Strong wintensamn activity prevailed during the Little
Ice Age (LIA) from 1400 to 1900 A.D., as indicatby low SSTs and a peak in biological
productivity due to strong convective winter mixingow SSTs during the LIA as well as
relatively high SSTs due to diminished NE monsoonditions occurring 2000 years ago
agree with another northeastern Arabian Sea (afleebased) SST reconstruction (Doose-
Rolinski et al., 2001). Although both SST recordfed in detail, possibly as a result of proxy
uncertainty, they display similar trends of warmagaround 0 A.D. and cooling during the
LIA. This small-scale variability between both red® might further be caused by the analysis
of different core sections and thus variationshe time interval which is integrated by the
alkenones.

The dynamics of the monsoon low-level wind systenthe Pakistan Margin throughout
the last 2400 years affect marine processes asawetioisture changes in this area. Variable
but relatively low-salinity values after 500 A.Drobpably reflect diminished SW monsoon
and/or enhanced NE monsoon conditions (Doose-Roletsal., 2001). Lickge et al. (2001)
proposed a shift from SW monsoon dominated pretipit to NE monsoon precipitation in
the Makran area around 500 A.D. These findings mata interpretation of predominating
NE monsoon conditions since ~700 A.D.

Enhanced NE monsoonal activity during the LIA wassinlikely induced by an
increased influence of westerlies in the Makraraaharing this period. Today, winter rainfall
brought by westerly winds and connected to cycleticms originating in the Mediterranean
significantly contributes to the total annual ppat@tion in the study area (Luckge et al.,
2001; von Rad et al., 2002c, and references thetdigher precipitation implicating stronger
westerlies on the coast off Pakistan after 1600.Am during the LIA was deduced from
varve thickness data from the nearby core SO90/56Kh Rad et al., 1999a) and in a cave

record from the central Kumaun Himalaya (Sanwalakt 2013). A significant feature
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preceding the LIA in the northeastern Arabian Sea distinct phase of increased SST (1050
to 1300 A.D.; see Figure 3.7) that coincides wite Medieval Warm Period (MWP), a time
of generally warm climate conditions observed i Northern Hemisphere.
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Figure 3.7: Reconstruction of winter monsoon variability in thertheastern Arabian Sea over the last 2400
years compared to long-term movements of the hojgical Convergence Zone (ITCZ). (a) Smoothed Sr/Ca
ratios (21 point running mean), (b) alkenone SSbme (bold line: 3 point running mean), and (c)daretivity
index for cores 39KG/275KL. (d) Titanium content @ariaco Basin sediments as an indicator for latitaidi
shifts in the ITCZ (Haug et al.,, 2001) comparedgtobal temperature anomalies (Marcott et al., 20T8e

dashed lines indicate the respective mean ovesttitked time interval.
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The response of the marine system to regional nmnggnamics is best explained by
the reactions of the surface ocean to seasonds shithe ITCZ. The reversal of low-level
winds in the Arabian Sea during the seasonal agceecompanied by a shift in the location
of the ITCZ. Core sites 39KG/275KL are locatedhe average northern latitudinal position
of the ITCZ, and thus, surface ocean processehisnarea are sensitive to the long-term
movements of the annual mean position of the IT@Gd #e associate change in prevailing
low-level winds. Northward migration of the ITCZ spring (SW monsoon) and southward
retreat in autumn (NE monsoon) differentially impamn surface ocean salinity and
temperature and thus thermocline depth in the pastern Arabian Sea. At times when the
northern position of the ITCZ slightly shifts souwththe average position, the duration of NE
monsoon influence at site 275KL during winter ilpnged. This would enhance the
influence of the winter monsoon on surface oceanditions in this area.

Different studies widely distributed over the loatHude region (e.g., Fleitmann et al.,
2007; Haug et al., 2001; Russell and Johnson, 2@@ate a general southward shift of the
annual mean position of the ITCZ over the late ldefee in response to global climate
variability. We argue that long-term southward movement of W@zl throughout the late
Holocene is responsible for the long-term trendsletlining sea surface temperature and
rising productivity seen in our record (Figure 3.%) this long-term trend, times of the
southernmost ITCZ displacements were contemporanedh the periods of highest primary
productivity and lowest SST on the Pakistan comtiaemargin. Both reflect an increasing
regional influence of the NE monsoon and a reactibthe surface ocean by progressive
winter deepening of convective mixing. This argumsnsupported by Jung et al. (2004),
who attributed coherent basin-wide decadal to egnseale temperature variations in the
Arabian Sea during the Holocene (based on a ctioelhetween SST variations off Somalia
and Pakistan) to a shift in the mean position ef fRCZ throughout the Holocene. Such a
connection between a southward migrating annuahrpeaition of the ITCZ and monsoon as
well as precipitation changes throughout the Halecevas proposed by several authors
(Fleitmann et al., 2007, 2003; Haug et al., 200l¢Hge et al., 2001; Russell and Johnson,
2005; Sinha et al., 2011b; Wang et al., 2005b; Yiama et al., 2007).
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3.5.3. Reversed behavior between summer and wintaronsoon strength during the late

Holocene

The mechanism above argues for an inverse rel&ijprizetween summer and winter
monsoon strength throughout the Indian and EasinAsionsoon domain in the time-variant
location of the ITCZ, expressed by the decreasimgnser monsoon intensity with increasing
winter monsoon activity and vice versa (e.g., Raitbt al., 2002b; Yancheva et al., 2007). Is
this inverse relationship evident in a comparisblow winter monsoon record with records
of summer monsoon strength? The regions influemsest drastically by the SW monsoon
are the Oman and the Somalia upwelling systems bitth registered a gradual warming of
sea surface temperatures during the last 2400 yehrguet et al.,, 2006), in contrast to
decreasing SST on the Pakistan Margin over thi®gerhis points to a general antagonistic
behavior in the millennial trend of summer and weinmonsoon strength over the late
Holocene. However, summer and winter monsoons weyee variable on centennial time
scales, particularly during the time intervals oéajest climate contrast over the last 2000
years on the Northern Hemisphere, namely, the M8#9 (o 1250 A.D.) and the LIA (1400
to 1800 A.D.). Evidence for increased summer monsotensity during the MWP comes
from the northwestern Arabian Sea (Anderson et28l1,0, 2002; Gupta et al., 2003), from
Oman (Fleitmann et al., 2004), India (Sinha et 2011b, 2007), as well as from China
(Zhang et al., 2008). Changes in winter monsooength off Pakistan during this time are
less pronounced. While higher SST argues for dshigil NE monsoon activity over the
northeastern Arabian Sea, slightly enhanced prirpaoguction and relatively higher Sr/Ca
ratios might be indicative of NE monsoon intensifion. One possible explanation for this
mismatch might be that primary productivity on #ekistan Margin during this time is fueled
by lateral advection of nutrients from the upwelliarea off Oman due to intensified summer
monsoon circulation. On the other hanthststudies reconstructed diminished SW monsoon
strength during the LIA (Fleitmann et al., 2004nl& et al., 2011a; Zhang et al., 2008), when
our record suggests increased NE monsoon activey the Pakistan Margin.

During the last 400 years, however, SW monsoomgthens again in the northwestern
Arabian Sea, probably as a result of a general vgmnrend (Anderson et al., 2002).
Speleothemd*®0 from Kahf Defore in southern Oman indicates summensoon rainfall
generally above the long-term average since 166D. Aand supports this hypothesis
(Fleitmann et al., 2004). However, in the PakidWargin record, winter monsoon indicators
continue to dominate over the last 400 ye@nsly most recently (since 1900 A.D.), primary

productivity on the Pakistan Margin appears to ease and SSTs increase slightly,
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suggestive of diminished NiEBonsoon conditions in the northeastern Arabian Tea.Oman
cave record on land may be more sensitive to sunmmrsoon changes than the marine

record in the Makran area, which is dominated hytevimonsoon variability.
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Figure 3.8: (a) Late Holocene alkenone-derived SST variat{goses 39KG and 275KL) from the northeastern
Arabian Sea compared to (b) Mg/Ca-SST variationsrrsttucted for the Markassar Strait (IndonesiaDippo
et al. (2009) and (c) a smoothétfO record (15-point moving average) of Wanxiang Cé8hina) as an
indicator for summer monsoon intensity from Zhamgle (2008). Dashed lines indicate the respeatiean

over the studied time interval.
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The antagonism of SW and NE monsoon is evidencetthdyomparison of our winter
monsoon record with other monsoon reconstructianthé Arabian Sea and beyond. Based
on the assumption that t#&%0 signal measured in speleothems from Wanxiang Gave
mainly influenced by summer monsoon precipitatidhang et al. (2008) compiled a 1810
year long record of summer monsoon intensity fortreg China. Theib*®0 variations show a
strong resemblance to our reconstructed SST cuintle mwer SST in the northeastern
Arabian Sea, coinciding with a decline in summemsamn rainfall in central China due to
weaker East Asian summer monsoon intensity (Fi@uBg Furthermore, SST variations in
the northeastern Arabian Sea are not only relatedhénges in East Asian summer monsoon
over central China but also to changes in SSTs tterindo-Pacific warm pool (Oppo et al.,
2009, Figure 3.8). In accordance with our intemggiet, Oppo et al. (2009) suggested that
strong sea surface cooling in the Markassar Staing the LIA was caused by intensified
winter monsoon conditions rather than by monsodnéed upwelling. We thus conclude that
a linkage between summer and winter monsoon stiergists over the whole Asian
monsoon system during the late Holocene, refledmg-term and short-term shifts in the
ITCZ.

3.5.4. Global connections: The LIA climate feature

The monsoon record from the Pakistan Margin ishase with characteristic, northern
hemispheric climate periods of the late Holocemgehsas the Little Ice Age, the Medieval
Warm Period, and the Roman Warm Period (RWP). Vieabs a consistent pattern of
diminished winter monsoon activity in the northeastern Arabian Seaindunorthern
hemispheric warm periods (MWP and RWP) and strenmmll winter monsoon activity
during hemispheric colder periods (LIA). Our higrsolution record implies that this
consistent link between the North Atlantic and thdian Ocean, which was described for
glacial/interglacial (e.g., Schulte and Miller, 20&chulz et al., 1998; Sirocko et al., 1993) to
climatological (Gupta et al., 2003) time scalegyesps to operate during historical times as
well. It causes the SW monsoon to weaken and thenféBsoon to gain strength during
colder climate conditions over the North Atlantic.

One of the most prominent climate features in theheastern Arabian Sea over the last
2400 years was the sharp decrease in SST due sirémgthening NE monsoon conditions
between 1400 and 1850 A.D., contemporaneous wéh_tA. Once described as a climate

period restricted only to the northern extratropicamisphere (e.g., Keigwin, 1996), LIA
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climate conditions appear to have impacted on 39éw-latitude regions as well (Black et
al., 2007; DeMenocal, 2000; Oppo et al., 2009)eéently published global data set of proxy
records indeed confirms a global cooling trend leetw 1580 and 1880 A.D. (PAGES 2k
Consortium, 2013) that is preceded by a phasevothar irradiance between 1450 and 1750
A.D. (Bard et al., 2000), suggesting that LIA climaconditions may at least partly be
influenced by solar forcing. Solar radiation hasregroposed as a forcing mechanism
controlling both North Atlantic climate (Bond et,a2001) as well as variations in monsoon
intensity during the Holocene (Agnihotri et al.,020 Fleitmann et al., 2003; Gupta et al.,
2005; Neff et al.,, 2001; Wang et al., 2005We thus infer that the decline in SST and
increased NE monsoonal wind strength in the nostieea Arabian Sea during the LIA were
triggered by global colder climate conditions (agsponse to radiative forcing such as solar
output, aerosols, and greenhouse gases), accordpbyisouthward displacement of the
ITCZ.

3.6. Conclusions

Our high-resolution reconstruction of primary protivity and alkenone-derived SST
from the northeastern Arabian Sea provides a uniqaerd of winter monsoon variability
throughout the late Holocene. In this area, prim@agduction and sea surface temperatures
are linked to winter monsoon intensity that cobls sea surface and increases its salinity so
that thermocline deepening entrains more nutrients the mixed layer and raises
productivity. Because core 275KL is located in as#ive region at the modern northern
mean latitudinal position of the ITCZ, observed mps in surface ocean properties in
response to the monsoonal wind regime on the Rakistargin track long-term and short-
term movements of the ITCZ throughout the late ldei®. Reconstructed SST decreased
whereas productivity increased over the last 24€8&rs;, imaging a long-term trend of NE
monsoon strengthening in response to insolationdaed southward migration of the ITCZ.
Comparison of our winter monsoon record with resomf summer monsoon intensity
confirms an antagonistic relationship between sumamel winter monsoon strength during
the last 2400 years.

Reconstructed monsoon variability supports the grgwbody of evidence that
significant climate variability occurs not only ¢ime scales of several hundred of thousand
years but also through the late Holocene. Befoi@ 2., winter monsoon activity in the

northeastern Arabian Sea was generally weak, andective winter mixing was shallow,
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indicated by high SSTs (~28.3°C) and reduced pym@amoductivity. Winter monsoon
conditions started to predominate off Pakistanbatud 700 A.D., in response to the overall
southward movement of average ITCZ location durihg late Holocene. While winter
monsoon activity was relatively unstable from ~%0@.300 A.D., strong sea surface cooling
down to 26.9°C and a peak in primary productivitgicated strong and prevailing winter
monsoon activity during the LIA from 1400 to 1900DA The coherence between monsoon-
induced variations over the Pakistan Margin witheotmonsoon records indicates a strong
linkage of climate variability in the entire Asianonsoon system during the late Holocene,

caused by migration of the ITCZ.
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CHAPTER 4

4. Contrasting sea surface temperature of summer anwinter
monsoon variability in the northern Arabian Sea ove the last 25
ka

Abstract

The seasonal monsoon cycle with winds from thehsoest (SW) in summer and from
the northeast (NE) in winter strongly impacts onderm regional sea surface temperature
(SST) patterns in the Arabian Sea (northern In@aean). To reconstruct the temporal and
spatial variation in the dynamically coupled wintexd summer monsoon strength over the
last 25 ka, we analyzed alkenone-derived SST vamstin one sediment core from the
northwestern Arabian Sea, that is influenced by shexmer monsoon (SST affected by
upwelling processes), and in one core from theheatern Arabian Sea, where SST is
mainly governed by the winter monsoon (no upwe)lingomparison of the SST records
reveals an antagonistic relationship of summerwimier monsoon strength throughout the
late deglaciation and the Holocene. Upwelling altimg Arabian Peninsula associated with
peak SW monsoonal wind strength was strongest gltini@ early Holocene climate optimum
between 11 to 8 ka, and coincided with the norttmexst position of the Intertropical
Convergence Zone (ITCZ) marked by maximum predipitaover northern Oman. The SW
monsoon weakened over the middle to late Holooshde the NE monsoon gained strength.
This different evolution was caused the southward displacement of the ITCZ throughout
the Holocene. Superimposed over the long-term temedvariations in northeast monsoon
wind strength at time scales of centuries that vesrechronous with late Holocene climate
variations recorded on the Asian continent andhi high-latitude Northern Hemisphere.

Their likely driving forces are insolation changessociated with sunspot cycles. Enhanced
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by feedback mechanisms (e.g. land-sea thermal agihtthey enforced centennial scale

fluctuations in wind strength and temperature mnlorthern Arabian Sea monsoon system.

4.1. Introduction

The oceanic environment and surface ocean propeasfiehe Arabian Sea are directly
coupled to the seasonal monsoon cycle. Alternatimgl directions with low-level winds
from the southwest in summer and from the northimagiinter cause regional differences in
Arabian Sea sea surface temperature patterns. -B@stierly winds are generated by the
atmospheric pressure difference between the calthem Indian Ocean and the heat low
over central Asia in spring and summer. They dupevelling of cold, nutrient-rich waters
along the coasts of Somalia, Oman and southwest &l wind-stress curl-driven upwelling
offshore (Hastenrath and Lamb, 1979; Rixen et281Q0). These upwelling regions exhibit
sea surface cooling during Northern Hemisphere (Nitphmer (Levitus and Boyer, 1994)
and high rates of primary production by upwelledrients (Haake et al., 1993; Rixen et al.,
1996). In the northeastern Arabian Sea off Pakjstanthe other hand, no upwelling occurs
and SST remains warm during NH summer. The sea§S8iBlpattern in the northern Arabian
Sea is furthermore governed by the NE monsoon inviider. During this part of the year
moderately strong, cold and dry north-easterly wi(chused by the reversal of atmospheric
pressure gradients between central Asia and thitdesoulndian Ocean in fall (Clemens et al.,
1991)) prevail in this region. The resultant inG®an evaporation rates together with a
reduction in solar insolation lower SST and inceeabe density of surface waters
(Madhupratap et al., 1996; Prasanna Kumar and &®rd€96). Thus, while SSTs on the
Pakistan Margin show a clear seasonal signal wgh BST in summer (~28.5°C) and low
SST (~23.5°C) in winter (Figure 4.1c; Levitus anoyBr, 1994), this seasonal pattern is less
pronounced on the Oman Margin due to upwelling @educooling during the summer
monsoon season (Figure 4.1b).

The seasonally variable SST pattern of the AraBiea thus reflects monsoon dynamics
and relative monsoon strength, so that SST chahgfesmined in sediment records track past
variations in monsoon strength over glacial/intacgdl cycles (Emeis et al., 1995; Rostek et
al., 1997; Schulte and Miller, 2001) and during Hudocene (e.g., Anand et al., 2008; Dahl
and Oppo, 2006; Huguet et al., 2006; Naidu and Madm, 2005; Saher et al., 2007a;
Saraswat et al., 2013). From these reconstructaogeneral pattern emerged of increased NE

monsoon strength during cold glacial stages ardladta and vigorous SW monsoon strength
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during warm interglacials and interstadial perigesy., Reichart et al., 1998; Rostek et al.,
1997; Schulte and Mdller, 2001; Schulz et al., 198&ng et al., 2001). This change in wind
patterns had consequences beyond SST: Interglaciats interstadials also marked
productivity maxima and an expanded oxygen minimaone (OMZ) with intense
denitrification in the Arabian Sea sub-thermoclias,reflected in maxima of organic carbon
burial and®™N in sediments (Altabet et al., 2002; Suthhof et2001). Monsoon activity in
the Arabian Sea region varied not only on Milankdviand millennial time scales during the
Pleistocene, but also (with smaller amplitude) mlyirthe Holocene (e.g., Anderson et al.,
2010, 2002; Fleitmann et al., 2004; Gupta et &IQ3 Luckge et al., 2001; Overpeck et al.,
1996; Sirocko et al., 1993). Strongest SW monsoctivity was recorded in the early
Holocene insolation maximum when air temperatuidar¢ott et al., 2013) and summer
precipitation in Asia were high (Fleitmann et &Q03; Herzschuh, 2006). Most of these
studies aimed to reconstruct summer monsoon stretigat determines the state of the
upwelling system in the western Arabian Sea (Amoleet al., 2010, 2002; Gupta et al., 2003;
Naidu and Malmgren, 1996). Much less attention lbeen given to the response of the NE
monsoon to changing mid-latitude glacial/intergdéhddoundary conditions, and the dynamic
evolution of the coupled winter and summer monsttwaughout the Holocene (Liu et al.,
2009; Reichart et al., 2002b; Yancheva et al., 2007

Since SST provide a signal for both monsoon seas@nsdetermined by the intensity of
summer upwelling versus deep winter mixing), selvatahors reconstructed time series of
seasonal SST variations to distinguish between ssmamd winter monsoon strength (Anand
et al., 2008; Naidu and Malmgren, 2005; Saher et2807b). An alternative approach was
used by Dahl and Oppo (2006), who investigatedstietial SST history of the Arabian Sea
basin for different time slices. These authors sfwbthat comparing SST variations in areas
today affected by upwelling with areas not affectgdupwelling is a viable approach to
distinguish sea surface cooling caused by SW maradagowelling from cooling caused by
the northeasterly winds of the winter monsoon.

Here we add to this knowledge by presenting two heyh-resolution alkenone-based
SST records, one from the northern Oman Margin aned from the Pakistan Margin,
spanning the last deglaciation and Holocene peAdikenones are a robust and well studied
indicator for past SST changes, but there are pigt @ few alkenone-based SST records that
document the Holocene SST history of the Arabiaa @tuguet et al., 2006; Schulte and
Mdiller, 2001; Sonzogni et al., 1998), and noneheint with sufficient resolution or location

to track Holocene changes in upwelling intensityy Bomparing our high-resolution
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alkenone-based SST record from the northern OmargiM4SST affected by upwelling
processes, Figure 4.1b) with that from the Paki8fangin (no upwelling, Figure 4.1c) we
aim to disentangle SST signals of the SW and NEsoom to examine the relationship
between both monsoon seasons over the last 25 &duifiermore seek for SST signals that
(1) would document a response of the NE monsoamamging glacial/interglacial boundary
conditions and (2) would imply an influence of Asiand high-latitude Northern Hemisphere
climate on northeast monsoonal wind strength duttiegHolocene epoch. To these ends, we
compared our SST record of the last 25 ka (thidy3ttogether with our previously published
high-resolution SST record of the late Holocenell(Bbal., 2014), both from the northeastern
Arabian Sea, with records of air temperature varighfrom Asia and the NH, as well as with
records of NH solar insolation.

A)
25°N
20°N
15°N
10°N
5N
;
:
EQ )
40°E 50°E 60°E 70°E 80°E
B) [ site MD2354 C) [ sites 93KL and 275KL
zz ] SW monsoan NE m onsooh 22 ] SW monsoon NE monsoan
28 ] 28 4 /\
T 27 /\\ T 27 A /\
:': 26 \ ;‘f 26 \
[2]

25 4 \\/ 2 54
24 24 |
23 | 7

22 T T T T T 1T 2 T

[=
mmmmmmm 9 o
EaNs

T T T T T T T T
a
fat 2

Jul

o 5

Way
Jun
Oct
Nov
Jan
Feb
Mar
May

Figure 4.1: (a) Study area with core location MD00-2354 frora tiorthwestern (NW) Arabian Sea and 93KL
and 275KL from the northeastern (NE) Arabian Skastrated is the sea surface temperature patwaingithe
summer monsoon season (Jul-Sep). Shaded areaatindegions of upwelling. This map was produced by
using Ocean Data View (Schlitzer, 2013). (b) Ann88IT variability for site MD2354 and (c) sites 93l&hd
275KL extracted from the Wold Ocean Atlas (Levitusl Boyer, 1994).
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4.2. Material and Methods
4.2.1. Sediment cores and stratigraphy

Piston core 93KL (23°35’N, 64°13’'E; 1802 m wateptly was collected in 1993 during
SONNE cruise 90 from the northern Murray Ridge rtbarcoast of Pakistan (Schulz et al.,
2002a, 1998; von Rad et al.,, 2002a). Calypso cob®042354 (21°02.55’N, 61°28.51'E;
2740 m water depth) was obtained from the northestreection of the Owen Ridge, ~210
km offshore the Oman Margin by the research velggdRION DUFRESNE in 2000. Both
cores were sampled in 2.5 cm intervals (samplelutso of 100 to 300 years in core
MD2354 and ~100 years in core 93KL) and alkenonsaturation ratios were measured at
the Institute for Baltic Sea Research Warnemind= (below). Core S0O130-275KL
representing the late Holocene was analyzed atn$igute of Geology in Hamburg and
results were published by (Bdll et al., 2014).

Pronounced sediment facies changes between lamjnatganic carbon rich and
bioturbated, hemipelagic sediments are observatiemorthern Arabian Sea at shallow to
intermediate water depths within the oxygen minimaaone off Pakistan. Their relative
dominance varied in phase with Northern Hemisploéneate depicted by the Greenland ice
cores (e.g., Grootes and Stuiver, 1997). The chandepositional conditions is also seen in
cores from deeper water and is represented byussediment properties, such as sediment
color, sediment geochemistry, or physical propsrt#® detailed chronology of core SO90-
93KL, based on a correlation of sediment faciesh® GISP2 ice core record has been
published by Schulz et al. (1998, 2002a) for thet 440,000 years. Following this correlation
a series of events (Table 4.1) has been recogrindddated by AMS“C and by high-
resolution planktonié®0 records of the northern Indian Ocean (Sirockal.et1993). For the
present study, that stratigraphic framework (usthgse parameters in addition 80
stratigraphy) has been adopted. 5 to 25 specinfe@kobigerinodes ruber white were picked
from the 315-400 um size fraction. Tests were adcknd cleaned in methanol and
ultrasonic bath and were analyzed at the Kiel Unsitg Leibniz Institute for isotope research.
The stable planktic isotope record for the Aralfzra displays the established scheme of the
two-step deglaciation with rapid shifts 3n°O centered at ~15.0 and 11.0 kyr BP, framing a
~3 kyr-long plateau 03*%0 values of -0.7%. (MD2354) and -1.0%o (93KL). Weimstte that
the precision of our approach is less than 1 kyd, thus comparable to individual AM&C

dating (where available) of stratigraphic matchpmi
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Benthic stable isotope records in the Indopaciégion show more divergent results
(Skinner and Shackleton, 2005; Waelbroeck et @062 and imply that distant and/or
regional circulation changes occurred during tls ¢eeglaciation. A deep hydrological front
at about 2000 m water depth, for instance, may kaigted in the Indian Ocean (Kallel et al.,
1988). Our two cores from 2740 m and 1802 m watgtldare close to that inferred interface
between a deep water and an intermediate-shalloterwaass (Labeyrie et al., 200&hd
benthic3'®0 records could be diachronous by up to 3000 years.

Table 4.1:Age models (0-25 Kyr) for Arabian Sea cores SO9R{F3and MD00-2354.

GISP 2 S090-93KL MDO00-2354 Comment

AGE (Kyr BP) Depth (cm) Depth (cm)

1.00" 0.0 0.0 Core Top

9.7° 58.0 80.0 Start Early Holocene
11.48* 70.C 115.C Start Termination |
12.6 76.0 130.0 Younger Dryas Maximum
12.9 82.0 142.5 Younger Dryas Start
14.5 97.5 165.0 IS1=B/A Maximum
16.1° 124.0 197.5 H 1 Maximum

17.2° 137.5 2275 H 1 Base

23.3 159.0 297.5 IS 2

24.0 221.0 375.0 H 2 Maximum

24.7 233.0 390.0 H 2 Midpoint

*Schulz et al., 1998.

# suggested age of intact core top, indicated bgigin-colored top layer.
5, 4, 3, 2 correlative isotope events to Sirockab(€ I, 1993).
B/A=Bglling/Allergd Epoch, IS=Interstadial, H=Heidh chronozones.

4.2.2. Alkenone analysis

Sample preparation and analytical methods for @ikeranalysis of cores SO90-93KL
and MD2354 are detailed in Emeis et al. (2000). @arpreparation and analytical methods
for core 275KL are those in Boll et al. (2014). Regde extraction and measurement of a
working sediment standard resulted in a mean stdndkviation of estimated SST of 0.5°C.
The alkenone index for all cores was translate&$Y using the Indian Ocean core top
equation of (Sonzogni et al., 1997b): SSU%¢0.043)/0.033 withU;, =C37.4(Cs7:2+ Cs7:9).
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4.3. Results

Alkenone-derived SST estimates agree well with mo@®nual mean SST in the Indian
Ocean (Sonzogni et al., 1997b), and in our recthiresSST at site 93KL (NE Arabian Sea off
Pakistan) ranged between 23.2°C and 28.0°C ovdast@5 ka (Figure 4.2b). In the interval
representing the last glacial in core 93KL in the Arabian Sea, SST were high (25 to 26°C)
during the Bglling-Allergd and Dansgaard-Oeschgemes 1 and 2 and low (23 to 24°C)
during Heinrich events 1 and 2 (H1, H2). The Latdal Maximum (LGM) to Holocene
transition started at about 17 ka and is markea bgmperature increase of 4°C, which is
slightly higher than the temperature increase foundther Arabian Sea alkenone-SST
reconstructions (Emeis et al., 1995; Rostek et 1897; Sonzogni et al., 1998). After a
maximum at 8 ka during the early Holocene SW monsmaximum, SST were relatively
stable and showed a slight decrease until todag.gEmeral Holocene SST trend seen in core
93KL is similar to the SST reconstruction of theari®y core 136KL (Schulte and Miiller,
2001). Since the SST history of the last 2.5 kanas very well resolved in core 93KL,
alkenone-SST data from the recently published,yehigh-resolution core 275KL (Boll et
al., 2014) were used to better resolve the latetérie SST evolution. That record reveals a
late Holocene SST cooling trend in the NE Arabiaga,Sin line with the long-term
temperature trend seen in core 93KL.

The range of SST at site MD2354 in the NW Arabiaa foetween 22.7°C and 26.1°C)
is smaller than SST variations observed in corel9@Kgure 4.2b). SST at both study sites
was similar low during the LGM and H1, but showediféerent evolution over Interstadial 1,
when SST increased at site 93KL but remained logitatMD2354. On the other hand, SST
at site MD2354 evolved simultaneously with SST ¢ ©3KL during the transition to
Holocene conditions and increased by up to 3°C frbmto 15 ka. But whereas SST
continued to rise until 8 ka at site 93KL, SSTitd MD2354 reached maximum temperatures
at ~14 ka, followed by a SST decrease to 24.5°@@ind 9.5 ka. This SST decrease signal
intensified upwelling caused by enhanced SW monstength during the early Holocene
(e.g., Gupta et al., 2003; Naidu and Malmgren, 1®focko et al., 1993). Following peak
intensity during the Holocene climate optimum, upiwwg and, by inference, wind strength

weakened and SST gradually increased at site MDa85¥brthern Oman.



48 CHAPTER 4: SST OF SUMMER AND MIIER MONSOON VARIABILITY

HOLOCENE YD H1 LGM H2
4
2
)
520
1 B) NE monsoon —o— MD00-2354
—o— S090-93KL
- 510
P4
o
(=
™
- 500 o
5
2 E
| 400 © =
49U = =
=
o
)
c
- 480 =
:
l
SW monsoon L 470
23 max
22 T 1 1 T ] T 1 1 1 T ] T 1 1 1 T ] T 1 1 1 T ] 460

]
0 2 4 6 8 10 12 14 16 18 20 22 24
Age [kyrs BP]

Figure 4.2: (a) 3"°N record of cores RC27-23 and RC27-14 from the OmargidAltabet et al., 2002), (b)
alkenone-derived SST reconstruction for the nortera Arabian Sea (core MD2354) and for the nosteza
Arabian Sea (core 93KL). Both SST records are éga#ffiected by winter cooling but only SST at dit®2354

is influenced by upwelling-induced cooling. Grayading indicates the occurrence of upwelling at Bif22354.
Dashed gray lines indicate the timing of maximum &Wd minimum NE monsoon strength, respectively.
Further illustrated are Heinrich events (H1 and,H2gnsgaard-Oeschger event 2 and the Younger @WRs

stippled area).
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4.4. Discussion
4.4.1. Dynamic evolution of SW and NE monsoon interty during the last 25 ka

Both the NE (site 93KL) and NW Arabian Sea (site 2854) sites experienced low
SSTs during the LGM compared to Holocene valueguffei 4.2b). Other late Quaternary
reconstructions of temperatures in the Arabianr8ie&d layer (Anand et al., 2008; Dahl and
Oppo, 2006; Huguet et al., 2006; Naidu and Malmg2&@5; Rostek et al., 1997; Saher et al.,
2007a, 2007b; Saraswat et al., 2013; Schulte aneiM@001) also evidence basin-wide low
SSTs during the LGM. Similar annual mean SST adssA3KL and MD2354 indicates that
this cooling was controlled by glacial boundary ditions and intensified NE monsoon
strength, and not by intense upwelling (Emeis gt1#95; Schulte and Mduller, 2001; Schulz
et al., 1998). SST at both of our study sites tagi@yequally affected by the NE monsoon in
winter, but SW monsoonal upwelling lower annual mga&M) SST at site MD2354
compared to site 93KL (Figure 4.1b,c). The pastbo$ upwelling processes in the northern
Arabian Sea thus should be reflected in an AM SB€rdnce between our two study sites
(i.e. lower AM SST at site MD2354 compared to €98KL; see also gray shaded areas in
Figure 4.2b).

One further argument against intensified upwellmgl high primary production during
the LGM is the variation i™°N, an indicator for the extent of denitrification ihe OMZ.
Low 8"°N values were recorded from 21 to 15 ka at the llpwgesites RC 27/23 and 14 and
suggest a less intense OMZ and significant redaoctio even absence of mid-water
denitrification than in the modern situation (Al&ket al., 2002), most likely associated with
reduced particle export from the mixed layer (Fegdr2a).

The strong SST contrast between sites 93KL and NMsB2>m 23 to 21.5 ka together
with high *°N reveal that this glacial situation was interrapby upwelling processes in the
northern Arabian Sea during IS 1 (Figure 4.2a,Vhile diminished north-easterly winds
caused a SST increase at site 93KL off Pakistamgluhis period, the SST increase was
suppressed at site MD2354 due to the intensifinatd SW monsoon winds and the
accompanied onset of upwelling offshore northerra®m

The northern Arabian Sea began to warm at aboukal7most likely as a result of
weakening NE monsoon forcing together with streagihg SW monsoon winds. This SST
rise lagged the increase of NH solar insolatiorabgut 5000 years and can be attributed to
glacial boundary conditions and NE monsoon fordqiRgure 4.2b). The overall increase in

SST was interrupted by a short-term period of SWisnon weakening (and/or NE monsoon
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strengthening) induced by NH cooling during the Wger Dryas, which is expressed in
decreased precipitation in Oman (Fuchs and BuerRe6@8) and northeast Asia (Dykoski et
al., 2005; Wang et al., 2001), and alsoreduced upwelling (relatively lo&"N, see Figure
4.2a (Altabet et al.,, 2002)) and low organic carlflux rates in the Arabian Sea (e.g.,
Ivanochko et al., 2005; Schulte and Mdller, 200/hereas SST in the NE Arabian Sea (site
93KL) gradually increased until 8 ka due to weakgrlE monsoon strength, SST off Oman
(site MD2354) decreased after its maximum durireggBllling-Allergd at ~14 k&Significant
lower SST at site MD2354 than at site 93KL sinc&ka3nark the onset of oceanic conditions
in the northern Arabian Sea that are charactertzgdSW monsoon induced upwelling
offshore Somalia and Oman (gray shaded area irrd-ig2b). Thus, the SST decrease from
14 to 9.5 ka at site MD2354 tracks intensified ulliwg offshore Oman caused by
invigorated SW monsoon winds. Our alkenone-deri88d record is the first one to confirm
an early Holocene upwelling increase with a SSTimmiim. The SST estimate of 24.5°C at
~9 ka suggests that upwelling was much more vigotban today, because modern annual
average SST are around 26°C in the Oman upwellieg @ evitus and Boyer, 1994). Other
evidence, such as peak abundances. diulloides (Gupta et al., 2003; Naidu and Malmgren,
1996) and maximund™N (Altabet et al., 2002; Suthhof et al., 2001) almmgest that
upwelling was intense during the early Holocenerdstrial records, moreover, indicate an
early Holocene SW monsoon maximum throughout thiarAsionsoon domain: Wet climate
conditions with high rates of summer monsoonalfediirwere recorded in southern China
(Dykoski et al., 2005), India (Kessarkar et al.12)) Oman (Fleitmann et al., 2007, 2003;
Fuchs and Buerkert, 2008) and Yemen (Lézine eR@07). Fleitmann et al. (2007) and Van
Rampelbergh et al. (2013) pointed out that maxinnamifall in southern and northern Oman
cave records is related to a shift of the north@strposition of the Intertropical Convergence
Zone (ITCZ) to northern Oman. We believe that thas not only intensified, but also led to a
longer duration of seasonal upwelling.

The early Holocene upwelling intensification indeé by SST cooling at site MD2354 is
in line with thed™N record from the Oman Margin during the periodird2 to 10 kgFigure
4.2a). Highd™N values during this time indicate intensified defication in an expanding
OMZ caused by enhanced particle export from theedhibayer due to increased upwelling
strength. But this period was followed by an ing&ref decreasing*°N from 10 to 9 ka that
is embedded in the decreasing temperature tregdrg#4.2a,b). The deviation from the long-
term (glacial-interglacial) antagonistic pattern8T andd™N is in our interpretation due to

adjustments in intermediate water mass origin drmllation in the northern Arabian Sea.
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Pichevin et al. (2007) pointed out that the extmsand position of the OMZ is the
expression of an interplay between productivity amahtilation, and Rixen et al. (2013)
showed that enhanced upwelling is accompanied eiifianced inflow of well-ventilated
Indian Central Water into the OMZ from the southirtRermore, sea level rise in the early
Holocene triggered the outflow of Persian Gulf intediate water into the thermocline of the
Arabian Sea, which today adds to OMZ ventilatioarfibeck, 1996).

Temperatures in the sea surface of the NE Arabe&m(Site 93KL) evolved differently.
Over the time of maximum upwelling and SW monsadoargth in the NW Arabian Sea from
12 to 9 ka, SSTs here continue to rise and indigataing NE monsoon strength. This
decoupling of conditions in the mixed layers ovae Oman and Pakistan margins on sub-
Milankovitch time scales has been previously obserin productivity records (Reichart et
al., 2002b).

SST at site MD2354 increased again over the mitidlate Holocene (since ~8 ka) but
slightly decreased at site 93KL pointing @odecline in SW monsoon strength (weakened
upwelling) at invigorated NE monsoon conditionsaasesponse to decreasing NH summer
solar insolation (e.g., Fleitmann et al., 2003; taugt al., 2005; Neff et al., 2001). Over this
period intense (weak) winter monsoon activity ie tiorthern Arabian Sea coincides with
strong (weak) East Asian winter monsoons (Yancletva., 2007) Minimum NE monsoon
intensity (~8 ka), however, occurred 1500 yearsrlt#ttan peak SW monsoon strength (~9.5
ka) and the general opposing trend of summer amtewwmonsoon activity was less clear
between 9.5 to 8 ka (Figure 4.2b). This antaganséittern of summer and winter monsoon
variability is best explained by long-term movenseot the annual mean position of the ITCZ
(Yancheva et al., 2007), as proposed previouslBdl et al. (2014) for the late Holocene.
Northern Hemisphere cooling in response to deamngasolar irradiance moves the mean
position of the ITCZ southward (Broccoli et al.,0&), thus reducing the northward extent of
the Asian SW monsoon and reducing summer monsaampation over the Asian continent
(Yancheva et al., 2007). The NE Arabian Sea istemtavithin the northern limit of the long-
term annual mean position of the ITCZ, so that {ergn southward displacement of the
ITCZ throughout the Holocene (Haug et al., 2000r&ns the summer monsoon season and
strengthens or prolongs the influence of NE monseoms over the northern Arabian Sea,
causing low annual mean SST off Pakistan (site 93Klnsolation-triggered ITCZ
movements thus do not only affect the rainfall grat$ over land, but apparently also
influence upper ocean properties in the northerabfan Sea by modulating monsoon

strength.
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4.4.2. Monsoon variability in the NE Arabian Sea ad Asian air temperature variations

during the last deglaciation and over the last 2509ears

SST offshore Pakistan today is strongly influendgdocean-atmosphere interaction.
Comparison of our northern Arabian Sea SST recaite (93KL) with records of air
temperature variability from Asia (Peterse et 2011; Thompson et al., 1997; Wen et al.,
2010) shows that this relationship was less procedrduring the last deglaciation (Figure
4.3b,c). Whereas air temperatures recorded on thianAcontinent closely tracked NH
summer solar insolation during the last degladmtibigure 4.3b), maximum SST at site
93KL (and thus minimum NE monsoon strength) in tHE Arabian Sea lagged air
temperature and maximum solar insolation by abduk& (Figure 4.3c). Longer records have
shown that the timing of maximum summer monsooensfih lagged peak NH summer solar
insolation by ~8 ka at the precession band overabke 350,000 years (e.g., Clemens and
Prell, 2003; Clemens et al., 2010; Wang et al.,5200However, high-resolution records
indicate a phase lag of about 2-3 ka between maxisummer monsoon strength and peak
summer solar insolation for the last glacial to ¢tane transition (Dykoski et al., 2005;
Fleitmann et al., 2007; Overpeck et al., 1996)t tkan line with our SST data from the
northern Arabian Sea. This lag has been attribtwedhternal climate forcing by glacial
boundary conditions, such as North Atlantic tempegeand global ice coverage and to the
extent of latent heat export from the southern regtal Indian Ocean associated with the
precession and obliquity band (Clemens and Prei32

Monsoon intensity off Pakistan (site 93KL) appalentas still influenced by glacial
boundary conditions during the last deglaciaticst uppressed direct insolation forcing on
monsoon intensity and thus SST. Slightly decreaSiag at site 93KL indicative of increased
NE monsoon strength off Pakistan from about 8 tka4(Figure 4.3c), on the other hand,
match very well with contemporaneous cooling on Thigetan Plateau as indicated by a
depletion of ice coré™0 in the Guliya ice cap (Figure 4.3; Thompson et #97). This
would imply that during the mid to late Holocenehem glacial boundary conditions were
negligible, NE monsoon intensity in the NE Arabi@ea may have directly (and without a
time lag) responded to atmospheric forcing, suchiagemperature and solar insolation. To
test this hypothesis for centennial scale climatiability, below we compared our
previously published, high-resolution SST recordtam of core 275KL (Boll et al., 2014)

with air temperature variations recorded in Asiarahe last 2000 years (Figure 4.4).
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Figure 4.3: SST variations in the northeastern Arabian Sea twe last 25 ka compared to air temperature
variations in Asia and the Northern Hemisphere téa)perature reconstructions for the North Atlaf@tSP2

ice core; Grootes and Stuiver, 1997) (black line}l ahe extratropical Northern Hemisphere (30°N-90°N
Marcott et al., 2013) (green line), (b) record ofhtinental air temperature for central China (blackve; Peterse
et al., 2011) and the Tibetan Plateau (gray cuféeympson et al., 1997) compared to Northern Heneisph
(NH) summer solar insolation (Berger and Loutre, 1)9@ed curve; same scale as in 3c) and (c) alkenon
derived SST reconstructions of core 93KL (last 2% &nd cores 39KG/275KL (last 2.5 ka; Boll et aD12)

compared to NH summer solar insolation (red cuBerger and Loutre, 1991).
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Comparison of alkenone-SST from the northeasteabidn Sea (core 275KL; Boll et
al., 2014) with tree-ring-derived temperature animsa(PAGES 2k Consortium, 2013)
reveals similar century-long temperature trendsr dide last 1200 years (Figure 4.4a, b).
Furthermoretemperature changes in China (Ge et al., 2013) dedfsom different types of
terrestrial proxies (ice cores, stalagmites, tiegs; lake sediments and historical documents)
agree very well with NE Arabian Sea SST variationscentennial time scales (Figure 4.4c).
Over the past 2000 years increased (decreased) iB3fia NE Arabian Sea coincided with
warm (cold) temperature excursions in Chinhis relationship is less significant during time
periods of small-scale temperature variability (. to 1.1 ka), but well pronounced during
late Holocene climate periods, such as the RomamAReriod (RWP), Medieval Warm
Period (MWP) and Little Ice Age (LIA) (see dashedyglines in Figure 4.4). In general, both
regions exhibited relatively warm climate condigsoduring NH warm periods (RWP and
MWP), as well as recent warming over the last 188ry. On the other hand, cold climatic
conditions are registered in both records durirgylttA from 0.55 to 0.1 ka (1400 to 1850
A.D.), whereas climate was more variable in Chimenf 1.55 to 1.15 ka (400 to 800 A.D.).
Supporting evidence for LIA cooling and medievalrmang comes not only from China (Ge
et al., 2013; Yang et al., 2002), but also fromeothegions in Asia such as the northwest
Karakorum (western Asid&sper et al., 2002), the Tibetan Plateau (Bao.e2@03) and the
entire temperate East Asian region (PAGES 2k Cdiosoy 2013).

These coherent temperature changes between the fdBiaA Sea and the Asian
continent imply a strong linkage between land acelao during the last two millennia by the
Asian monsoon system. Low SSTs on the Pakistan iMardicate times of strengthened NE
monsoonal winds in winter and/or weaker SW monsasummer (see chapter 4.4.1). Most
studies in the Asian monsoon domain show interts@®/ monsoon activity during the warm
MWP, but diminished SW monsoon (increased NE momsoonditions during the cold LIA
(e.g., Anderson et al., 2010; Gupta et al., 200@ng et al., 2008). Modelling studies suggest
that low air temperatures over Pakistan, north-viledta and beyond were associated with
strong north-easterly monsoon winds, the advedaifarold, dry air over the Arabian Sea and
low SST in the northern Arabian Sea during boremtev (Marathayil et al., 2013). Thus,
cold climate conditions over land during the LIAd#re 4.4a, c) (Esper et al., 2002; Ge et al.,
2013; PAGES 2k Consortium, 2013; Yang et al.,, 2002yeased NE monsoonal wind
strength over the NE Arabian Sea and caused lowdd3fie coast of Pakistan (Figure 4.4b).

Decadal- to centennial scale variations in NE monsstrength over the NE Arabian Sea
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were thus directly influenced by Asian climate atanospheric teleconnections over the last

two millennia.
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Figure 4.4: Temperature variability over the Asian monsoon diongiairing the last two millennia derived from
(a) tree-rings (smoothed by calculating the respechean value over the time interval which is esgnted by
the alkenones) from PAGES 2k Consortium, (2013)nfarine sediments from the northeastern Arabiam Se
(alkenone-derived SST in cores 39KG/275KL; Boll et 2014), and (c) a combination of different coefital
proxy types (Ge et al., 2013). Dashed lines indi¢hé respective mean over the studied time inteDashed
gray lines suggest correlations between the arshiverther illustrated are characteristic climageiqos known
from the Northern Hemisphere: Little Ice Age (LIA)edieval Warm Period (MWP), Cold Dark Ages (CDA),
and Roman Warm Period (RWP).
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4.4.3. NE monsoon intensity and Northern Hemispherelimate change

Monsoon strength is closely coupled to North Ailardimate over glacial/interglacial
cycles, but Holocene millennial scale changes inmiisoon intensity (core 93KL, Figure
4.3b) are not reflected in GISP2 ice core data ¢@&® and Stuiver, 1997) that indicate
relative stable climate conditions over the Holacd€Rigure 4.3a). Nevertheless, a recently
published multi-proxy temperature reconstructioonirthe extratropical NH (Marcott et al.,
2013) exhibits gradual NH cooling since the begigniof the Holocene that parallels
strengthening of NE monsoon intensity over the Nfabdan Sea (as indicated by lowered
SST at site 93KL; Figure 4.3a, ¢). The NE monso@akened during the early Holocene
when temperatures in the extratropical NH (30°N0@N) were high. On the other hand,
decreasing temperatures in the NH from 5.5 to @ Inlatch strengthened winter monsoon
intensity over the northern Arabian Sea and Eas& Aéancheva et al., 2007). This linkage
was also recognised in variations in summer monstength and related to NH climate
during the Holocene (e.g., Gupta et al., 2003; Hetrg., 2003; Wang et al., 2005b).

Similar features of the high-resolution SST redootn core 275KL and NH temperature
reconstructions suggest that the linkage betweeanAdimate variability and high-latitude
climate change also exists on centennial time sadilging the late Holocene (Figure 4.5).
Variations in NE monsoon strength in the NE Arab&sa (core 275KL; Figure 4.5d) are
coeval and similar in sign as in air temperatunesr €entral Greenland (Figure 4.5b; Alley,
2000) and the entire NH (Figure 4.5a; Christianaad Ljungqvist, 2012; Moberg et al.,
2005), and track sea surface temperature (Siak, &008) and drift ice in the North Atlantic
(Figure 4.5c; Bond et al.,, 2001). These expressindigh-latitude and North Atlantic
climate coincide with climate variations (such agngoon strength and temperature) of the
Asian continent (Ge et al., 2013; PAGES 2k Congniti2013; Yang et al., 2002; Zhang et
al., 2008). The linking mechanism is yet unclear, itnay be related to solar activity. SST at
site 275KL in the NE Arabian Sea gradually decreas® the past 2000 years, in accord with
global SST cooling (PAGES/Ocean2k Working Groupl2)0and in response to decreasing
NH summer insolation (Figure 4.5d). Thus, NE momsstiength closely mirrors long-term
as well as centennial scale variations in irradgalbg responding to solar triggered feedback
mechanisms such as the position of the ITCZ ancgdtam snow cover that determine the

land-sea thermal contrast between the Asian carttaned Indian Ocean.
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Figure 4.5: (@) Northern Hemisphere temperature reconstructi@hsistiansen and Ljungqvist, 2012; Moberg
et al., 2005), (b) Temperature record for Centradaland from the GISP2 ice core (Alley, 2000),t3ck of 4
drift ice records from the North Atlantic (Bond dt, 2001), (d) Alkenone-SST record for cores 39KI&GRL
from the northeastern Arabian Sea (black curve; Bbkl., 2014) compared to Northern Hemisphere seimm
solar insolation (red curve; Berger and Loutre, 398fd (e) Sunspot numbers (smoothed by a 11-paimting
mean) as an indicator for changes in solar outBotafki et al., 2004). Dashed lines indicate trspeetive

mean over the studied time interval.
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In-step cooling over the North Atlantic, Asia artetTibetan Plateau (Feng and Hu,
2005) triggered by reduced solar insolation leadexpanded snow cover over Eurasia, a
delayed warming in spring and a reduced pressuadiggt between central Asia and the
southern Indian Ocean (Meehl, 1994). The reduced-&ea thermal contrast causes the SW
monsoon to weaken, so that annual mean SST in BhéAifdbian Sea is shifted to lower
temperatures. A physical mechanism linking Northatic SST and monsoonal climate was
recently proposed by Goswami et al. (2006): Coldgels of the Atlantic Multidecadal
Oscillation (AMO) result in a decrease of the miem@l gradient of tropospheric temperature
and thus to an early retreat of the SW monsoonrsisgulecreased monsoonal rainfall and
cold atmospheric temperatures in Asia (Wang e8f13). As pointed out above, this would
enhance the influence of NE monsoonal winds ancketo8ST off Pakistan. Although the
exact teleconnection mechanism between climatata@ns of the high-latitude NH and the
NE monsoon remains to be identified, SST in theéh®on Arabian Sea indicate that they are

linked on orbital and shorter time scales durirgyolocene.

4.5. Conclusions

Alkenone-based SST records from the NW Arabian Bflaenced by the summer
monsoon (SST affected by upwelling processes) aord the NE Arabian Sea, where SST is
mainly governed by the winter monsoon (no upwellirgpict the dynamic evolution of the
SW and NE monsoon over last 25 ka. The strengumimer monsoon activity was inversely
related to winter monsoon intensity over the HoleceSW monsoon intensity began to
increase at the start of the last deglaciationraadhed maximum strength between 11 to 8 ka
during the early Holocene climate optimum, as iatkd by SST changes offshore northern
Oman. This is to our knowledge the first alkenoasddl SST record that provides sufficient
temporal resolution to show an early Holocene isiferation of SW monsoon induced
upwelling that caused lower than today annual n&&ns in the northern Arabian during this
time. The NE monsoon on the other hand was stromigemg the Last Glacial Maximum but
diminished since ~17 ka. Throughout the middle ate IHolocene, SW monsoon activity
weakened while the NE monsoon gained strength agais interplay between SW and NE
monsoon strength was forced by a southward displane of the Intertropical Convergence
Zone throughout the Holocene.

Millennial to centennial scale monsoon dynamicsrawe northern Arabian Sea were

linked to climate variations recorded on the Astamtinent, such as variations in the East
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Asian monsoon and changes in air temperatfline. increase of SST in the NE Arabian Sea
during the last deglaciation lagged that of NH swenrsolar insolation and of Asian air
temperature for about 2 to 3 ka because monsoensdity was still influenced by glacial
boundary conditions during this time. However, aorsg linkage between northeast
monsoonal wind strength over the northern Arabiaga $as indicated by SST changes),
temperature variations in Asia and climate of tighHatitude NH exists over the last 2000
years. Colder climate conditions over land incrahsestrength of northeast monsoonal winds
and lower SST in the NE Arabian Sea. These cerdénoale variations in the strength of the
northeast monsoon over the northern Arabian Sea $ede coupled to solar changes over

the last 2000 years.
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CHAPTER 5

5. Spatial and temporal variability of the Arabian Sea oxygen

minimum zone over the Holocene

Abstract

The northern Arabian Sea is one of the main ocesgons with a permanent low
oxygen layer at intermediate water depth that tesolwater column denitrification. While
glacial/interglacial variations in the Arabian Seg/gen minimum zone (OMZ) are relatively
well studied, little is known about the spatial atnporal extent of mid-water oxygen
throughout the Holocene. Here we analyzed parasatdicative of mid-water oxygenation
together with records of southwest monsoon stremgtivo sediment cores from the northern
Oman Margin to reconstruct the temporal variabitifthe Arabian Sea OMZ and its relation
to changing SW monsoon activity over the Holoc&emparison 06N and Mn/Al records
with other reconstructions of denitrification angygenation from the northern Arabian Sea
reveals a Holocene shift in the location of theeddMZ from the northwest (early Holocene)
to the northeast Arabian Sea (late Holocene). $hifs was caused by the interplay of spatial
differences in oxygen demand, caused by varyingomses of primary productivity to SW
monsoonal upwelling, and changes in mid-water legidn due to sea level rise. Regional
short-term (centennial scale) fluctuations in tkggen inventory of the northern Arabian Sea
were linked to variations in SW monsoon activityep¥he mid Holocene: Phases of strong
wind intensity triggered intense upwelling in theastal region of northern Oman that
induced high rates of primary productivity and gwiated denitrification. Although it is
unknown how the Arabian Sea OMZ will change infilteire, our data infer that future short-
term fluctuations in monsoonal wind strength migiduce regional changes in mid-water

oxygen.
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5.1. Introduction

The Arabian Sea in the northern Indian Ocean etghibne of the most pronounced
oxygen minimum zones (OMZ) of the world’s oceanrnRanent, year round low oxygen
levels in Arabian Sea intermediate waters are apammed by high rates of water column
denitrification (Bange et al., 2000; Bulow et &010; Codispoti et al., 2001; Ward et al.,
2009), a process that removes biologically avaslabtrogen from the biosphere (Altabet et
al., 1995). Moreover, nitrous oxide {®), an important green house gas, is producedogs a
product of denitrification, thus making changesha Arabian Sea OMZ a potential driver of
climate change (Altabet et al., 2002; Bange ef&l01; Naqgvi et al., 1998).

The oceanic properties of the Arabian Sea that taiainhe OMZ are closely coupled to
the seasonal monsoon cycle. Differential land-ode@aiing and the annual reversal of the
atmospheric pressure gradient between central &siathe southern Indian Ocean cause the
seasonal reversal of low-level winds over the Aaabbea (Clemens et al., 1991; Hastenrath
and Lamb, 1979). The strong south-westerly windhefsummer monsoon induce upwelling
and elevated primary production in the northwesterabian Sea (e.g., Haake et al., 1993;
Nair et al., 1989; Rixen et al., 2000). Althoughdmiaters are faster replenished during this
time of the year (Rixen et al., 2013), oxygen comgtion during mineralization of sinking
organic matter is the main, monsoon driven progessodulating OMZ intensity on seasonal
to inter-decadal time scales.

Location, spatial extension and intensity of theltwater oxygen minimum zone in the
Arabian Sea was not stable through time, but vaneatcordance with changes in southwest
monsoon strength. Several studies report the existef a pronounced OMZ and elevated
denitrification during interstadials and intergkcstages, whereas the Arabian Sea was well
ventilated and denitrification was suppressed dusitadials and glacial stages (Altabet et al.,
1999, 2002; Pichevin et al., 2007; Reichart etE97; Schulte et al., 1999; Suthhof et al.,
2001). This has been attributed to a reorganizatfanid-water circulation (partly because of
Red Sea water entrainment in reaction to sea hahge) (Boning and Bard, 2009; Jung et
al., 2009; Pichevin et al., 2007) combined withr@ry productivity changes due to varying
SW monsoon intensity at glacial/interglacial tréiosis (Altabet et al., 2002). Changing
denitrification rates indicated by*°N measurements further imply that Arabian Se® N
emissions may have contributed to past atmospies@ fluctuations (e.g., Altabet et al.,
1995). While the history of mid-water oxygenationthe Arabian Sea is well studied on

longer time scales, relatively little is known abdtlue spatial and temporal variability of the
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Arabian Sea OMZ over the Holocene on sub-millentiimle scales (e.g., Reichart et al.,
2002b).

Here we present two new high-resolution record&™@f and Mn/Al from the northern
Arabian Sea off northern Oman that offer insightto ithe regional history of mid-water
oxygenation in two time slices from the mid ancklatolocene. These net"N and Mn/Al
records were compared to published recordsdf and Mn/Al from different locations in the
Arabian Sea (Pichevin et al., 2007), which togethgek short-term variations in the spatial
and temporal extent of the Arabian Sea OMZ over Hodocene. The influence of SW
monsoon activity on long-term (Holocene trends) asldort-term (centennial scale
fluctuations) variations in OMZ intensity was intigated by the reconstruction of monsoon
driven parameters such as upwelling (alkenone-ddrsea surface temperatures) and wind
strength (Zr/Al), primary productivity changes (gemic content of sediments) and the
relative input of continental dust to our studyes{accumulation of lithogenic material,
Mg/Al, Ti/Al).
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Figure 5.1: Study area of the Arabian Sea with core locatiM®/1b-163SL and MC680 (red dots) and
locations of cores discussed in the main text itapiares). lllustrated by color shading is thegexycontent in
300 m water depth indicating strongest oxygen defy in the northeastern basin. The main ventitesiources
at intermediate water depth in the northern Aral8ea are Indian Ocean Central Water (IOCW), Red S¢arWa
(RSW) and Persian Gulf Water (PGW). This map waslyced by using Ocean Data View (Schlitzer, 2013).
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5.2. The present-day OMZ in the northern Arabian Sa

Stable OMZ conditions in the northern Arabian Seavater depths between 200 and
1200 m are maintained by the balanced interactibroxygen demand (organic matter
degradation) and oxygen supply (ventilation) (e@son et al., 1993; Sarma, 2002). The
degradation of high sinking fluxes of organic maftem the mixed layer consumes oxygen
and is the dominant oxygen sink. Primary produgtiand particle flux in the northern
Arabian Sea are highly seasonal and more than 5Grwal particle fluxes occur during the
summer season, when strong southwest monsoon widdse upwelling of cold, nutrient-
rich water masses along the coast of Somalia andn(QiMaake et al., 1993; Nair et al., 1989;
Rixen et al., 1996). The northeastern Arabian $eRakistan is not influenced by upwelling.
Here, vertical mixing through convection processesl upward transport of nutrients in
winter sustain the main part of primary productidhe northern Arabian Sea OMZ persists
throughout the year, although primary productiohighly variable and strongly impacted by
the seasonal monsoon cycle.

The main sources of oxygen at intermediate watpthd® the northern Arabian Sea are
the outflows from the marginal seas in the nortd &mdian Ocean Central Water (IOCW)
from the south (Olson et al., 1993). Persian Guét&v (PGW, 200-400 m water depth) and
Red Sea Water (RSW, 600-800 m water depth) have $adjnities and are comparatively
rich in oxygen, because they form at the surfackrave atmospheric contact shortly before
entering the Arabian Sea through the Strait of Harifb0 m sill depth) and Strait of Bab-el-
Mandeb (137 m sill depth), respectively (Rohlingl &achariasse, 1996; Sarma, 2002; and
references therein). IOCW combines Antarctic Intedate Water, Subantarctic Mode Water
and Indonesian Intermediate Water and is transpdddhe northern Arabian Sea from the
southwest during the summer monsoon as part of Sbheali current (You, 1998).
Intermediate water from the southern sources igirally rich in oxygen, but becomes
oxygen depleted (and nutrient rich) on its patithle Arabian Sea owing to oxygen loss
during the mineralization of sinking organic matteurther oxygen loss on its way through
the Arabian Sea results in higher oxygen conceatraitin the NW basin and lower oxygen
concentrations in the NE basin of the Arabian $égufe 5.1).

Oxygen concentrations at intermediate water degskrict water column denitrification
to the NE Arabian Sea, although particle flux frpneductivity is highest in the NW basin
(e.g., Gaye-Haake et al., 2005). Denitrificatiomttimeduces nitrate to nitrite and gaseous
nitrogen is triggered when oxygen concentrationsféelow 5uM @ (Devol, 1978). In

general, oxygen deficient conditions enable ddit&tiion below 100 m water depth (Figure
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5.2). At our study site, intrusion of PGW that few southward direction along the coast of
Oman can supply oxygen and occasionally suppressagification, as was the case during
the late SW monsoon 2007 between 250 and 400 mr vageth (Gaye et al., 2013).
Denitrification strongly fractionates nitrogen ispes and the remaining nitrate is enriched in
8'°N. Off Oman, SW monsoon upwelling forces nitratéiaient water masses to the surface,
so that the higls*>N signal of nitrate is effectively transported irttee euphotic zone. The
isotopically enriched nitrate is assimilated intrtirulate matter by phytoplankton and sinks
through the water column to the seafloor. The dighaenitrification and OMZ intensity is
thus preserved in marine sediments (Altabet etl8P5; Gaye-Haake et al., 2005; Naqvi et
al., 1998; Suthhof et al., 2001).
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Figure 5.2: Water column profiles of (a) oxygen concentrati¢is), NO;, deficit and (c)5*°N at sites M74/1b-
163SL (black) and #957 (gray) during the late SWheoon 2007 (Gaye et al., 2013). Increase of oxygen
between 250 and 400 m water depth indicate intrusfd®ersian Gulf Water to our study site.
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5.3. Methods
5.3.1. Sample collection

In this study, we analyzed the first 400 cm of gsagore 163SL and the first 50 cm of
multicorer MC680. Core 163SL (21°55.97'N, 59°48H5650 m water depth) and multicorer
MC680 (22°37.16’N, 59°41.50’'E, 789 m water deptlothowere retrieved in 2007 during
Meteor cruise M74/1b within the OMZ on the contitedmmargin off northern Oman. The
first 400 cm of core 163SL were sampled in contusu8 cm intervals (resolution of 10 to 50
years). We analyzed bulk parameters (TOC, carbpogtd), alkenones and stable nitrogen
isotopes &°N) in all sediment samples. The elemental commositof sediments was
analyzed in 1 cm intervals for the upper part & tore (0-70 cm) and every third to forth
sample in the lower part (70 to 400 cm). The elegalenomposition of MC680 was
determined in 1 cm down-core resolution @MN was analyzed in every second sample. Al
sediment samples were freeze-dried and homogerpred to chemical treatment and

analyses.

5.3.2. Bulk components

Total carbon and total organic carbon (TOC) wereasneed on a Carlo Erba 1500
elemental analyzer (Milan, Italy). Total organicrlman was analyzed after samples were
treated with 1 molar hydrochloric acid (HCI) to reinate inorganic carbon. Analytical
precision for carbon was 0.02%. Carbonate carbos asiculated as the difference between
total carbon and organic carbon.

Biogenic opal was determined photometrically aftet alkaline extraction of biogenic
silica (BSi) using a modification of the DeMasteetimod (DeMaster, 1981). About 30 g
sediment per sample was digested in 40 mL of 1%usodarbonate solution (M@GOs) in a
shaking bath at 85°C. The neutralized supernagdtgr(treatment with 0.021 molar HCI) was
analyzed after 3, 4 and 5 hours and the amounSoin&s estimated from the intercept of the
line through the time course aliquots. This slopmrection was used to prevent an
overestimation of BSi by mineral dissolution at I®®&i concentrations (Conley, 1998).
Biogenic opal was determined by multiplying the B8ncentrations with a factor of 2.4.

Duplicate measurement of samples resulted in a saaaard deviation of 0.13%.
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The biogenic fraction of the sediments was caledlats the sum of TOC, carbonate and
opal, and the lithogenic fraction was determineébdsews: wt% lithogenic = 100 - wt% opal
— wt% carbonate — (wt% TOC*1.8).

Mass accumulation rates (MAR) of the bulk composemtre calculated as the product
of the dry bulk densities of the sediments (measwiethe Department of Geosciences —
University of Tubingen), linear sedimentation ratesl the weight fraction of the respective
bulk component. All bulk components are presentedeight percent.

5.3.3. Stable nitrogen isotopes

The ratio of the two stable isotopes of nitrogEN{“N) is expressed a&°N, which is
the per mil deviation from the N-isotope compositiaf atmospheric N(&™N = 0%o): §*°N =
[(RsampleRstandar)/Rstandard* 1000, where Rampleis the™N/*N ratio of the sample andsRadard
is the ™N/*N ratio of atmospheric N&™N values were determined using a Finnigan MAT
252 gas isotope mass spectrometer after high-teyerflash combustion in a Carlo Erba
NA-2500 elemental analyzer at 1100°C. Pure tankcdibrated against the International
Atomic Energy Agency reference standards IAEA-N+id dAEA-N-2, which were, in
addition to an internal sediment standard, alsoduas working standards. Replicate
measurements of a reference standard resulted amalgtical precession better than%s1

The mean standard deviation based on duplicateurezaents of samples is 0%/

5.3.4. Alkenones

Purified lipid extracts of between 1.5 togbfreeze-dried and homogenized sediment
samples were analyzed for alkenones using an Agé&50 gas chromatograph (GC)
equipped with a split-splitless inlet system, &ailcolumn (30 m x 0.25 um film thickness x
0.32 mm ID; HP-1; Agilent) and a flame ionisatiogtector (310°C). Sample preparation and
detailed analytical procedure for alkenone idecdtiion is described in Boll et al. (2014).
Alkenones were translated into sea surface temyperaising the core top calibration for the

Indian Ocean of Sonzogni et al. (1997b): SST=(0.043)/0.033, withU, =Cs7.4(Cs7:2 +

Cs7.9). All lipid extracts were analyzed twice resultimya mean standard deviation of 0.2°C.
The mean standard deviation of estimated SST baseeplicate extraction and measurement

of a working sediment standard is 0.5°C.
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5.3.5. Major and trace element analysis

Bulk chemical sediment analyses were performed Witlay fluorescence (XRF) using
Philips PW 2400 and PW 1480 wavelength disperspeetsometers at the Federal Institute
for Geosciences and Natural Resources in Hann@arcentrations of 42 major and trace
elements were quantitatively analyzed after fusibthe samples with lithium metaborate at
1200°C for 20 minutes (sample/LiBG= 1/5). Quality of the results was controlled with
certified reference materials (i.e., BCR, Commuridtyreau of Reference, Brussels). The
precision for major elements was generally bettent+0.5% and better than 5% for trace

elements.
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Figure 5.3: Age-depth dependency of core 163SL and MC681 ofdnee station. MC681 was tied to 163SL by
correlating Vanadium levels between both cores. dthetigraphic framework of each core was estabtishy
14C accelerator mass spectrometry datings (diamondaigmwith age uncertainties). Stippled line inttisaa

sedimentary hiatus at 56 cm core depth.
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5.4. Age model

Age models of both cores are based on nineteerS(t83gure 5.3) and four (MC680;
Figure 5.4) AMS™C datings from different core depths, measured eta BAnalytics,
Miami/FL, the Leibniz Laboratory in Kiel and thendBeam Physics Laboratory at ETH
Zurich (Table 5.1). Depending on the availabilifysofficient foraminiferal shells**C was
either measured in carbon from monospecific sampldseogloboquadrina dutertrei, from
mixed planktonic foraminifera, or from the sedinagt bulk organic carbon fraction. To
exclude a potential bias by the use of differenthméologies and carbon compounds, one
sample was dated twice using two different techesq(see Table 5.1). Both measurements
revealed almost the same radiocarbon age, andcithmparability of ages obtained from
planktonic foraminiferal calcite and the bulk orgacarbon fraction. The uppermost 15 cm of
163SL were correlated with multicorer MC681 frone ttame station by the visual matching
of variations in element concentrations (Figure).5[ue to the higher temporal resolution
and lower probability of sediment compaction, MC684s given priority for age dating of

deposits near the sediment-water-interface.
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Figure 5.4: Chronology of core MC680, established by fdf€ AMS datings (diamond symbols, with age
uncertainties). A sedimentary hiatus (stippled)liwas located at 37 cm, by a sharp increase ofyheaneral

element ratios (see chapter 5.4).
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Table 5.1:Results of radiocarbon AMS datings. Beta refers tia Baalytics, Miami, FL/USA, KIA to the

Leibniz Laboratory,

Zurich/Switzerland

Kiel/Germany and ETH to the ETHaboratory of

lon Beam Physics,

Core Depth Lab Code Material Conventional Reservoirecbed
(cmbsf) 14C age calibrated age
(yr BP) (cal BP)
MC680 1+1 Beta340286 mixed planktics 80+ 30 post 1950
MC680 12+2 Beta357279 N.dutertrei 600 + 30 15+38
MC680 205+15 Beta357280 mixed planktics 810 + 30 2399
MC680 40+1 Beta357281 mixed planktics 5600 +40 57356
MC681 1+1 Beta342813 mixed planktics 650 + 30 3030
MC681 1+1 Beta342812 bulk organic fraction 630 + 30 +13D
MC681 115+£05 Beta342814 bulk organic fraction 133D 584 + 84
MC681 335105 Beta342815 bulk organic fraction 196D 1202 + 125
163SL 225+0 ETH N.dutertrei 1996 + 67 1234.5+182.5
163SL 315+05 Beta346602 bulk organic fraction 1980 1226 + 126
163SL 525+05 Beta346603 bulk organic fraction 2100 13725+ 123.5
163SL 585+05 Beta346604 bulk organic fraction 5380 5798 + 139
163SL 77.75%+1.25 KIA47119 N.dutertrei 5760 £30 583 H12.5
163SL 141.25+1.25 Beta319751 N.dutertrei 5990 + 30 760949
163SL 193.75+1.25 Beta319752 N.dutertrei 6350 +40 464756
163SL 252.75£2.75 KIA47120 N.dutertrei 6715 +£35 6909177.5
163SL 278.75+1.25 Beta319753 N.dutertrei 6670 +40 968370
163SL 295+0 Beta319754 N.dutertrei 7030 £40 7274% 12
163SL 326.25+1.25 Beta319755 N.dutertrei 6990 + 40 3”2 155.5
163SL 353.75+1.25 KlA47121 N.dutertrei 7420 £40 75988
163SL 3925+0 KIA47122 N.dutertrei 8090 £40 8257 538.5
163SL 395+0 Beta319756 N.dutertrei 8090 +40 82571835
163SL 417.5+0 Beta342816 N.dutertrei 8500 +£40 8720&

Conventional**C ages were calibrated to calendar ages using #1dBC7.0 software
(Stuiver and Reimer, 1993) with the MARINEQ9 cadition dataset (Reimer et al., 2009).
One sample with a negative radiocarbon age wasded with the postbomb calibration
curve of Northern Hemisphere Zone 3 (Hua and B#rkd#204). Reservoir ages in surface
water masses in the western Arabian Sea are dider the global reservoir age due to
admixture of intermediate waters by strong upwgliiSouthon et al., 2002). For the slightly
northward location of MC680, we assume a regioeakrvoir correction oAR=200+62
years, which is the weighted mean of the 10 closBstletermination points from the Marine

Reservoir Correction database (http://calib.qubldmarine/), but ignoring the highest and
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lowest values. The core site of 163SL is underitfieence of a highly productive coastal
upwelling zone. Therefore, we applied a compargtiveigh reservoir correction of
AR=297+51 years from Southon et al. (2002) that detsrmined from the station closest to
the core site. This correction factor is consistsith the corrected age of our undisturbed
surface sample of MC681 (Table 5.1).

Both cores have a conspicuous sedimentation haatusnd 5700 years BP (Figures 5.3
and 5.4), indicated by the dense succession ohglgiints. In core MC680 the hiatus was
positioned at 37 cm, and is expressed by a sharpase of Zr/Al and Ti/Al ratios, suggesting
an erosional surface. The missing sedimentary segu@ core 163SL is 1.5 m thick (1.9 m

for MC680), based on the accumulation rates abodebalow the unconformity.

5.5. Results
5.5.1. Indicators for OMZ variability ( $*°N, Mn/Al)

Variations in the intensity of the OMZ over the Hoéne are expressed in stable nitrogen
isotope ratios§°N values) and Mn/Al ratioS**N ranges from 7.4 to 9.4%. in core 163SL
(Figures 5.6 and 5.8) andirdicative of water column denitrification assoe@with suboxic
conditions in Arabian Sea intermediate waters (&fjabet et al., 1999; Gaye-Haake et al.,
2005). Core top values of 8.9%0 (163SL) and 8.0%. @4Q) are well within the range of
modern surface sedimedi°™N values for this region (Gaye-Haake et al., 2005N values
(7.4 to 8.5%0) in the early to middle Holocene ageeiival (from 8 to 5.8 ka) are about 1%o
lower than the5™®N values (8.9 to 9.4%.) of the late Holocene sectibrtore 163SL. The
increase ib™N is further evident in MC680 that show mid Holoeéri°N values of about
7% compared to late Holocene values of ~8.5%. (FEgGr8). This suggests elevated
denitrification due to more intense OMZ conditioof northern Oman during the late
Holocene, which is in line with results from the MEabian Sea off Pakistan (Pichevin et al.,
2007), but in contrast to decreasiBigN in the NW Arabian Sea over the same time period
(Ivanochko et al., 2005; Suthhof et al., 2001).

Decreased oxygen levels of intermediate water dutie late Holocene relative to mid
Holocene conditions are further traced by decrgadm/Al ratios in cores 163SL and
MC680. Manganese deposition in marine sedimertgyisly redox sensitive. Under suboxic
bottom water conditions (when the OMZ impinges ba tontinental slope) insoluble Mn
(IV) oxyhydroxides are reduced to soluble Mn (Which is mobilized and removed from the
sediments (e.g., Calvert and Pedersen, 1993; Spmet al.,, 2000). Relatively lower



72 CHAPTER 5: HOLOCENE VARIIONS IN THE ARABIAN SEA OMZ

sedimentary Mn/Al ratios in the late Holocene inéd¢s of cores 163SL and MC680 (Figure
5.8, note reversed y axis) thus indicate less axgtpel bottom waters and imply a more
intense OMZ in this sector of the Arabian Sea caegh#o the mid Holocene.
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Figure 5.5: Sedimentary records of core M74/1b-163SL overrtheé Holocene. (a) Ti/Al as a tracer for the
input of lithogenic material, (b) bulk mass accuatign rates (MAR), (c) biogenic content of sedimeats (d)

mass accumulation of the biogenic sediment fraciitve shaded areas indicate phases of increasad agut.

5.5.2. Marine primary productivity changes (biogent content)

To track Holocene changes in primary productivity @man we used the sedimentary
fraction of biogenic material. The biogenic fractiovas calculated as the sum of organic
carbon, opal (diatoms) and carbonate (coccolithogg)ocand thus accounts for past changes
or shifts in the primary producer community. Simpaatterns of wt% biogenic and bulk MAR
imply that the biogenic fraction of sediments ig affected by dilution (Figure 5.5), although
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mass accumulation rates at our coring sites apadir influenced by the input of lithogenic
material (see chapter 5.5.3.).

The biogenic fraction in core 163SL ranges from t8152%. Primary productivity
decreased from the middle to late Holocene as atelitby relatively higher biogenic contents
in the mid Holocene fraction of core 163SL (Fig&®). Short-term primary productivity
fluctuations on decadal to centennial time scat@setate well with SST and™N patterns
over the mid Holocene and suggest that short-tematwons in OMZ intensity are coupled to

upwelling induced primary productivity changes dgrthis time (Figure 5.7).

5.5.3. Continental aridity, dust input (Mg/Al, Zr/Al, lithogenic MAR)

To examine the role of varying SW monsoon strength OMZ conditions we
investigated the input of eolian material to oudisents. Dust deposited on the Oman
Margin is primarily transported from Arabia by tNerthwesterlies that overlie the low-level
winds of the SW monsoon (Sirocko et al., 1991}his region the input of eolian material is
characterized by Mg-bearing minerals such as paskife and dolomite that are transported
with dust plumes from Arabia to the northern Araibb&ea (Sirocko et al., 2000, 1991). Since
titanium is preferentially incorporated into heamynerals and concentrated in the coarse-
grained sediment fraction (and is not affected é&yediagenesis), Mg/Al and Ti/Al ratios in
Arabian Sea sediments trace the input of eolian fdos) the Arabian Peninsula and Somalia
(Shimmield and Mowbray, 1991). Zr/Al ratios (paehlto Ti/Al) can be used as an indirect
tracer for wind strength, because zirconium is lgwnriched in heavy minerals such as
zircon that is associated with the coarse grairestingent fraction and thus could only be
transported at vigorous wind speeds (Shimmield Mod/bray, 1991; Sirocko et al., 2000).
This interpretation is supported by a study fronplaees et al. (2014), which found that the
Zr/Al ratio is well correlated with grain size inseadiment core from the Pakistan continental
margin. Furthermore, the input of lithogenic mak(46 to 67%) at site 163SL determines
sediment mass accumulation rates and correlatsslglavith bulk MAR and Ti/Al (Figure
5.5). Terrigenous matter deposited on the Oman Masgalmost exclusively of eolian origin
due to the absence of river systems in this regeéord we argue that lithogenic mass
accumulation rates in core SL163 reflect the champgiput of dust near the coast of northern
Oman.

Deposition of dust in Arabian Sea sediments infextsiover the Holocene as a direct

result of increased continental aridity due to distiing SW monsoon strength (Prins et al.,
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2000; Sirocko et al., 2000). Lithogenic MAR at si&3SL started to increase at about 7.6 ka
(23 g cn? kyr") to values of up to 126 g c¢mkyr® at 5.9 ka (Figure 5.7), in line with
continental aridification on the Arabian Penins(day., Berger et al., 2012; Fleitmann et al.,
2007; Fuchs and Buerkert, 2008). Moreover, thepsieerease in lithogenic MAR at 6.1 ka
closely mirrors the moisture history of northern &mwhere the transition from more humid
to arid conditions was not gradual but occurreatret abruptly at around 6 ka (Bray and
Stokes, 2004; Fleitmann et al., 2007). Aridificatioontinued until the late Holocene as
shown by high Mg/Al ratios in the late Holocenetgetof core 163SL (Figure 5.6).
Superimposed on the long-term trend were severalt-88rm events of high eolian
activity (high lithogenic MAR and high Ti/Al) at 5 ka, 6.25 ka and 5.95 ka (Figures 5.5
and 5.7). Increased upwelling (low SST) and elevatgAl ratios suggest that these were

times of intensified wind strength.

5.5.4. Sea surface temperatures

Alkenone-derived SST estimates in our record vagwben 23.8 and 27.8°C (Figure
5.6) and fluctuated around the modern annual medumevof 26.2°C (Levitus and Boyer,
1994) during the late Holocene and from 8 to 6.6kaontrast, SSTs were almost constantly
below modern values in the period from 6.5 to 5a7 khe close correlation between small
scale SST changes and variations’iiN (increased denitrification) implicates that upkej
processes are the main driver for short-term S8@tdhations in this region (Figure 5.7).
Decreasing SSTs from 6.5 to 5.7 ka thus most likeject a regional strengthening of

upwelling at the coast of northern Oman.
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Figure 5.6: Monsoon reconstruction of core M74/1b-163SL shgwstrongest southwest monsoon activity
during the mid to early Holocene. (a) speleott&f® of Qunf Cave in Southern Oman (Fleitmann et 8Q73,
(b) Mg/Al as an indicator for continental dust imp(c) biogenic content of sediments, (d) Mn/Alaaracer for
oxygen variability, (e) sedimentay*N, and (f) alkenone-derived SST estimates for ddi&/1b-163SL.
Dashed line indicates modern SST of 26.2°C (Leanus$ Boyer, 1994).
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5.6. Discussion
5.6.1. OMZ variability at the northern Oman Margin and SW monsoon strength

In today’s situation, low mid-water oxygen levatsthe NE Arabian Sea are maintained
by the interplay between oxygen consumption belwsvrhixed layer and low oxygen supply
caused by sluggish replenishment of intermediateensgOlson et al., 1993; Sarma, 2002,
Wyrtki, 1962).

One controlling factor for OMZ variability in therAbian Sea thus are variations in SW
monsoon activity that result in variable rates wifnary productivity, particle export from the
euphotic zone and oxygen demand below the mixeat igdltabet et al., 1999, 2002; Reichart
et al., 1998, 1997; Schulte et al., 1999; Suthhad.e2001). Our records of summer monsoon
strength and OMZ intensity shed light on the rglaimportance of the two factors during the

Holocene.

5.6.1.1. Mid Holocene versus late Holocene

The long-term development of local OMZ intensitytbe northern Oman Margin is not
primary governed by varying SW monsoon strengtheléomparing the mid Holocene time
slice with that from the late Holocene in core 1638ronger SW monsoon activity (intense
upwelling, high primary production and relativelgwl dust input) is indicated during the
middle Holocene, whereas most intense OMZ conditioccurred during the late Holocene
(Figure 5.6). This mismatch suggests that interatedivater ventilation must have been
stronger during the middle than during the lateddehe off northern Oman. Other studies
from the northern Arabian Sea also report an odigi role of ventilation changes in
modulating glacial to interglacial OMZ variabili($8oning and Bard, 2009; Jung et al., 2009;
Pichevin et al., 2007; Schulte et al., 1999).
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Figure 5.7: Short-term climate variability at site M74/1b-1636ver the middle Holocene. (a) speleoth&fiO
of Hoti Cave (Northern Oman) as an indicator forcppitation (Neff et al., 2001), (b) mass accumulatiof
lithogenic material (black) compared to Mg/Al rati(green) in core 163SL, (c) record of Zr/Al asiaairect
tracer for wind strength, (d) biogenic content eflisnents (productivity tracer), (e) alkenone-dediv@ST
estimates, and (f) sedimentai¥’N of core 163SL. Short-term events of strong wintmsity trigger intense

upwelling that is accompanied by high primary prctétty and elevated denitrification (shaded areas)



78 CHAPTER 5: HOLOCENE VARIIONS IN THE ARABIAN SEA OMZ

5.6.1.2. Short-term control on local OMZ intensityduring the mid Holocene

Regional short-term fluctuations in the oxygen meey of the northern Arabian Sea
were linked to variations in SW monsoon activityepthe middle Holocene (Figure 5.7). This
suggests that the centennial scale variability afamic properties on the northern Oman
Margin was significantly controlled by atmosphepiocesses (and that ventilation changes
probably only played a minor role in modulating ice@l short-term oxygen levels). Core
163SL recorded several events of intensified wiabbeity during the mid Holocene, dated
around 7.15 ka, 6.25 ka and 5.95 ka. Increased wgimengths during these events
strengthened the upwelling of cold, nutrient-richtars near the coast of Oman that in turn
enhanced regional biological productivity, as ewitkd by negative SST excursions and high
sedimentary contents of biogenic matter. PeriodewfSST were essentially anti-correlated
with 8N indicating that invigorated upwelling increasecygen consumption and
denitrification during mineralization of elevatethanic matter fluxes. Phases of most intense
oxygen deficient conditions in the coastal regiédhrmorthern Oman thus were coupled to
elevated wind strength over the northern Arabiaa tBeoughout the mid Holocene.

Strong winds, furthermore, enable the entrainmémlust to our study area as indicated
by high Ti/Al ratios (Figure 5.5) and elevated aoeilation of lithogenic matter during times
of increased wind velocities (Figure 5.7). Althouyk increased input of dust to Arabian Sea
sediments is attributed to decreased SW monsoanitpobver longer time scales (e.g.,
Deplazes et al., 2014; Prins et al., 2000; Sircekal., 2000, 1991), the short-term events of
high eolian activity observed here most likely eefltimes of elevated SW monsoon activity.
Sirocko et al. (1991) stated that dust transpatetithie NW Arabian Sea is mainly controlled
by continental aridity together with wind strengtblemens and Prell (1990) showed that
lithogenic MAR mainly reflects source area aridiiyhereas lithogenic grain size (which is
tightly linked to Zr/Al (Deplazes et al., 2014)) iisdicative of SW monsoon wind strength.
The gradual increase of lithogenic MAR at our stsitg thus reflects a long-term trend of
SW monsoon weakening over the Holocene and isnm With cave records (recorders of
continental aridityFleitmann et al., 2007, 2003) and other studies ftioe northern Arabian
Sea (e.g., Gupta et al., 2003; Overpeck et al.§;18Bocko et al., 1993).

5.6.2. Spatial and temporal variability of the Arabhan Sea OMZ during the Holocene

The comparison o§*°N and Mn/Al records throughout the northern Arab&ea helps to
decipher changes in the spatial and temporal dpredat of the Arabian Sea OMZ over the
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Holocene (Figure 5.8). Variations in the sedimen®N signal are not only caused by
changing denitrification rates and thus oxygen labdity, but also by other processes that
influence the absoluté'N signal in the sedimentary record such as £\ reduction
through N fixation (Karl et al., 2002), (2) isotopic fractiation during incomplete nitrogen
uptake (Schafer and lIttekkot, 1993), (3) input @frigenous matter with a reducéN
signature (Gaye-Haake et al., 2005),§4N increase with distance from the upwelling center
(‘Rayleigh-type fractionation’; Altabet and Franspil994)and (5) diagenetic alteration in the
sediment (Gaye-Haake et al., 2005; Mdbius et @lL,12 In Arabian Sea sediments from the
continental slop&™N values are not primarily driven by diagenesis g et al., 2011) and
for the 3'°N records considered her&s&N bias through terrigenous organic matter input by
river runoff is unlikely, because sediment coresemaot obtained in the proximity of large
river mouths. Moreover, nitrate is completely atld by phytoplankton on an annual basis in
the NW Arabian Sea (Schéfer and Ittekkot, 1993). #es assume that™N is primary
modulated by mid-water oxygen availability. Thigeirpretation is strengthened by the good
agreement o8N with the records of Mn/Al (Figure 5.8). The Mn/#dtio is the result of
complex redox dynamics at the boundary of the OMZhin the OMZ Mn (1l) is mobilized
and removed from the sediment, so that lowerednsattiary Mn/Al ratios reflect more
intense oxygen deficient conditions (see also @rdpb.1.; cores MC680 and 163SL). On the
other hand, strong OMZ conditions are reflectecemmiched manganese concentrations in
sediments deposited below the OMZ (cores 74KL ai@MN905). Extension of the OMZ
would result in mobilization of Mn that was prevsiy deposited in sediments below the
OMZ, lateral transportation of the released Mn &ihd reoxidation and transformation of Mn
(1) to particulate Mn (IV) outside the OMZ (Schget et al., 2000; Suthhof et al., 2001).
Sedimentary8™N together with changes in Mn/Al thus indicate @dand temporal

variations of mid-water oxygenation in the ArabBea (that will be discussed below).

5.6.2.1. Early Holocene (11-8 ka)

The northern Arabian Sea was well oxygenated dutivey Younger Dryas and last
glaciation, but oxygen deficient conditions develdpn the northern Arabian Sea during the
early Holocene (Altabet et al., 1999, 2002; Suthébéal., 2001). Deglacial lowering of the
oxygen inventory in Arabian Sea intermediate watess caused by (1) high production of
organic matter induced by strong southwest mondagnaelling (e.g., Altabet et al., 2002),

(2) decreased northward intrusion of intermediatgtevs from the south (e.g. Antarctic
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Intermediate Water) due to sea level rise and as&é influence of highly saline waters from
the marginal seas (RSW and PGW) (Bdning and B&@92Jung et al., 2009; Pichevin et al.,
2007; Schulte et al., 1999) and (3) thermoclinetilegion due to deep convective winter
mixing in the northeastern part of the Arabian Geeichart et al., 2002a).

OMZ conditions were most intense in the NW Arab&ea during the early Holocene as
shown by enhanced denitrification off Somalia andad (Figure 5.8; period 1). Sea level at
this time was about 40 m below present level (Fegbu8; Bard et al., 1996; Siddall et al.,
2003) and inflow of RSW and PGW was still weakeanthunder modern conditions
(Lambeck, 1996; Rohling and Zachariasse, 1996jed&us oxygen was probably supplied to
the northeastern basin by IOCW, which representshson intermediate water sources and
enters the northern Arabian Sea at the southwedteamdary with the Somali current.
Advection of this intermediate water mass weaketted OMZ in the NE Arabian Sea
(Boning and Bard, 2009; Pichevin et al., 2007). sTlscenario further implies better
ventilation of the NW basin (inferred from the maddlowing path of IOCW), and in
consequence OMZ intensity in the NW Arabian Seaikhbave been low. But a comparison
of different™N and Mn/Al records from the NW basin (Altabet &t 2002; lvanochko et
al., 2005; Ivanochko, 2004a; Suthhof et al., 2084dl the NE basin of the Arabian Sea
(Pichevin et al., 2007) shows that thgd@ficit was most pronounced in the northwestem pa
of the Arabian Sea (Figure 5.8). We argue thaidSs and build up of intensely oxygen
deficient conditions in the NW Arabian Sea was eduBy an increased demand of oxygen
due to elevated primary production and associateénalization of sinking organic matter in
the upwelling regions off Somalia and Oman. SSTomés from these regions reveal that
upwelling during this time was much more vigoroliart today (Boll et al., submitted; Huguet
et al., 2006) driven by a contemporaneous maximur®\W monsoon strength during the
early Holocene (Fleitmann et al.,, 2003; Overpeckakt 1996; Sirocko et al., 1993).
Upwelling processes trigger high rates of primamydoictivity off Somalia (Ilvanochko et al.,
2005) as well as off Oman (Gupta et al., 2003; Naidd Malmgren, 1996).

Modern SST patterns show no indication of upwelimgeaction to the SW monsoon on
the Pakistan Margin (Levitus and Boyer, 1994), ardiment trap studies indicate higher
productivity during the NE monsoon season in wir{fgemdruleit et al., 2000; Schulz et al.,
2002b). Von Rad et al. (1999b) indeed found evident reduced primary production
together with oxygenated bottom water condition§ Pékistan between 10.5 to 7 ka.
Strengthened SW monsoon winds during the early ¢éwle thus only slightly impacted the

NE Arabian Sea productivity. Although northern Aileab Sea intermediate water was better
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ventilated from southern sources during the eadioeene than today, the increased rain rate
of organic matter due to strong SW monsoonal upmeelicaused pronounced oxygen
deficiency in the NW Arabian Sea, where most inte@81Z conditions are today observed in
the NE basin.

5.6.2.2. Early- to mid Holocene (8-6 ka)

Organic matter production as the main control oggex levels at intermediate water
depth probably declined with gradual weakening \&f @onsoon strength (e.g., Fleitmann et
al., 2007; Gupta et al., 2003) over the early toldi@ Holocene. Changes in intermediate
water ventilation became more important than pradilg and oxygen demand as driving
factors for mid-water oxygen levels. In consequertbe west-east gradient of the Arabian
Sea OMZ decreased, and the OMZ intensified in tBeA¥abian Sea and weakened in the
NW Arabian Sea (Figure 5.8; period 2). Gradual otidn of SW monsoon intensity is well
documented at site 163SL where increasing amouftdust signalling continental
aridification were deposited between 8 to 6 ka @Beret al., 2012; Fleitmann et al., 2007;
Fuchs and Buerkert, 2008). Upwelling intensity @ased and lowered surface ocean
productivity in the NW Arabian Sea (Gupta et al002; Ivanochko et al., 2005), so that
oxygen concentrations at intermediate water depttreased and denitrification was reduced
(see Figure 5.8). On the other hand, increaseovindif PGW and RSW due to rising sea level
(Lambeck, 1996; Rohling and Zachariasse, 1996)tdoted intrusion of IOCW to the NE
basin (Pichevin et al., 2007), whereas the NW beasiminued to receive intermediate water
of southern provenance. This leads to a stabitinatif the OMZ and a continuous expansion
of oxygen deficiency in the NE Arabian Sea, wherdas NW Arabian Sea remained

ventilated.
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Figure 5.8: Comparison 06*°N and Mn/Al (when available) records of severalesoobtained from the northern
Arabian Sea. From the bottom up: NIOP 905 off Sdem@livanochko et al., 2005; Ivanochko, 2004), SO42-
74KL (Suthhof et al., 2001) and RC27-23 from the Onvargin (Altabet et al., 2002), M74/1b-163SL and
MC680 off northern Oman (this study) and MD04-2876Rakistan (Pichevin et al., 2007). The comparison
allows the reconstruction of the temporal and spatriability of the Arabian Sea oxygen minimummecover
the Holocene (indicated by color shading). Furtiilerstrated is the relative Holocene sea level dean
reconstructed by Siddall et al. (2003) (black cyiased Bard et al. (1996) (gray curve). Numbers iaticlimate

periods discussed in the main text.
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5.6.2.3. Mid Holocene (6-2.5 ka)

Present sea level was reached shortly before 8d&al (et al., 1996; Siddall et al., 2003)
and thermocline circulation over the middle Hologemost likely was similar to modern
conditions. Detailed comparison of denitrificatipatterns for the northern Arabian Sea points
to a gradual southward retreat of intermediate mwatntilation from southern sources
(IOCW) until modern circulation patterns were e$tited around 2.5 ka before present
(Figure 5.8; period 3). While denitrification andus oxygen deficiency increased again on
the Oman Margin since ~6 ka (site RC27-23; Altadeal., 2002), ongoing water column
oxygenation is indicated by the contemporaneoudirdeof §"°N and Mn/Al at southern
stations (site 74KL (Suthhof et al., 2001) and $il®©P 905 (lvanochko, 2004)). Oxygen
supply by IOCW probably plays a substantial role fad-water ventilation south of about
15°N, whereas its influence diminished in the nemthpart of the Arabian Sea at the coast of
northern Oman and Pakistan. Our spatial compariost°N data suggests that the OMZ
expanded from the northeastern basin of the AraBiea to the northwest resulting in a
reversal of the early Holocene west-east gradi€ér®MZ intensity throughout the middle

Holocene.

5.6.2.4. Late Holocene (since 2.5 ka)

The modern OMZ, which is characterized by permalemtoxygen concentrations and
associated high denitrification rates in the NElAaa Sea and weaker OMZ conditions in the
NW Arabian Sea, was established at about 2.5 lgu(€i5.8; period 4). Maximum primary
production (northwestern upwelling regions) ancemse denitrification (northeastern basin)
were spatially decoupled over the late HoloceneusTHow oxygen levels and increased
denitrification in the NE Arabian Sea can not pniityabe attributed to enhanced production
and subsequent loss of oxygen due to mineralizati®inking organic matter. SW monsoon
activity at site 163SL off northern Oman was refly low during the late Holocene
compared to early Holocene conditions, as indicdgdveak upwelling intensities (higher
SST) and decreased primary production and an isece@nput of continental dust to the
163SL sedimentary record (Figure 5.6). The grasesdkening of Arabian Sea upwelling is
concurrent with other SST reconstructions that sheoveea surface warming tendency
throughout the Holocene (Boll et al., submittedgHet et al., 2006). At the coast of Pakistan,
where oceanic processes are mainly controlled mfewimonsoon activity, SST decreased

and primary productivity increased over the latdddene (imaging a long-term trend of NE
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monsoon strengthening) (Boll et al., 2014). Low +wiater oxygen concentrations in this
region thus must be coupled to increased prodigtnaused by strong NE monsoonal winds.
Nevertheless, spatial differences in the late Hahec oxygen deficiency in the northern
Arabian Sea were significantly governed by weaktilegion at intermediate water depth that

is minimal in the northeastern part of the Araldtaa.

5.6.3. Present development of the Arabian Sea OMzhd implications for future climate

change

Climate models (Matear and Hirst, 2003) predict ecrdase of dissolved oxygen
concentrations in the oceans and expanding oxygammomm zones under global warming
conditions. Measurements of dissolved oxygen olerlast 50 years show more divergent
results, but indicate an overall oxygen decline tle tropical oceans, while oxygen
concentrations generally increased in the subtabjpiceans (Keeling et al., 2010; Stramma et
al., 2012). Ocean ‘deoxygenation’ in response tdall warming is mainly attributed to lower
oxygen solubility in warmer waters and to an inseeaf upper ocean stratification (Keeling
et al., 2010; and references therein). Since ttabi&n Sea is one of the main denitrification
regions of the world’s ocean (e.g., Bange et @002 Codispoti et al., 2001) and significantly
contributes to the oceanic loss ofONto the atmosphere (Bange et al., 2001), chamgytsei
Arabian Sea OMZ would have implications for futwtemate change. A study by Levitus et
al. (2005) revealed that the Indian Ocean has warsirece the mid-1960s (see Figure 5.9b)
and the question arises if and how this warmingdiected the present development of the
Arabian Sea OMZ. Stable nitrogen isotopic measungsngpanning the period from 1950 to
1990 A.D. from the NE Arabian Sea (Boll et al., 2Plindicate a slight increase of
denitrification over this time interval, in line thi a regional sea surface warming tendency
(that is also reflected in air temperature measargsmfrom this region; Figure 5.9a). This
regional increase of denitrification at the coalsPakistan thus may be a consequence of a
recently observed expansion of the Arabian Seatrd@rdtion zone (Rixen et al., 2013).
Recent and ongoing warming further strengthen théhsvest monsoonal winds and are
expected to enhance primary productivity in thebfam Sea (Goes et al., 2005). In analogy
with the patterns observed over the Holocene, wee&xan intensified mid-water oxygen
minimum due to enhanced oxygen demand below thentsidine. Interestringly, Banse et al.
(2014) found no clear trend in the¢O, distribution of the Arabian Sea between 1959 and

2004 A.D. that would signal enhanced denitrificatand intensified OMZ conditions. Also a
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global compilation of oceanic dissolved oxygen nueasients for the last 50 years shows no
substantial change in the Indian Ocean OMZ (Strangnal., 2008). Thus, the future

development of the Arabian Sea OMZ remains an apesstion that needs to be further
studied, especially since denitrification in theabian Sea accounts for a significant part of

global NO emissions.
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Figure 5.9: (a) Air temperature of Karachi (Pakistan) (grayvey data from Deutscher Wetterdienst) and
ERSST (extended reconstructed sea surface tempesatigrived from in situ observations and improved
statistical methods; Smith and Reynolds, 2003) far Pakistan continental margin (black curve), (l®atH
content anomaly of the Indian Ocean for the peti@85-2003 (Levitus et al., 2005) and &N of core SO130-
275KL from the northeastern Arabian Sea (Boll et2014).
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5.7. Conclusions

The joint examination of ous™N and Mn/Al records together with published
reconstructions (Altabet et al., 2002; Ivanochkalet2005; Ivanochko, 2004; Pichevin et al.,
2007; Suthhof et al., 2001) indicative of mid-waterygenation reveal new insights into the
spatial and temporal variability of the Arabian S@MZ over the Holocene. Oxygen
concentrations in Arabian Sea intermediate watargd not only in intensity but experienced
spatial changes in the regional location of strehgxygen deficiency. Unlike today, when
oxygen levels are lowest in the NE Arabian SeagcOMZ conditions with elevated
denitrification occurred in the northwestern pdrthee Arabian Sea over the early Holocene.
This regional shift was caused by a changing itagrmf mid-water ventilation (oxygen
supply) and primary productivity (oxygen sink): @tg SW monsoon activity during the early
Holocene drives upwelling and high rates of primprgductivity at the coast of Oman and
Somalia while SW monsoon driven primary producyivitas comparable weak in the NE
Arabian Sea. On the other hand, low sea level (Bardl., 1996; Siddall et al., 2003) and
reduced inflow from the marginal seas in the natiable IOCW to replenish oxygen at
intermediate water depth from the south fartheth® northeast. Better ventilation of the
northeast basin together with spatial differencesxygen demand causes an early Holocene
OMZ, being most intense in the NW Arabian Sea. Qliermiddle Holocene, SW monsoon
activity weakened and the influence of primary ptbn on maintaining OMZ conditions
decreased. This was accompanied by a gradual trefread-water ventilation from southern
sources due to sea level rise and increased infibwarm and saline PGW and RSW.
Oxygen supply to the northeast Arabian Sea declimkie the NW Arabian Sea was still
well ventilated, so that most severe oxygen minimaonditions developed in the
northeastern basin over the late Holocene. The fsbih the northeast to the northwest of the
core OMZ implied a spatial decoupling of regionghahighest primary productivity and
lowest mid-water oxygen concentrations (highestitd@oation), as evident in modern
observations from the Arabian Sea (Gaye-Haake ,&2@05).

Mid Holocene short-term fluctuations in mid-watesygen at the northern Oman Margin
were mainly governed by atmospheric forcing relatedSW monsoon activity. Intensified
wind strength drives coastal upwelling that indugdegses of high primary production,
elevated loss of oxygen at intermediate water deatid increased water column
denitrification.

Until now, it is unclear if and how the OMZ of tiheabian Sea may respond to future

climate change. Our high-resolution reconstrucobithe middle Holocene, however, shows
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that regional variations of mid-water oxygen in #ebian Sea are sensitive to short-term
fluctuations in monsoon wind strength. A predictedrease in global temperature may
strengthen the land-sea thermal contrast that sitive low-level winds of the SW monsoon
(Goes et al., 2005), with possible consequencethéArabian Sea OMZ.
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CHAPTER 6

6. Conclusions and Outlook

6.1. Conclusions

The analysis of different sediment cores from twgions in the northern Arabian Sea
that are differentially impacted by the summer amithter monsoon, respectively, was
successfully used to disentangle signals of sumamer winter monsoon strength. While
summer monsoon winds drive intense upwelling agt hates of primary productivity in the
northwestern Arabian Sea, the influence of the @vimhonsoon is most pronounced in the
northeastern Arabian Sea off Pakistan, where rea#iterly winds induce convective winter
mixing and high primary productivity during the wen season.

My high-resolution reconstruction of primary protiuity and alkenone-derived SST
variability from the NE Arabian Sea provides a waqecord of winter monsoon variability
for the late Holocene, a climate period from whiciiormation about winter monsoon
strength is scarce. Winter monsoon activity intéediover the last 2400 years and was
strongest during the LIA from 1400 to 1900 A.D. Tdhecadal to centennial scale variability
in winter monsoon strength reported here suppdrés growing body of evidence that
significant climate variability occurs not only ¢ime scales of several hundred of thousand
years but also throughout the late Holocene.

Comparison of my alkenone-SST reconstructions ftben NW and NE Arabian Sea
confirms an antagonistic relationship of summer avidter monsoon strength over the
Holocene, which was so far only reported for gldiciserglacial cycles (Rostek et al., 1997;
Schulz et al.,, 1998). Summer monsoon activity wiasngest during the early Holocene
climate optimum as indicated by low SST and strapgvelling offshore Oman. Winter
monsoon activity, on the other hand, was diministheding this time (high SST off Pakistan)
but increased again since the early to mid Holoc@ihés reversed relationship of summer
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and winter monsoon strength did not only exist oilermial time scales throughout the

Holocene, but was also evidenced in the centesgile monsoon variability of the last two

millennia, as indicated by the comparison of mg |eblocene winter monsoon record with

records of summer monsoon strength. The dynamitefglay between summer and winter
monsoon strength over the Arabian Sea was mody ldeeised by solar triggered shifts in the
long-term latitudinal position of the ITCZ. The tloern Arabian Sea is located in a sensitive
region at the northern latitudinal boundary of th€Z: A southward displacement of the

ITCZ due to low solar insolation would have shoegrhe duration of the summer monsoon
season and strengthened the influence of northmastsoonal winds over the northern

Arabian Sea.

Holocene monsoon activity in the northern Arabiaga Saried in line with Northern
Hemisphere climate change. A general picture endeof@ncreased winter monsoon strength
corresponding to colder climate conditions on tleethkern Hemisphere (LGM and LIA) and
strong summer monsoon activity correlating withiges of comparatively warmer climate
conditions (early Holocene and MWP). Their likelyivthg forces might be related to
insolation changes. Climate variability in the highd low-latitudes probably was either
directly (and thus simultaneously) influenced byyiag solar activity or was linked through
solar triggered internal climate feedback mechasjssuch as movements in the position of
the ITCZ or snow cover that determines the landtbeamal contrast between the Asian
continent and the southern Indian Ocean. The dhthi® thesis show that the monsoon
climate of the low-latitudes has responded to stesrh (decadal to centennial) changes in
global climate variability over the last 2000 years

The Arabian Sea hosts one of the main OMZ of thddigocean, which make monsoon
induced changes in the Arabian Sea OMZ a potedtiaér of climate change. Reconstruction
of mid-water oxygenation and monsoon intensity frima northern Oman Margin and its
comparison to other records indicative of mid-wairygenation from the northern Arabian
Sea shows that the Arabian Sea OMZ has varied tensity and location (northwest to
northeast shift) over the Holocene. This variapilitas most likely caused by changes in
intermediate water ventilation due to sea leved tembined with spatial differences in the
response of primary productivity to varying monsarength. While monsoon activity thus
was not the only driver for millennial scale vaioas in OMZ intensity, strong southwest
monsoon winds were significantly linked to regidypalow oxygen levels (increased
denitrification) at intermediate water depth ovecadal to centennial time scales during the

middle Holocene. My high-resolution record of thedrilolocene infers that regional future
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changes in mid-water oxygen might be sensitivehtrtsterm fluctuations in monsoon wind

strength.

6.2. Outlook

The data presented in this PhD thesis show thatgshg monsoon activity have played a
substantial role in modulating mid-water oxygentire northern Arabian Sea over the
Holocene. Although the spatial comparisond&IN records from the northern Arabian Sea
suggests that changes in mid-water ventilation miglve been of equal importance for the
development of the OMZ, direct data reflecting midter ventilation from the northern
Arabian Sea are lacking. For instance, furtherstigation of5'*C on benthic foraminifers in
different sediment cores, spanning a transect ftben northwestern to the northeastern
Arabian Sea, could be used to trace past variatiorthe pathway of IOCW. This could
provide further information about the extent of therthward intrusion of IOCW into the
northern Arabian Sea (which, unlike today, mightdhaeached the northeastern basin of the
Arabian Sea during the early Holocene). Since madewventilation most likely was coupled
to sea level change over the Holocene this anatygibt further help to evaluate the role of

sea level on OMZ intensity in the northern Arab&ea.

This PhD thesis presents a high-resolution recdrddecadal to centennial scale
variations in NE monsoon strength over the lastO2¢@ars. The comparison of this record
with published records of SW monsoon strength ftbennorthwestern Arabian Sea provides
some insights into the dynamical interplay betwdidhand SW monsoon strength over the
late Holocene. Previous late Holocene reconstrostiodicative of SW monsoon strength,
however, are often of lower resolution and are thase different proxies (which might be
influenced by different monsoon-unrelated factdargn our NE monsoon reconstruction. It
would thus be beneficial to locate new coring etaiin the northwestern Arabian Sea that
would provide undisturbed sedimentation and higlklinlsentation rates to enable the
reconstruction of SW monsoon activity in comparaligh resolution. The analysis of the
same SST (alkenones) and primary productivity @®%°N, bulk components) in cores
from the northwestern Arabian Sea in similar reSotu and its comparison to the NE
monsoon record could help to identify SW and NE soamm dynamics in more detail on time

scales of societal relevance.
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An issue that could not be addressed in this stiidlthat needs further investigation is
the future development of the monsoon system anuhfiuence on the Arabian Sea oceanic
environment. A predicted increase in global temjppeeamight intensify the strength of SW
monsoon winds with implication for SST, primary @uativity and OMZ intensity (and
associated emission of,@) in the Arabian Sea. The investigation of newhhigsolution
sediment cores that would cover the recent 30 y@drkh are missing in the sediment cores
investigated in this thesis) might be able to cagpaupossible signal of global warming in the

Arabian Sea.
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Figure 1.1: The Indian monsoon system during (a) Northern KHphere summer and

(b) Northern Hemisphere winter. Differences in aspteeric pressure force an annual
reversal of low-level winds (gray arrows) and seasoshifts in the Intertropical
Convergence Zone (red dotted line). This drives seasonal reversal of surface
circulation in the Arabian Sea (dashed black arraedrawn from Schott and McCreary
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Figure 1.2: Sea surface temperature (SST) and primary prodiycin the northern
Arabian Sea during summer (left panels) and winteonsoon (right panels),
respectively. SST data are obtained from the Wodean Atlas 2009 (Locarnini et al.,
2010). Primary productivity changes are indicatadthe chlorophyll a distribution
(satellite  observations, available  from http://@dasci.gsfc.nasa.gov/daac-
bin/G3/gui.cgi?instance_id=ocean _month). Blackows indicate prevailing wind
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Figure 1.3: Simplified overview of climate variability in thArabian Sea region as a

function of changing solar radiation driven by letegm variations in the Earth’s orbit.......... 5

Figure 1.4: Overview of the different paleo-proxies (red) tlaaé¢ used in this study to
reconstruct monsoon driven processes in the nortAeabian Sea. Processes that are
mainly driven by the SW monsoon are illustratedgimy (Oman Margin) and NE
monsoon induced processes are marked in black seakMargin). Biogeochemical
processes related to oxygen minimum zone inteaséyshown in blue. Further shown is

the location of sediment cores that are invest@yatehis study. .............ccoeeviiiiiiiiiiicccen.... 8

Figure 3.1: Study area in the northeastern Arabian Sea ofisRakwith core locations
275KL and 39KG and sediment trap station EPT-2. $haded area indicates OMZ
impinging on the continental slope. Bathymetryhiewn in meters. Inset: vertical profile

of core 275KL showing varve-like lamination. Thisamis produced by using Ocean
Data View (SChIItZEr, 2013).....cccoiiiiii ettt ettt e e e e e e e e e e e s 17



94 LIST OF FIGURES

Figure 3.2: Annual variability of mixed layer depth and SST fote 275KL extracted

from the World Ocean Atlas (Levitus and Boyer, 198dd total particle flux measured
in sediment trap EPT-2 after Andruleit et al. (2D0Ocreased particle fluxes occur
during the NE monsoon season when strong convesiiver mixing deepens the mixed

layer ANd SST UECIEASES. .....cciiiiiiiii e eeeeeeee e e e e e e e e et b e s e e e e e eata e e eeeeanaes 19

Figure 3.3: (a) Total coccolith (gray bars; Andruleit et #000) and alkenone fluxes
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L0006, .. ittt —————————— e e e e e ettt ——reaeeaaatb——eeeeeaan——eeeeaaaabrreeaeeeeaaarraaaaaeaans 25
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illustrated are characteristic climate periods kndmom the Northern Hemisphere: Little



LIST OF FIGURES 95

Ice Age (LIA), Medieval Warm Period (MWP), Cold aAges (CDA), and Roman
Warm Period (RWP). ...ttt e e e e e 30

Figure 3.7: Reconstruction of winter monsoon variability irethortheastern Arabian
Sea over the last 2400 years compared to long-teowements of the Intertropical
Convergence Zone (ITCZ). (a) Smoothed Sr/Ca ratiis point running mean), (b)
alkenone SST record (bold line: 3 point running meand (c) productivity index for
cores 39KG/275KL. (d) Titanium content of CariacasB sediments as an indicator for
latitudinal shifts in the ITCZ (Haug et al., 200tpmpared to global temperature
anomalies (Marcott et al., 2013). The dashed lindgate the respective mean over the

STUAIEA TIME INTEIVAL ... e e e e et e e et e e e e e e e e e e e e e e e e eanaans 34

Figure 3.8: (a) Late Holocene alkenone-derived SST variatigcres 39KG and
275KL) from the northeastern Arabian Sea comparedb) Mg/Ca-SST variations
reconstructed for the Markassar Strait (Indonebia)Oppo et al. (2009) and (c) a
smoothedd*®0 record (15-point moving average) of Wanxiang C#@&ina) as an
indicator for summer monsoon intensity from Zhabhgle (2008). Dashed lines indicate

the respective mean over the studied time interval............cccoeeeiieieiiiiiieeeeeeeeeee 37

Figure 4.1: (a) Study area with core location MD00-2354 frora tiorthwestern (NW)
Arabian Sea and 93KL and 275KL from the northeas{BIE) Arabian Sea. lllustrated is

the sea surface temperature pattern during the sunmonsoon season (Jul-Sep).
Shaded areas indicate regions of upwelling. Thip mas produced by using Ocean Data
View (Schlitzer, 2013). (b) Annual SST variabilityr site MD2354 and (c) sites 93KL

and 275KL extracted from the Wold Ocean Atlas (keviand Boyer, 1994).............eeeee. 44

Figure 4.2: (a) "N record of cores RC27-23 and RC27-14 from the Omangin

(Altabet et al., 2002), (b) alkenone-derived SStoretruction for the northwestern
Arabian Sea (core MD2354) and for the northeasfaabian Sea (core 93KL). Both
SST records are equally affected by winter coolmg only SST at site MD2354 is
influenced by upwelling-induced cooling. Gray shmagiindicates the occurrence of
upwelling at site MD2354. Dashed gray lines indictite timing of maximum SW and
minimum NE monsoon strength, respectively. Furttestrated are Heinrich events (H1

and H2), Dansgaard-Oeschger event 2 and the Yoldrges (YD; stippled area)............... 48



96 LIST OF FIGURES

Figure 4.3: SST variations in the northeastern Arabian Sea thvelast 25 ka compared
to air temperature variations in Asia and the NemthHemisphere. (a) temperature
reconstructions for the North Atlantic (GISP2 icees Grootes and Stuiver, 1997) (black
line) and the extratropical Northern Hemisphere°kBO0°N; Marcott et al., 2013)
(green line), (b) record of continental air temper@ for central China (black curve;
Peterse et al.,, 2011) and the Tibetan Plateau (guaye; Thompson et al., 1997)
compared to Northern Hemisphere (NH) summer solsolation (Berger and Loutre,
1991) (red curve; same scale as in 3c) and (chahederived SST reconstructions of
core 93KL (last 25 ka) and cores 39KG/275KL (last Ra; Boll et al., 2014) compared
to NH summer solar insolation (red curve; Berget Bautre, 1991). .........covvvvvvvviiiinnnnn. 53.

Figure 4.4: Temperature variability over the Asian monsoon diondairing the last two
millennia derived from (a) tree-rings (smootheddajculating the respective mean value
over the time interval which is represented by #ikenones) from PAGES 2k
Consortium, (2013), (b) marine sediments from tbgheastern Arabian Sea (alkenone-
derived SST in cores 39KG/275KL; Boll et al., 201dnd (c) a combination of different
continental proxy types (Ge et al., 2013). Dasleeslindicate the respective mean over
the studied time interval. Dashed gray lines suiggeselations between the archives.
Further illustrated are characteristic climate @#si known from the Northern
Hemisphere: Little Ice Age (LIA), Medieval Warm ket (MWP), Cold Dark Ages
(CDA), and Roman Warm Period (RWP)..........comcceerenninieaaaeaaeseeesrseeesnnnnnsmnnnnsennne 55

Figure 4.5. @) Northern Hemisphere temperature reconstruct{@tiwistiansen and
Ljungqvist, 2012; Moberg et al., 2005), (b) Tempera record for Central Greenland
from the GISP2 ice core (Alley, 2000), (c) Stackd4odrift ice records from the North
Atlantic (Bond et al., 2001), (d) Alkenone-SST retdor cores 39KG/275KL from the
northeastern Arabian Sea (black curve; Boll et @D14) compared to Northern
Hemisphere summer solar insolation (red curve; &end Loutre, 1991), and (e)
Sunspot numbers (smoothed by a 11-point runninghjngs an indicator for changes in
solar output (Solanki et al., 2004). Dashed limecate the respective mean over the

StUAIE tIME INTEIVAL ..o e e e s 57

Figure 5.1: Study area of the Arabian Sea with core locatibtigd/1b-163SL and
MCG680 (red dots) and locations of cores discussethé main text (black squares).
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