Studying the Indian monsoon variability over the Early
Holocene and Common Era in high resolution with numerical

reconstructions based on planktic foraminifera

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tlbingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften
(Dr. rer. nat)

vorgelegt von
Dipl.-Geol. Philipp Moritz Munz
aus Filderstadt

Tubingen
2016






Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der

Eberhard Karls Universitat Ttbingen.

Tag der mindlichen Qualifikation:
Dekan:

1. Berichterstatter:

2. Berichterstatter:

13.07.2016

Prof. Dr. Wolfgang Rosenstiel
Dr. Hartmut Schulz

Prof. Dr. Michal Kucera






Abstract

The Indian Monsoon is an impressive seasonal climate phenomenon and an im-
portant driver for the inter-hemispheric transport of heat and moisture. Due to
the strongly seasonal character, the Indian Monsoon is subdivided into the Indian
Summer Monsoon (ISM), which is most intense from July to September, and the In-
dian Winter Monsoon (IWM), which generally occurs from January to March. The
ISM and accompanied precipitation is an important source of freshwater, because
it brings most of the annual rainfall to India and its neighbouring countries. To
assess the future development of ISM variability is therefore of utmost importance
for the economic prosperity and agricultural development in one of the worlds’
most densely populated regions. The understanding of potential ISM response
to different scenarios of future climate changes requires detailed knowledge of
the monsoon history. It is therefore vital to study archives of past ISM variability
on time scales that are important for societal development, i.e. years to decades.
Furthermore, our understanding of the monsoon system and its potential driving

forces is incomplete without better knowledge of IWM variability.

Due to the extreme seasonality of the Indian Monsoon, induced by the opposing
direction of the prevailing surface winds, the monsoons exert a strong influence
on the hydrography of the Arabian Sea. The ISM is characterized by intensive
upwelling, associated with surface water cooling and elevated surface water
productivity in the northwestern Arabian Sea. The dry and cold winds of IWM are
associated with evaporative cooling of surface waters and convective deepening
of the mixed-layer, which leads to nutrient entrainment and elevated surface water
productivity in the northeastern part of the basin. High primary productivity
and reduced ventilation of intermediate waters leads to strong and stable oxygen
deficient conditions at mid-depth. The conditions within the oxygen minimum
zone (OMZ) favor the removal of nitrogen via reduction of biologically available

inorganic nitrogen to nitrous oxide (N,O), which is an important greenhouse gas.
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This thesis focuses on the reconstruction of both seasonal monsoon components
throughout three relatively short time slices of the Holocene epoch in ultra high res-
olution using a collaborative multi-proxy approach. In order to study past changes
of the monsoon seasons, three hemipelagic sediment cores from the Arabian Sea
region were studied. One core from the northern Oman margin is deposited
under the dominant influence of ISM conditions, whereas two other cores from the
Pakistan margin are mainly under IWM influence. Sea surface temperatures (55T)
derived from transfer functions based on census counts of planktic foraminifera
were studied in comparison to geochemical proxies, alkenone biomarkers and
trace elemental composition in planktic foraminiferal calcite.

During the first of the three time slices, the last 250 years, IWM conditions
were coupled to large-scale oscillation patterns originating in the Pacific (El Nifio-
Southern Oscillation, ENSO and Pacific Decadal Oscillation, PDO) and Atlantic
(North Atlantic Oscillation, NAO). The coupling, however, was not stable but

Oth

weakened since the beginning of the 20" century. Phases of very intense IWM

conditions were coupled to NAO, suggesting a strong extratropical link to the
monsoon climate. Over the second interval, the last 2,000 years, the 'Common Era’
(CE) variations of IWM conditions on centennial-scales were linked climatic warm
phases of the North Atlantic region, namely the end of the 'Roman Warm Period’
(at ~450 CE) and the ‘Medieval Warm Period” (~950-1250 CE). The third interval
during the early- to mid-Holocene is marked by more intense ISM conditions
compared to modern times. The results further suggest, that, instead of water
mass changes, bottom-water OMZ conditions were controlled by surface water

processes during weak ISM phases.



Kurzfassung

Der Indische Monsun ist ein beeindruckendes Klimaphdnomen und ein wichtiger
Einflussfaktor fiir den interhemisphédrischen Warme- und Feuchtetransport. Auf-
grund des starken saisonalen Charakters wird der Indische Monsun unterteilt in In-
dischen Sommermonsun (ISM), welcher von Juli bis September vorkommt, und In-
dischen Wintermonsun (IWM), welcher von Januar bis Mérz vorkommt. Der ISM
und die mit ihm einhergehenden Niederschldge ist eine wichtige Frischwasserquelle,
da er fiir den grofiten Teil des jahrlichen Niederschlages in Indien und den
umliegenden Landern verantwortlich ist. Die kiinftige Entwicklung der ISM
Variabilitdat abschédtzen zu kénnen ist daher von hochster Wichtigkeit fiir den
wirtschaftlichen Erfolg und die landwirtschaftliche Entwicklung in einer der
dichtbesiedelsten Regionen der Erde. Das Verstdndnis potentieller Verdnderungen
des ISM aufgrund zukiinftiger Klimaverdnderungen erfordert die genaue Kennt-
nis der Monsungeschichte. Daher ist es entscheidend Archive vergangener ISM
Variabilitat auf Zeitskalen zu untersuchen, die wichtig fiir gesellschaftliche En-
twicklungen sind, d.h. Jahre bis Dekaden. Dariiberhinaus ist unser Verstdndnis des

Monsunsystems ohne eine bessere Kenntnis der IWM Variabilitdt unvollstandig.

Aufgrund der extremen Saisonalitdt des Indischen Monsuns, die durch gegensitz-
liche Richtungen der vorherrschenden oberflichennahen Winde hervorgerufen
wird, hat der Monsun einen starken Einfluss auf die Hydrographie des Arabischen
Meeres. Der ISM wird durch intensiven Auftrieb charakterisiert, der von Abkitih-
lung des Oberflachenwassers und erhohter Wasseroberflachenproduktivitdt im
nordwestlichen Arabischen Meer begleitet ist. Die trockenen und kalten Winde
des IWM sind verbunden mit Verdunstungskiihlung des Oberflichenwassers und
einer konvektiven Vertiefung der durchmischten Schicht, was zu Nahrstoffeintrag
und erhohter Wasseroberflichenproduktivitdt im nordostlichen Teil des Beckens
tithrt. Hohe Primédproduktion und verminderte Durchliiftung des Zwischen-
schichtwassers fiihrt zu starken und stabilen Sauerstoffmangelbedingungen in
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mittleren Wassertiefen. Die Bedingungen in der Sauerstoffminimumzone (OMZ)
begiinstigen den Entzug von Stickstoff iiber die Reduktion von biologisch ver-
fiigbarem anorganischem Stickstoff zu gasformigem Distickstoffmonoxid (N,O),
einem wichtigen Treibhausgas.

Diese Dissertation konzentriert sich auf die ultrahochauflosende Rekonstruktion
beider saisonaler Monsunkomponenten wihrend dreier relativ kurzer Zeitscheiben
des Holozdns mithilfe eines gemeinschaftlichen Multi-Proxy-Ansatzes. Um die
vergangenen Anderungen des Monsunsystems zu untersuchen, wurden drei
hemipelagische Sedimentkerne aus der Region des Arabischen Meeres unter-
sucht. Ein Kern vom nordlichen Kontinenthang vor Oman wurde unter dem
mafdgeblichen Einfluss des ISM abgelagert, wohingegen zwei weitere Kerne vor
Pakistan hauptsédchlich unter dem FEinfluss des IWM standen. Basierend auf
Zahlungen planktischer Foraminiferen wurden mittels Transferfunktionen Meere-
soberflaichentemperaturen (SST) abgeleitet und im Vergleich zu geochemischen
Proxies, Alkenon-Biomarkern und Spurenelementzusammensetzungen im Kalzit
planktischer Foraminiferenschalen untersucht.

Waihrend der ersten der drei Zeitscheiben, der letzten 250 Jahre, waren IWM
Bedingungen anscheinend an grofi-skalige Oszillationsmuster gekoppelt, die
ihren Ursprung im Pazifik (El Nifio-Southern Oscillation, ENSO und Pazifische
Dekadenoszillation, PDO) und Atlantik (Nordatlantische Oszillation, NAO) haben.
Die Kopplung war jedoch nicht stabil, sondern nahm seit Beginn des 20. Jahrhun-
derts ab. Phasen sehr intensiver IWM Bedingungen waren an NAO gekoppelt,
was eine starke extratropische Verbindung des Monsunklimas andeutet. Wahrend
des zweiten untersuchten Intervals, der letzten 2.000 Jahre, die 'Common Era’ (CE),
waren Variationen des IWM auf hundertjdhrigen Zeitskalen mit Warmphasen der
Nordatlantikregion verbunden, ndmlich dem Ende der Rémischen Warmzeit (um
~450 CE) und der Mittelalterlichen Warmzeit (~950-1250 CE). Das dritte Interval
wihrend des frithen bis mittleren Holozédns ist im Gegensatz zu heute durch
intensivere ISM Bedingungen geprdgt. Die Ergebnisse deuten dariiberhinaus
darauf hin, dass anstelle von Verdnderungen der Zwischenwassermassen, die
OMZ Bedingungen durch Prozesse des Oberflachenwassers wahrend schwécherer
ISM-Phasen beeinflusst wurden.
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CHAPTER 1

Introduction

1.1 Background of the study

The Indian monsoon is the main promoter of inter-hemispheric moisture and heat
transport and clearly one of the worlds most important and spectacular climate
phenomena. It is subdivided into a summer and winter monsoon component. The
summer monsoon brings most of the annual rainfall to India and its neighbouring
countries. Therefore, the timing, onset, strength and intensity fluctuations of the
summer monsoon largely determine the agricultural and economic prosperity in
one of the most densely populated regions (e.g., Sivakumar and Stefanski, 2010).
Observations from instrumental data over the past century indicate that the Indian
summer monsoon has fluctuated on annual to decadal time scales (Sontakke and
Singh, 1996). Relationships of recent monsoonal intensity fluctuations involves
internal and external climate forcing (e.g., Wang et al., 2005). However, the magni-
tude of external natural (e.g., solar activity) and anthropogenic (e.g., greenhouse
gas emissions, aerosols, land use changes) impact and internal modulations of
global atmospheric oscillation systems on inter-annual- (e.g. El Nifio-Southern
Oscillation, ENSO) and decadal time scale (e.g. Indian Ocean Dipole, IOD; At-
lantic Multidecadal Oscillation, AMO; Pacific Decadal Oscillation, PDO) are poorly
understood.

The monsoonal precipitation has a strong impact on the global carbon cycle, by
affecting continental erosion, silicate weathering on land and carbon burial (e.g.,

Galy et al., 2007; Hren et al., 2007). Moreover, high surface water productivity
with associated respiration and oxygen consumption in the water column, leads

to strong oxygen deficient conditions at mid depth. The strong hypoxia within



4 1 Introduction

the OMZ favor the production of nitrous oxide (N,O), an important greenhouse
gas, through the process of denitrification. Better knowledge of the role and
impact of these processes on the climate system has become an important task
in the last decade, as to the alarming risk of global sea-level rise and warming.
Studying the decadal- to centennial scale variability of the monsoon system with
long records beyond the instrumental period, quantitatively tracing summer and
winter conditions independently, is therefore vital to understand the response to

short-term climate fluctuations and involved feedback mechanisms.

1.2 The seasonal cycle of the Indian monsoon and its
controlling mechanisms

The general setting of the northern Indian Ocean is substantially different from
the other two major oceanic basins, the Atlantic and the Pacific. North of ~25°N,
the Indian Ocean is confined by the landmass of the Eurasian continent, making
it essentially a tropical basin. Seasonally changing insolation determined by the
solar zenith angle induces an alternating land—sea thermal contrast, which drives
a large-scale atmospheric thermal circulation and induces strong seasonality in
the wind direction and precipitation patterns (Meehl, 1994; Webster et al., 1998).
Ascending warm air masses over the continent lead to a latitudinal northward
displacement of the low-pressure cell associated with the Intertropical Conver-
gence Zone (ITCZ) during Northern Hemisphere summer (Figure 1.1 a), often
referred to as the ‘Monsoon trough” (Wang, 2006). It is currently debated whether
the summer monsoonal circulation is driven by elevated surface sensible heating
of the mountain plateaus in Central Asia, which acts as a sensible heat-driven
air-pump (Wu et al., 2012, and references therein), or if thermal insulation pro-
vided by the Himalayas mountain ranges blocks the intrusion of cold air masses
from the north, leading to peak upper tropospheric temperatures south of the
plateau (Boos and Kuang, 2010). Southwesterly summer monsoonal winds are
drawn northward to compensate for the near-surface pressure gradient between
the Indian Ocean High and the Tibetan Low (Figure 1.1 a). This is associated
with intense interhemispheric convergence of warm and moist surface winds over
continental South Asia.

During Northern Hemisphere winter, the maximum solar insolation and associ-
ated low-pressure zone is located south of the equator in the northern Australian
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Figure 1.1: Atmospheric setting over the Indian Ocean and the adjacent continents,
indicating the pressure gradients during (a) boreal summer (July-September) and (b)
winter (January—March) season. Contour lines indicate the geopotential height at the
700 millibar level, coloured grid gives the long-term mean of sea-level pressure in
millibars. The dashed line indicates the approximate position of the low-pressure belt
of the Intertropical Convergence Zone (ITCZ). Data are derived from long-term
monthly means (1981-2010) from NCEP/NCAR Reanalysis 1 (Kalnay et al., 1996)
available from the NOAA Earth System Research Laboratory

(http:/ /www.esrl.noaa.gov/)

region (Figure 1.1 b). Cold air accumulates over northern continental Eurasia,
building a very strong anticyclonic high-pressure cell referred to as the Siberian
High (Ding, 1994). This induces divergence of dry and cold air with low-level
northeasterly winter winds, providing an atmospheric link between the tropics
and extratropical climate of the northern high latitudes (Ding, 1990).

In addition to the above mentioned solar insolation control on the land-ocean
pressure gradient, there is apparently some degree of internal feedback mechanism
e.g., through release of latent heat by precipitation and thus internal reinforcement
of the atmospheric circulation (Webster et al., 1998). Although climate models
suggest an intensification of monsoon winds and precipitation under a global
warming scenario (Meehl and Washington, 1993; Wang et al., 2013), such inter-
nal feedbacks could lead the monsoon system to cross a critical tipping point,
potentially triggered by aerosol pollution (Levermann et al., 2009).
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1.3 Modern hydrographic conditions of Arabian Sea surface

waters during an annual cycle

During summer (SW Monsoon), winter (NE Monsoon), as well as the spring and
fall intermonsoon seasons, the alternating monsoonal circulation has a consid-
erable impact on the physical hydrography in the Arabian Sea (Wyrtki, 1973).
The cross-equatorial surface winds during SW Monsoon from June to September,
referred to as the Somali or Findlater Jet (Findlater, 1969), reach wind speeds of
more than 15 m/s (Figure 1.2 a). Frictional wind stress drives an anticyclonic
circulation pattern in the Arabian Sea, where surface water masses are transported
northeastwards along the coast of Somalia and Oman. Ekman transport along
the coast and along the axis of the jet leads to offshore-directed deflection of the
surface flow, which is compensated by upwelling. The process of upwelling in-
duces vertical mixing of colder, nutrient-rich intermediate water masses, thereby
decreasing sea surface temperatures (S5T), increasing nutrient availability in the
photic zone and nourishing primary productivity (Hastenrath and Lamb, 1979).
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Figure 1.2: Sea surface temperature and prevailing winds at sea level pressure in the
Arabian Sea region during (a) summer (July-September) and (b) winter
(January—March). Sea surface temperature data are obtained from the World Ocean
Atlas 2013 v2 (Locarnini et al., 2013) averaged over the available decades (1955-2012).
Wind data are derived from long-term monthly means (1981-2010) from
NCEP/NCAR Reanalysis 1 (Kalnay et al., 1996) available from the NOAA Earth
System Research Laboratory (http://www.esrl.noaa.gov/).
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Figure 1.3: (a) shows a bathymetric map of the Arabian Sea with stars indicating the
locations and names of the studied sediment cores at the northern Oman margin and
the Pakistan margin. Along the path of the red line, monthly surface water properties
were extracted and plotted in Hovmoller-like diagrams: the annual time evolution of
sea surface temperature (b), mixed-layer depth (c) and chlorophyll a (d). Coldest
temperatures are found during January and February in the northeastern Arabian Sea
and during July to September in the western Arabian Sea (b; the 25 °C contour line is
indicated). Winter cooling at 65 — 68 °E is associated with a deepening of the mixed
layer (c). Satellite-derived chlorophyll x measurements show enhanced winter
productivity in the northeastern Arabian Sea from February to March (d). Summer
productivity is partially obscured by cloud cover (chessboard pattern), but still
indicates that productivity onset starts in June at the Oman margin and maximum
productivity is found during late summer at the Pakistan margin. Data of (b) are from
the World Ocean Atlas 2013 v2 (Locarnini et al., 2013), for (c) from the World Ocean
Atlas 1994 (Monterey and Levitus, 1997) and for (d) from the monthly climatology of
SeaWiFS and Aqua-MODIS sensors (NASA Goddard Space Flight Center, 2014).
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Because Ekman transport is confined to the left side of the surface flow direction,
coldest summer SST are being observed in the western Arabian Sea and at the
southern tip of the Indian peninsula (Figure 1.2 a). During boreal winter (Novem-
ber to February), lower solar radiation and dry continental air masses associated
with the NE Monsoon (Figure 1.2 b) increase salinity and evaporative cooling of
surface waters (Prasanna Kumar and Prasad, 1996). Through a reduction of the
vertical density stratification, mixed-layer deepening enables mixing of nutrients
from deeper waters into the photic zone, leading to increased primary productivity
during winter (Madhupratap et al., 1996; Morrison et al., 1998; Prasanna Kumar
et al., 2000; Wiggert et al., 2002). To visualize the seasonal succession of physical
and biological sea surface parameters in the Arabian Sea in more detail, a monthly
grid of measurements along an arch-shaped transect from the eastern margin of
Somalia and Arabia to the western margin of India was produced (Figure 1.3 a).
The monthly distribution of sea surface temperature (5ST), mixed-layer depth and
chlorophyll-« is described below.

1.3.1 Temperature

Upwelling along the western boundary of the Arabian Sea, induced by strong
southwesterly monsoonal winds, leads to SST below 25 °C off the continental mar-
gin of Somalia (51.5 °E) and Oman (57 — 60 °E) (Figure 1.3 b). Winter cooling at
these locations is less intense compared to the Pakistan Margin (65.5 °E), where the
seasonal distribution of minimum SST is opposite to the Somali-/Oman Margin.
Along the Pakistan Margin, no upwelling occurs during summer and tempera-
tures are above 27 °C from June to August. However, coldest SST below 25°C
found during January and February are associated with the Northeast Monsoon
(Banse, 1968). In comparison to the northwestern Arabian Sea, the southeastern
Arabian Sea at the southern tip of India is less affected by cold summer upwelling
temperatures. All locations of the transect are marked by an annual temperature
maximum during the inter-monsoon seasons during boreal spring (April-June)
and fall (October-November)

1.3.2 Mixed-layer depth

The topmost oceanic layer, the mixed-layer, is defined by a relatively homogeneous
density profile. Its depth is determined by the absence of steep physical gradients
and it is thus used as a measure of stability of the upper water column. Over the
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entire near-coastal transect in the Arabian Sea, a relatively shallow mixed-layer
above 30 m can be observed from March to November (Figure 1.3 c). During the
summer months, a small deepening occurs along the Somali- and Oman Margin
as a consequence of the upwelling process, as well as in the eastern part of the
basin. However, during winter (December—February) a substantial deepening is
noticeable at all stations, with maximum depths found between 80-100 m offshore
Pakistan during February. In the northern Arabian Sea, excess evaporation over
precipitation during winter leads to evaporative heat loss and the formation of
high salinity surface waters, which enables convective deep mixing (Prasanna
Kumar and Prasad, 1996, 1999).

1.3.3 Chlorophyll «

Satellite-derived measurements of surface water properties are available in a
wide range of compositing time periods from a few days to several years (NASA
Goddard Space Flight Center, 2014). In the Arabian Sea, even the measurements
binned over the entire mission partially suffer from extensive cloud cover during
the summer monsoon. Although this results in a number of data gaps during
July and August in Figure 1.3 d, it is still apparent that maximum chlorophyll
« concentrations are found during the summer months. In the northwestern
Arabian Sea, primary productivity peaks from June to September, whereas in the
northeastern part a second productivity maximum occurs from February to March.
The southeastern part of the basin is apparently not affected by increased winter
productivity. Although the pattern of seasonal SST distribution in Figure 1.3 b
revealed that no upwelling occurs off Pakistan during the summer monsoon,
chlorophyll « measurements indicate that primary productivity is even higher at
this site during September and October compared to the northwestern Arabian
Sea. In surface waters of a tropical basin, like the Arabian Sea, nutrient availability
instead of lighting conditions is the major limiting factor for biological productivity.
It has been suggested that summer productivity in the northeastern Arabian Sea is
fuelled by lateral advection of highly productive surface waters from the upwelling
regions off Arabia (Andruleit et al., 2000; Schulz et al., 1996). Apparently, the
vigorous surface currents in the western part of the basin lead to a quick removal
of nitrate-rich upwelling waters before the nutrients can be fully utilized (Prasanna
Kumar et al., 2000, 2001). Lateral transport of unutilized nutrients to the northeast
during summer thus leads to higher chlorophyll « and primary productivity values
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offshore Pakistan and northwest India than in the actual near-coastal upwelling
cells.

1.4 State of the art

Research over the past decades (Table 1.1) has shown that past changes of summer
monsoon intensity on Milankovitch timescales have been related to Northern
Hemisphere summer insolation changes induced by the long-term pattern from
the earths’ precessional variability (Caley et al., 2011; Clemens and Prell, 2003;
Kutzbach and Guetter, 1984). Furthermore, proxy records of summer monsoon
variability within the Milankovitch time scales indicate, that shorter fluctuations
on millennial- to centennial-scale climate variability are in correspondence with
Dansgaard-Oeschger cycles recorded in the Greenland ice cores (Altabet et al.,
2002; Bolton et al., 2013; Jung et al., 2009; Kudrass et al., 2001; Schulz et al.,
1998; Singh et al., 2011; Sirocko et al., 1993). During the Holocene, evidence for
a persistent teleconnection of the summer monsoon to millennial-scale climate
comes from records that reveal a dominant ~1470 year cylicity (Gupta et al., 2003;
Neff et al., 2001), a cycle that is known from North Atlantic drift ice records (Bond
et al., 2001). It is, however, debated whether atmospheric (Marzin et al., 2013;
Reichart et al., 2002; Schulz et al., 1998) or oceanic (Hong et al., 2003; Schulte and
Miiller, 2001) linkages are responsible for the teleconnection between the summer
monsoon and North Atlantic climate. Additionally, centennial-scale monsoonal
fluctuations are also observed in proxy records from Oman and have been related
to solar irradiation changes (Gupta et al., 2005; Neff et al., 2001). Higher frequency
variability on decadal to inter-annual timescales of surface water properties in
the equatorial Indian Ocean is apparently linked to AMO (Goswami et al., 2006),
IOD (Ashok et al., 2001; Saji et al., 1999; Webster et al., 1999) and ENSO (Krishna
Kumar et al., 1999), also affecting the Indian monsoonal system (e.g., Gadgil, 2003,
2004). Most proxy evidence for decadal-scale monsoon variability during the
Holocene comes from terrestrial precipitation records, such as cave speleothems
from the Oman Peninsula and Andaman Islands (e.g., Fleitmann et al., 2007;
Laskar et al., 2013). However, despite that cave 5180 values can only infer a semi-
quantitative measure of the past hydrological cycle, they may further be controlled
by a combination of several different processes other than precipitation, as it was
suggested for Chinese caves (e.g., Maher, 2008).

Our knowledge of the Indian monsoon system is, however, incomplete without
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records of the winter monsoon component. Such records are scarce (Table 1.1),
partly due to the lack of appropriate archives recording winter monsoon con-
ditions quantitatively and independent from the summer monsoon. Studying
winter monsoon variations prior to the instrumental era is vital to understand

the overall development of the monsoon system and better predict future variation.
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1.5 Quantitative environmental reconstructions

Geochemical proxies

Alkenones are long-chained unsaturated ketones, produced by the two hapto-
phytes species Emiliania huxleyi and Gephyrocapsa oceanica. Culture experiments
revealed a linear relationship of the relative abundances of Cs; alkenones (U§7/)
with temperature (Prahl et al., 1988). Like all paleotemperature proxies, alkenone-
based reconstructions are involved in biological processes and therefore suffer
from a number of biases (e.g., Mix et al., 2001, and references therein). For exam-
ple, the interpretation of alkenone-derived paleotemperatures, usually on the basis
of annual mean SST, depend on the growing season of the alkenone producers,
which could be biased in environments of strong seasonality (Prahl et al., 2001).
Furthermore, organic biomarkers and other small proxies like coccoliths or TEXgg
hold a potential risk for being redistributed prior to their final deposition on the
sea floor. Mollenhauer et al., (2003) compared radiocarbon ages of alkenones and
planktic foraminifera from sediments below the upwelling systems off Namibia
and found that alkenone ages were substantially older, which was probably an
effect of redistribution caused by strong bottom currents.

Foraminifera are a group of single-celled eukaryotic marine Protozoa belonging to
the phylum Rhizaria (Cavalier-Smith, 2004). According to their preferred mode of
life, they are usually subgrouped into planktic (floating in the water column) and
benthic foraminifera (living attached to plants, on or in the substrate). With ca. 50
known modern species of planktic foraminifera (e.g., Kucera, 2007), the diversity
is much lower compared to several thousand species of benthic foraminifera.
However, there is apparently a yet unknown degree of cryptic diversity within
the group of planktic foraminifera (Kucera and Darling, 2002). With ca. 20 species
commonly used for paleoceanographic applications, planktic foraminifera are
relatively easily distinguishable from other elements in the washed sediment
samples. An enourmous body of studies investigated the potential of planktic
foraminifera as an indicator, or proxy, for paleoceanographic conditions (e.g.,

Kucera, 2007, and references therein).

A wide range of proxies make use of the chemical properties of their calcite shells,
i.e. by using isotopic compositions or elemental ratios. Oxygen stable isotopes
(6180) of foraminiferal calcite is commonly used to infer changes of water masses

or to correlate sediment cores e.g., with the global ice volume (Shackleton, 1967).
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However, the stable isotopic composition is controlled by several factors, including
the temperature and salinity, as well as the isotopic composition of the ambient
seawater, complicating paleoenvironmental reconstructions based solely on 6130
(reviewed by Ravelo and Hillaire-Marcel, 2007).

Another approach is followed by measuring trace elemental compositions in
planktic foraminiferal calcite. In seawater, there is apparently a thermodynamic
response on the inorganic precipitation of magnesium (Mg) in calcite with warmer
temperatures (e.g., Mucci, 1987). In laboratory experiments, this relationship was
found to be exponential for planktic foraminiferal calcite (Lea et al., 1999; Mash-
iotta et al., 1999; Niirnberg et al., 1996). In environments, where the succession of
planktic foraminiferal species is strongly coupled to the seasonal cycle, this finding
offers the potential of reconstructing seasonal SST from monospecific populations
(e.g., Anand et al., 2008; Saher et al., 2007). However, a number of potential
restrictions might be complicating the use of Mg/Ca ratios for paleoceanographic
reconstructions. One serious disadvantage of this technique arises from the het-
erogeneous distribution of Mg in the tests and individual chambers (e.g., Sadekov
and Eggins, 2005). This, at least, requires the calibration and the fossil application
to be conducted on foraminiferal shells from the same sharply confined size ranges.
Cultural studies further revealed that, apart from the strong temperature effect,
also pH and salinity are secondarily affecting the Mg/Ca composition (e.g., Lea
et al., 1999). The use of Mg/Ca as a paleoceanographic indicator in environments
of strong postdepositional dissolution might be biased by partial removal of more
solution-susceptible Mg-rich calcite (Brown and Elderfield, 1996; Dekens et al.,
2002; Rosenthal et al., 2000). This can especially be expected in sediments below
high-productivity areas where supralysoclinal calcite dissolution is produced by
metabolic release of CO, during remineralisation of organic matter. However, the
actual mechanism of Mg incorporation during foraminiferal shell calcification is
still poorly understood (Nehrke et al., 2013).

Reconstructions based on planktic foraminiferal census counts

Paleoenvironmental reconstructions based on assemblage compositions of planktic
foraminifera potentially bear the advantage to extract a seasonal signal, if it can
be assumed that the respective seasons had the same strong determination on
the species assemblage during the deposition of the fossil record as it is observed
in the modern environment (Kucera et al., 2005). A further advantage of using
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planktic foraminifera as a proxy for paleoceanographic conditions in the northern
Arabian Sea, is their numerous occurrence even in a small amount of sediment.
Using smaller sample sizes, for instance cutting thinner sections from a U-Channel,

enables a higher sampling rate and study the covered interval in more detail.

So-called transfer functions for quantitative paleoenvironmental reconstructions
are a suite of tools that can be used to infer past changes in the physical environ-
ment of species, in our case planktic foraminifera, based on modern observations.
The methodology was first introduced by Imbrie and Kipp, (1971) and has ever
since experienced widely increased development, applied to a multitude of differ-
ent biota, sites and proxies. A transfer function is ideally a mathematical equation
that relates changes of an observed modern species abundance matrix (Y;,) to a
set of driving environmental parameters (X;,;) to calculate past environmental
conditions from fossil species abundances: Y, = f(X;;) + error (e.g., Juggins
and Birks, 2012). As we usually lack a priori a mechanistic understanding which
factors influence the abundance pattern of biological species, the function f() has
to be derived from an empirical calibration. This is usually accomplished by the
compilation of a modern calibration data set that combines species counts with

measured environmental parameters.

The concept of paleoecological transfer functions is based on several general
assumptions and prerequisites (Birks, 1995). The first prerequisite involves the
design and development of a calibration data set. This data set should cover the
entire range of the environmental parameters in question, which is expected to also
have influenced the fossil assemblages (Birks, 1998; Kucera et al., 2005). However,
a larger coverage also introduces several sources for noise in the data set, such as
a potential increasing influence of cryptic species or the introduction of secondary
gradients beyond the scope of the application to the fossil abundances (Kucera et
al., 2005). Using samples from the sediment surface for calibration, so-called core
tops, bears the advantage that calibration samples are likely affected by the same
taphonomic pathways as the fossil samples and involve the same preparation
techniques. Another general assumption is based on the causality between the
species and the environment, stating that the reconstructed environmental variable
is the most important determinant of the ecological system and all other variables
are negligible (Birks, 1995). To test whether any of the measured and, if so,
which environmental variable meets this criterion, canonical ordination methods

like redundancy analysis, are commonly applied. These methods constrain an
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ordination to explain the maximum variation of the species abundance data with
a set of measured environmental variables (e.g., Legendre and Birks, 2012).

After a calibration data set is properly designed to meet the defined prerequisites,
one or more numerical methods are used to perform a predictive regression. The
use of modern species—environment relationships to delineate changes of fossil
assemblages refers to the principle of uniformitarianism (Birks, 2010), which
basically means that fossil and modern species assemblages are affected in the
same way by the same environmental gradients. Several methods exist to model
environmental parameters from biological abundance data, which have certain
advantages and disadvantages (reviewed by Juggins and Birks, 2012). As there
is no direct way to assess whether a certain model makes paleoecological sense,
the divergence of estimates from a group of methods can be used to assess a

model-specific bias (Kucera et al., 2005).

The general performance of a transfer function model is usually validated by
the prediction error, an uncertainty estimation based on new data, which was
not previously used for calibration. To this end, the data set has to be subsam-
pled to form an independent group of test samples for cross-validation. This is
commonly achieved either by using a certain proportion of the data set (k-fold
leave-out) or by bootstrapping, a method which replaces with randomly selected
samples and iterates this process several hundred times. Although this type of
cross-validation is based on a test set which is somehow statistically independent
from the training set, the amount of error is still likely under-estimated due to
spatial auto-correlation. This effect is based on the tendency of assemblages from
geographically close sites to be more similar to each other than assemblages from
randomly selected sites (Telford and Birks, 2005, 2009).

Any transfer function will likely produce an arbitrary paleoecological estimate if it
is calculated from a random assemblage. Even a robust error estimate does not
validate if such a model has statistical relevance. The significance of a reconstruc-
tion must therefore be assessed, which can be achieved by comparing the variance
of the fossil data explained by a number of random environmental variables with
the variance explained by the actual environmental variable in question (Telford
and Birks, 2011).
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1.6 Research objectives

In order to reconstruct the Indian summer and winter monsoon component in-
dependently and address open questions the study has the following research

objectives:

* To assess the applicability of a regionally validated transfer function to a
fossil dataset of planktic foraminiferal assemblages with the unique preser-

vation potential found in annually laminated sediments.

* To use this transfer function to quantify changes of the intensity of the
Indian monsoon, independently for the winter and summer component,
over several time slices of the Holocene epoch in high resolution (years to
decades) that can be relevant for societies.

* To evaluate potential driving mechanisms of anthropogenic and natural solar

origin or large scale circulation patterns using advanced spectral methods.

¢ To test a potential link between early- to mid Holocene changes of surface and

deep-water masses and processes controlling oxygen deficient conditions.






CHAPTER 2

Material and methods

2.1 Selection of samples and stratigraphy

Sediments from the Indian-Pakistani continental slope often show exceptionally
well preserved "varve-like", annually laminated sediments (Schulz et al., 1996;
von Rad et al.,, 1999; von Stackelberg, 1972). The preservation of laminae is
enabled by absence of bioturbation, due to strongly oxygen depleted bottom-water
masses within the permanent oxygen minimum zone (OMZ). Oxygen minimum
conditions form due to the combined effect of high rates of decaying organic matter
associated with elevated surface water productivities during summer and winter,
lateral advection of already low-oxygenated subsurface waters, as well as the
prevention of mixing due to the lateral subsurface injection of high-salinity waters
originating in the Red Sea and Persian Gulf (Pichevin et al., 2007; Schulz et al.,
1996). The OMZ usually impinges on the slope in water depths between roughly
200-1200 m (von Rad et al., 1995). The formation of the distinct hemipelagic
laminae in sediments from the Makran continental slope is considered to be linked
to the semi-annually alternating monsoonal influence (Liickge et al., 2001; Schulz
and von Rad, 2014; Schulz et al., 1996; von Rad et al., 1999). Accordingly, high rates
of resuspended fine-grained terrigeneous matter during winter forms typically
light-gray, well-sorted, carbonate- and organic carbon-poor, but mica-, chlorite-,
and quartz-rich winter laminae. Laminae formed during summer are usually
dark, olive-gray, poorly sorted and rich in carbonate- and organic carbon (ca. 3 %
Corg). Turbulent mixing and resuspension of fine-grained sediments deposited
by perennial rivers on the Makran shelf and coastal plains, episodically leads to
the formation of suspensate event-deposits (von Rad et al., 1999, and references

19
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therein). These allochthonous deposits are either reddish-brown ("F-layers") or
light-gray ("C-layers"), but usually thicker (>1.5 mm, can reach up to 80 mm)
compared to the likewise light-gray hemipelagic winter laminae (0.3-0.5 mm).
A quick identification of these lithotypes enables to use them as distinct marker
horizons (Schulz and von Rad, 2014; von Rad et al., 1999).

For the purpose of this study, two sediment cores from the Makran continental
slope off Pakistan and one core from the northern Oman margin were used (Figure
1.3 a). The cores from the Pakistan margin were stored at the core repository of the
Bundesanstalt fiir Geowissenschaften und Rohstoffe in Hannover/Germany. It
includes the uppermost 1.8 m of piston core SO130-275KL, retrieved in 1998 from
782 m water depth at the position 24 °49.31'N; 065 °54.60'E (von Rad et al., 1998)
and box core SO90-39KG, which was retrieved five years earlier from the same
position. One of the advantages of using these cores is that they run parallel to the
already well-studied core SO90-56KA, previously dated using varve counts and
AMS C datings (von Rad et al., 1999). Correlation of both cores using a layer-by-
layer tracking of 52 C- and F-layers as marker horizons between 56KA and 275KL
(Figure 2.1) provided detailed age control for core 275KL. The uppermost 188 cm
of core 275KL are accordingly covering the interval from 403 BCE until 1893 CE and
the 44 cm long core 39KG covered the partly overlapping interval 1738 CE until
1993 CE.

The sediment core from the summer upwelling region off the Oman margin is
gravity core M74/1b-SL163, which was recovered in 2007 from 650 m water depth
at the position 21 °55.97’N, 059 °48.15’E (Bohrmann et al., 2010) and stored at the

core repository of the University of Tiibingen/Germany.
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Figure 2.1: Core photographs of the sediment cores SO90-39KG and SO130-275KL
recovered from the same position on the Pakistan margin. The numbers indicate the
age of the event deposits according to von Rad et al., (1999). Core 275KL was
correlated with the adjacent core SO90-56KA by a layer-by-layer tracking of the
prominent light- and red-coloured event deposits (C- and F-layers). The oblique
dashed lines indicate the top and bottom of a 10 cm-thick F-layer (F;) that ties 39KG
on top of 275KL.
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2.2 Calculation of accumulation rates in laminated sediments

The determination of flux rates
of sedimentary components, 50
like organic carbon, carbonate,

opal, eolian dust particles or in- | 4567890 1TRRBUEETRBBEA 22
el H\Hlllhﬂ\'H‘HII|HH‘HII|II \uhml e e

dividual foraminiferal species,

il
is ultimately based on the pre- i i i
cision of the age model. The :
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posited, distinctly alternating

Reflectance L*

light- and dark laminae cou-

plets, provides a very precise

relative age control of the se- 1o SO130-275KL 1.88 -2.11m

quence. Thus, the sedimentary

accumulation rate is exemplar- Fig. 2.2: A 23 cm long section of core 275KL to exem-
ily determined by the thickness plarily demonstrate the photometric identification of
event deposits. A threshold of 80 for the reflectance
L* was used to identify the onset and thickness of
the number of varve couplets. the light-coloured C-layers on a sub-millimeter scale.

of the sample slice divided by

This is, however, partly ham-
pered by the presence of al-
lochthonous deposits, accumulating an enormous amount of solely land-derived
sediment in a very short amount of time (i.e. less than one year), thereby diluting
the hemipelagic sediment content. If a sample contains such a deposit, the dilution
is ideally compensated by the proportionately higher sedimentary accumulation

rate.

The actual duration of the depositional time of a sample from core 275KL was
determined from the varve thickness data of von Rad et al., (1999), which is
available from the adjacent core 56KA for every year from 1993 CE until 4.9 ka BP.
However, the thickness data is cleaned from event deposits, making it mandatory
to precisely determine the position of the events for comparison with core 275KL.
Whether part of a sample from 275KL consisted either of a C- or F-layer, thus
increasing the thickness of the sample disproportionate to the age of the succession,
was determined by using a threshold from the L*a*b* color space of the color-scan
profile (Figure 2.2). Careful comparison of the results with the core photograph
indicated that a threshold of a lightness value (L*) of 80 for C-Layers and 1.5
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(a*) for F-Layers was most practicable. This enabled to calculate event layer-free
sedimentary accumulation rates.

2.3 Sample preparation and census counts of planktic
foraminifera

The samples for coarse-fraction analysis of core 275KL were sampled in a contin-
uous 5-mm scheme. A pre-study with bulk sediment from this core, indicated
that this amount of sediment, corresponding to ca. 1.5 g dry weight, yields a
minimum of 300 individuals of planktic foraminifera for counting in accordance
to the MARGO recommendations (Kucera et al., 2005). However, samples that
were diluted with fine-grained sediments of an event deposit, had to be combined
with adjacent samples to yield this minimum amount of counted individuals. This
was done for 89 samples, representing 27 % of the data set of core 275KL. Because
event deposits are solely land-derived and finer than the sand fraction (>63 um),
admixture dilutes the hemipelagic content of a sample, but merging of samples
is not decreasing the actual resolution of the marine deposition. The sampling
scheme after merging therefore corresponds to an average sample spacing of 9
years. The samples were cut from U-channels, freeze-dried and washed with tap
water over a 63-um screen. After drying in an oven at 40 °C, the residue was
turther sieved to the size fractions 63-150 um and >150 pum. To enable comparison
with other paleoceanographic studies, the latter size fraction was used for the
determination of planktic foraminiferal species under a stereo dissecting micro-
scope, following the taxonomy of (Bé, 1967; Hemleben et al., 1989; Parker, 1962).
Coarse fraction samples from the cores 39KG and SL163 were already available
from previous studies and did not require further preprocessing. For counting
purposes, samples from the latter two cores were split with an Otto microsplitter
and analyses were conducted on smaller aliquots of the >150 pm size fraction,
containing a minimum of 300 individuals of planktic foraminifera.

2.4 Quantitative reconstructions

Transfer function analyses

To increase the signal-to-noise ratio for quantitative paleoenvironmental estimates,

samples from diverging oceanic environments were excluded by subsetting the
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calibration data set to a predefined region. This region was constrained by a box
extending from 30 °N to 30 °S and from 30 ° to 120 °E, furthermore excluding the
Red Sea and the Bay of Bengal. Calibration samples originating from a position
inside the box were compiled from a published data base of core tops (Barrows
and Juggins, 2005) and significantly extended by previously unpublished data. To
further exclude any potential ecological gradients that are outside of the range of
the fossil data, the calibration samples from within the box and the fossil samples
were analyzed together in a joint principle component analysis (PCA). Along the
tirst and second axis of the joint PCA, the scatter of the fossil samples spans a
convex hull. Thus, calibration samples that also plot within this hull are most
similar to the fossil samples along the first two principal components. These
samples are expected to record the conditions in the same range of variation as
the fossil samples and were therefore used for training the transfer functions.
Quantitative estimates were conducted using a suite of functions available in the
R statistical software package rioja ver. 0.9-5 (Juggins, 2015), as well as with the
BioComp " software NeuroGeneticOptimizer " ver. 2.6.142.

Trace elemental composition of planktic foraminiferal calcite

Sample preparation and analyses of trace elemental composition on planktic
foraminiferal calcite of the species Globigerina bulloides and Globigerinoides sacculifer
from the Oman core SL163 were carried out at the facilities of the MARUM Center
for Marine Environmental Sciences in Bremen/Germany. After carefully opening
the chambers of ca. 30 individuals of the two species under a microscope by
crushing them gently between two glass plates with Seralpur’" water, cleaning
procedures followed the protocol of Barker et al., (2003).



CHAPTER 3

Summary and concluding remarks

3.1 Main results

The research presented in this doctoral thesis aims at the reconstruction of mon-
soon intensity fluctuations on decadal- to subdecadal time scales during three
phases of the Holocene epoch. The first of these phases is the timespan over the
last 250 years. We have a rather good knowledge of short-term climate fluctuations
during part of this period, owing to the increasing systematical development of
comprehensive weather observations, starting at around 150 years ago (Sontakke
and Singh, 1996). Furthermore, detailed knowledge about potential external forc-
ing exists, e.g. volcanic eruptions and solar variability (e.g., Ammann et al., 2007;
Jungclaus et al., 2010). The timespan over the last 2,000 years has recently gained
broad interest of the scientific community (PAGES 2k Consortium, 2013). This
phase includes several centennial-scale hemispheric climate excursions, like the
so-called "Medieval Warm Period" or the "Little Ice Age", evident from a wide
range of proxy data (Jones and Mann, 2004). It also holds the potential to disentan-
gle natural from anthropogenic factors influencing the climate. The third phase
is the early- to mid-Holocene epoch, which is a period prior to the influence of
anthropogenic greenhouse gas emissions. However, in the Northern Hemisphere
the perihelion during the early Holocene was close to the summer solstice, which
allows to test if climate fluctuations were more sensitive to changes of incoming
irradiation during this period.

25
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Last two an a half centuries

Paper I is based on a study of planktic foraminiferal assemblages of core 39KG
over the last ~250 years in quasi-biennial (2.55 year) resolution. The preservation
of varve-like laminae under the absence of bioturbation enables to study the
variability of the faunal assemblages in very high detail. Over the last ~150 years,
the record overlaps with instrumental temperature measurements, which allows
to evaluate the faunal record as the response to local winter temperatures. The
species data was found to correlate best with January temperatures, which is in
good agreement with the results of Paper III, where a core top study also revealed
a strong influence of winter temperatures on the faunal composition. It also shows
that the site at the Pakistan margin might be well suited to reconstruct winter
monsoonal conditions independently from the influence of the summer monsoon.
This relationship was used to extend the instrumental record into pre-industrial
times and to significantly assess long-term trends of winter monsoon conditions.
The results indicate that winter conditions are modulated in accordance with
large-scale oscillations patterns originating in the Pacific, namely ENSO and PDO.
However, this teleconnection might not have been stable over the last 250 years, but
might have been decoupling since the beginning of the 20t century. An interesting
new finding is, that strong cooling and intensification of winter conditions was
apparently linked to the NAO, potentially through strengthening of the Siberian
High. These findings shed new light on the coupling of local winter monsoon

conditions to continental-scale and intra-basin wide climate oscillation modes.

Last two millennia

In a first collaborative study presented in Paper II, we aimed at the reconstruction
of annual mean SST based on alkenones, in comparison to organic carbon content
and 6N as productivity proxies, from cores 39KG and 275KL. Winter monsoon
conditions from quantitative reconstructions in this area of the NE Arabian Sea
were previously unknown. The study revealed that winter conditions were not
stable over most parts of the last two millennia. Instead, the results showed an
overall cooling trend together with several centennial-scale fluctuations of slightly
warmer and colder SST, although the range of annual temperatures was low
during the last ~2,500 years (< 1.5°C). Exceptionally strong winter conditions,
indicated by colder than average annual SST in concert with increased productivity
indices, were observed from 1500-1900 CE, which let to the conclusion that this
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feature could be linked to the continental-scale cooling in the northern hemisphere,
referred to as the Little Ice Age.

However, a sediment trap study presented in Paper II indicated a high seasonality
of alkenone fluxes at the Pakistan margin, which might potentially introduce
a temperature bias in the signal of annual mean SST. Paper III therefore again
addressed the winter monsoon climate in the NE Arabian Sea, by comparing the
alkenone-based record of annual mean SST to a record of seasonal winter SST
based on planktic foraminiferal census counts. To this end, a new transfer function
was compiled and potential environmental driving forces were evaluated on a
modern set of core top samples, which were most similar to the fossil samples of
cores 39KG and 275KL. The analysis indicated that winter SST is the strongest de-
terminant in the species assemblage data of the modern samples. Reconstructions
of winter SST based on this relationship fluctuate on a range of 2.5 °C over the
last two millennia and also reveal a long-term trend of more intensified winter
conditions towards the present. The main feature of the time series of winter SST
is a sharp drop of temperatures at 450 CE, which is ~250 years later relative to
the alkenone-based annual SST record. The higher resolution of the foraminiferal
record in comparison to the alkenone record further revealed significant cyclicities
underlying the winter SST record on 75-, 40-, 37-, and 31-years per cycle. These
periodicities were previously found in proxies recording Indian summer monsoon
conditions, providing evidence that winter and summer monsoon are modulated
by the same driving forces. An apparent significant coherency on centennial band-
width with the Lake Huguang Maar record, expected to be influenced by the East
Asian monsoon, ends abruptly at ~1000 CE, indicating a decoupling of East Asian

and Indian winter monsoon conditions in medieval times.

Early to mid Holocene

In Paper IV, the early- to mid Holocene epoch ISM intensities were studied in-
dependently using planktic foraminiferal assemblages with transfer functions
calibrated to summer SST and Mg/Ca ratios of the upwelling species Globige-
rina bulloides. Upwelling and summer SST fluctuated coherently with sunspot
cycles, on frequencies previously identified by other studies. It could be shown
that phases of diminished OMZ intensitiy were linked to phases of low surface
water productivity. Moreover, these phases were linked to warmer upwelling- and
summer SST proxies, indicating that surface water properties, instead of better
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ventilated water masses, are controlling bottom water conditions in the upwelling

areas of the northwestern Arabian Sea on decadal time scales.

3.2 Outlook for future studies

The studies presented in this doctoral thesis provide new evidence for the coupling
of the Indian winter monsoon with external forcing mechanisms on decadal time
scales. In order to better understand the factors influencing winter monsoon condi-
tions on longer time scales, i.e. hundreds of years to millennia, longer records are
needed. The transfer function presented in this study, however, holds the potential
to be applied on planktic foraminiferal assemblages from the Holocene and earlier
glacial intervals. From such data it would be possible to obtain independent infor-
mation on the glacial/interglacial variability of the winter monsoon and resolve

its relationship with the summer monsoon on millennial scales.

The new record of assemblage-based winter SST could be supplemented with
other independent proxies providing a seasonal temperature dependence. This
could be best established by Mg/Ca measurements of the "'winter monsoon species’
Globigerina falconensis in sediments from the northeastern Arabian Sea. An appro-
priate Mg /Ca—-temperature calibration for this species, however, is currently not

available and would be crucial for this approach.
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Abstract

The Indian winter monsoon is a key component of the seasonally changing mon-
soon system that affects the densely populated regions of South Asia. Cold north-
easterly winds originating in high northern latitudes provide a link of continental-
scale Northern Hemisphere climate to the tropics. It is vital to understand the
mechanisms and teleconnections that influence its variability to better predict
changes in future climate. Here we present a study of regionally calibrated winter
(January) temperatures and according Indian winter monsoon (IWM) intensities,
based on a planktic foraminiferal record with biennial (2.55 years) resolution. Over
the last ~250 years, IWM intensities gradually weakened, based on the long-term
trend of reconstructed January temperatures. Furthermore the results indicate
that IWM is connected on interannual- to decadal time scales to climate variability
of the tropical and extratropical Pacific, via El Nifio Southern Oscillation (ENSO)
and Pacific Decadal Oscillation (PDO). However, our findings suggest that this
relationship appeared to begin to decouple since the beginning of the 20th century.
Cross-spectral analysis revealed that several distinct decadal-scale phases of colder
climate and accordingly more intense winter monsoon centered at the years ~1800,
~1890 and ~1930 can be linked to changes of the North Atlantic Oscillation (NAO).

Introduction

The Indian monsoon, as the western branch of the Asian monsoon system, is the
leading mode of seasonally changing temperature and precipitation in one of
the world’s most densely populated regions. During boreal winter, the winter
monsoonal winds provide a connection of the high northern latitudes to the
tropics, when cold air masses originating from the Siberian High are moving
southwards (Wang et al., 2003; Wang et al., 2012). Westerlies associated with the
Indian winter monsoon (IWM) transport moisture from the Mediterranean to
Central Asia and contribute significantly to annual precipitation in the Himalaya
region (Dimri, 2013) and southern India (Bhanu Kumar et al., 2004). Moreover,
winter temperatures in the Arabian Sea have shown to be related to the subsequent
summer rainfall (Clark et al., 2000). To better understand how the monsoon system
may change in response to future climate development, it is vital to study how
monsoon climate changed through time and what underlying mechanisms are

controlling it.
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Figure I.1: (a) and (b) indicates the location of core SO90-39KG (IN24 ° 49" 18.599";
E065 ° 54’ 36”) in the northeastern Arabian Sea in 704 m water depth and ~160 nm
west of Karachi. (c) Boxplot of monthly temperatures measured at Karachi weather
stations (Karachi Manora and Karachi Airport, average where both stations are
available) between 1878 and 1993 (data obtained from

http:/ /www.metoffice.gov.uk/research/climate/climate-monitoring /land-and-
atmosphere /surface-station-records). January temperatures are continuously lowest
during the annual cycle.

Apart from a dominant solar control on the Indian monsoon climate (Agnihotri et
al., 2002; Gupta et al., 2005), variability of the monsoon system on millennial- and
centennial timescales is likely linked to changes of North Atlantic climate (Boll et
al., 2015), potentially through atmospherical reorganizations (Mohtadi et al., 2014).
On decadal to interannual time scales, relationships between the North Atlantic
Oscillation (NAO) and summer climate in Asia have been suggested (Liu and Yin,
2001). There is abundant evidence that interannual- to decadal variability of the
summer rainfall in India and East Asia is linked to tropical Indo-Pacific climate
and modulated by perturbations of the Walker circulation associated with the state
of ENSO (Ashok and Saji, 2007; Krishna Kumar et al., 2006; Song and Zhou, 2015;
Terray et al., 2005; Webster et al., 1998), the phase of the PDO (Krishnamurthy
and Krishnamurthy, 2014; Krishnan and Sugi, 2003; Song and Zhou, 2015), and
the Indian Ocean Dipole (Ashok et al., 2004; Song and Zhou, 2015; Ummenhofer
et al., 2013). An intensification of the ENSO-summer monsoon relationship can be
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related to the phase of the PDO, where severe drought (flooding) is associated with
the co-occurrence of El Nifio (La Nifna) with warm (cold) PDO modes. However,
because of the strong impact of the summer season, proxy data of the winter
monsoon are generally scarce and previously misinterpreted. Shen et al., (2013) for
example showed for Lake Huguangyan, that Ti input and diagenetic conditions
are controlled by vegetation density and therefore are, instead of East Asian
winter monsoon, likely a function of summer precipitation. This demonstrates
the need for long, quantitative high-resolution proxy data solely recording winter
monsoon conditions, enabling to rigorously investigate internal and external

forcing mechanisms.

During boreal winter, surface water hydrography in the northeastern Arabian Sea
is associated with evaporative cooling, convective deepening of the mixed layer
and entrainment of nutrients into the photic zone (Barber et al., 2001; Prasanna
Kumar and Prasad, 1999) induced by dry and cold northeasterly monsoonal
winds. Planktic foraminifera are an especially valuable and widely used tool in
paleoceanography (Kucera et al., 2005) reflecting trophic and thermal states of
the upper water column by a variety of different proxies in the NE Arabian Sea
(Schiebel et al., 2004; Schulz et al., 2002) with assemblage compositions primarily
sensitive to winter sea-surface temperature (Munz et al., 2015). Here we present
the first biennial resolution study of INM intensity from a laminated marine sedi-
mentary record off Pakistan (Figure I.1a-b) spanning the last ~250 years. During
winter season, the region is under influence of northeasterly monsoonal winds
that induce cold temperatures culminating in January (Figure I.1c). The winter
temperature signals from PF assemblage compositions are first evaluated as the
response to local winter temperatures from the instrumental temperature record.
Reconstructed temperatures were then used to extend the record prior to 1850
into pre-industrial times to assess the evolution of IWM intensities and eventually
identify significant long-term variability. This results in new evidence for the
relationship of IWM with ENSO and PDO, which may have not been stable during
the late Holocene but may have changed since the beginning of the 20th century.
However, decadal-scale episodes of intensive IWM may instead have been related
to positive changes of NAO.
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Material and methods

Planktic foraminiferal record

Core 39KG was recovered on R/V SONNE's cruise SO90 in 1993 (von Rad et al.,
1995) from the stable mid-depth oxygen minimum zone in 704 m water depth
approximately 160 nm west of Karachi (Figure 1.1b). Coarse fraction samples
of a continuous 3-mm sampling scheme were available from a previous study
(Doose-Rolinski et al., 2001). Determination of planktic foraminiferal assemblage
compositions was described in (Munz et al., 2015). We used a precise age control
of absolute dates established from counting annual layers of the ‘varve-like” lami-
nated sediments (von Rad et al., 1999). The average age difference between the

samples of core 39KG from the 3-mm resolution is 2.55 years.

To detect major trends in the PF faunal records, correspondence analysis (CA)
was calculated with the statistical programming environment R ver. 3.2.1 (R Core
Team, 2015) and the package vegan ver. 2.3-1 (Oksanen et al., 2015). CA was carried
out on the raw counts of species having an overall relative abundance of >0.5%.
11 out of 20 species occurred in very low frequencies (<0.5%) and were excluded
from further analyses to obtain a more robust signal-to-noise ratio (Kucera et al.,
2005).

Observational data

Historical temperature data was obtained from the HadCRUT4 dataset infilled by
kriging interpolation (Cowtan and Way, 2014). HadCRUT4 is a monthly observa-
tional dataset that combines sea surface temperature and land surface air tempera-
ture anomalies (Morice et al., 2012) in order to cover regional winter climate of the
area. The dataset covers the continuous period from 1850 to present and is avail-
able on a 5 °x5 ° grid. The monthly mean temperature anomalies were extracted
from the grid cell surrounding the core location (20 — 25 °Nj; 65 — 70 °E). Data were
accessed through the KNMI climate explorer website (http:/ /climexp.knmi.nl).

Data analysis and reconstructions

Winter temperature reconstructions were carried out using weighted averaging
partial least-squares (WA-PLS) regression (Ter Braak et al., 1993) implemented in
the package rioja (Juggins, 2015) for R. Biological abundance data was expressed as
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relative percentages of the nine most common species converted from raw counts.
WA-PLS is a common palaeoecological reconstruction method, as it combines
several advantages compared to other methods (Birks et al., 2010). The selection
criterion on model complexity was based on the respective minimum root means
squared error of prediction (RMSEP). Sample-specific errors of the reconstruction
period and RMSEP were assessed via bootstrapping over 999 cycles. Spectral anal-
yses were performed using the multitaper method MTM (Mann and Lees, 1996)
with a red-noise null hypothesis (Ghil et al., 2002) implemented in the SpectraWorks
software kSpectraTM ver. 3.4.5. Wavelet coherence analysis (Grinsted et al., 2004)
was conducted with the MATLAB software and the package provided by Aslak
Grinsted on the website http:/ /noc.ac.uk/using-science/crosswavelet-wavelet-
coherence. Time-series were detrended and resampled to an equal-distant average
spacing (2.55 yrs.) using piecewise cubic hermitean interpolation polynomials
(PCHIP function of the pracma package ver. 1.6.4 for R) prior to MTM and wavelet

coherence analyses.

Simulated temperature data

Monthly simulated January temperatures of climate model experiments were
extracted from the 5°x5 © grid cell surrounding the core location (20 — 25 °Nj; 65 —
70 °E) from an ensemble of the Coupled Intercomparison Project 5 (http:/ /cmip-
pcemdilllnl.gov /). Atmospheric and ocean output (Amon and Omon), as well as
all available runs and model versions of the different models were averaged over
the grid cell. Continuous time series were produced by combining results of each
models last millennium (past1000) and the historical experiments. Temperatures
are expressed as anomalies relative to each model’s average over the period 1700-
1999.

Results

Over the entire record of core 39KG, the PF fauna of the nine species having an
average abundance >0.5% (Figure 1.2a) is dominated by Globigerina falconensis
(29%) and Globigerinoides ruber (28%) followed by Globigerina bulloides (19%) and
Globigerinita glutinata (15%). Minor abundances are shown by Globoturborotalita
tenella (3.5%), Globigerinella siphonifera (2%), Neogloboquadrina dutertrei (2%), Globo-
turborotalita rubescens (1.5%) and Globigerinoides sacculifer (0.5%). An advantage

of ordination methods like CA is the reduction of dimensionality of the original
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dataset to a lower number of synthetic variables, which explain as much of the
variance of the original data as possible. The first and second CA axes together
describe almost half (46.3%) of the information of the PF faunal dataset (Table
[.1). The first CA axis (CA1) separates G. sacculifer on the positive side from G.
falconensis and G. bulloides on the negative side, whereas along the second axis
(CA2) G. tenella is associated with positive and G. siphonifera with negative scores
(Figure 1.2b).

To identify any potential relationship between the PF faunal abundance data and
historical temperature recordings, we regressed the HadCRUT4 monthly tempera-
ture data to CA1 and CA2 scores of samples overlapping with the instrumental
temperature record (1852-1993). The sedimentary record of core 39KG accumu-
lated on the sea floor over an average period of 2.55 £ 0.8 years, integrating the
proxy signal of PF assemblages over this time span. A low-pass filter was therefore
applied to the monthly instrumental record with a 5-year cutoff frequency, to com-
pensate for interannual variability during the proxy generation. From the monthly
linear regression analyses (Figure 1.3) we found that correlations are highest with
January temperatures (CAl: r = 0.34, p = 0.006; CA2: r = 0.50, p < 0.0001). This
means that high (low) abundances of G. falconensis and G. siphonifera are related
to colder (warmer) January temperatures and vice versa for G. sacculifer and G.
tenella. This relationship of G. falconensis and G. sacculifer is in good agreement
with a recent study (Munz et al., 2015), where we used redundancy analysis to
characterize species response to environmental gradients on a surface sample

dataset from the Arabian Sea. To discover the long-term temperature evolution

Table I.1: Eigenvalues and cumulative variance explained by the correspondence
analysis based on nine species that showed an overall minimum abundance of 0.5 %.

Eigenvalue Cumulative
variance explained

(%)
CA1 0.047 26.6
CA2 0.035 46.3
CA3 0.030 63.3
CA4 0.023 76.3
CA5 0.016 85.3
CA6 0.013 92.7
CA7 0.009 97.7

CA8 0.004 100
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Correlation of CA scores vs. measured monthly temperature anomaly
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Figure I.3: Correlations of the first and second correspondence analysis (CA) scores
of the planktic foraminiferal assemblages and the monthly temperatures from the
HadCRUT4 dataset of the 5° x 5° grid cell containing the core station of core 39KG
(20 —25°N, 65 — 70 °E). January temperatures showed highest correlation coefficients
with CAl (r = 0.34, p = 0.006) and CA2 (r = 0.50, p < 0.0001). Correlation
coefficients of 0.3 are indicated by dashed lines.

and enable comparison with other calibrated proxy records we therefore used
this relationship to reconstruct January temperatures prior to the instrumental
period. Samples overlapping with the HadCRUT4 record (1852-1993, n = 64)
were used for calibrating the transfer function by allocating the 5-year low-pass
tiltered temperature values to the respective samples of the foraminiferal record.
N = 36 samples during 1738-1850 were used for reconstruction. A WA-PLS
model with two components yielded the lowest prediction error (Table 1.2) and

was chosen for quantitative reconstructions.

As long as monthly temperature measurements are available, January tempera-
tures in Karachi are constantly recorded lowest during the annual cycle (Figure
I.1c) and therefore leave a strong signal in the planktic foraminiferal fauna. Recon-
structed temperatures are significantly correlated with CA scores (CAl: r = 0.28,
p < 0.01; CA2: r = 0.88, p < 2.2E — 16), indicating that changes of the domi-



52 Paper |

1k —e— reconstructed O o
observed (with 5-year smoothing) o

January temperature anomaly (°C)

O e
08 |
0.6 5
T (404 =
0.2
1750 1800 1850 1900 1950

Years C.E.

Figure I.4: Reconstructed (red line) and observed (blue circles) January temperature
anomalies. Red shading indicates reconstruction uncertainty based on bootstrapping
(RMSEP). Observed temperatures were smoothed with a low-pass filter (5-year cutoff
frequency) to compensate for high interannual variability (blue line). Orange dashed
line is the reconstructed solar irradiance of (Steinhilber et al., 2009). Black graph
shows the reconstructed global volcanic aerosol optical depth (AOD) from Crowley
and Unterman, (2013). Grey shaded vertical bars indicate three decadal-scale cold
episodes from the reconstructed and observed temperature records. Black trend line
indicates the ~0.6 °C overall warming trend between 1738 and 1993.

nant foraminiferal taxa are primarily driven by the reconstructed temperatures
(Juggins and Birks, 2012). This is a valuable information, since the historical
records contain measurements of surface temperatures (land surface, 0 m sea sur-
face) and PF assemblages can potentially be more sensitive to sub-surface water
conditions (Telford et al., 2013), which might then not be recording sea surface-
atmosphere conditions correctly. The low-pass filtered instrumental temperatures
plot generally within the uncertainty range of the reconstructions (Figure 1.4) and
both time series covary significantly (> 99% confidence level) on sub-decadal
to multi-decadal time scales (Figure 1.5). This underlines that the foraminiferal-
based reconstructions can be used as a valid tool to extend the historical record of

regional winter temperature anomalies to pre-industrial times.
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Table 1.2: Transfer function performance measures based on the root mean squared
error (RMSE), the coefficients of determination and the cross-validated root mean
squared error of prediction (RMSEP},t). Cross-validation is based on bootstrapping
over 999 cycles. A transfer function model with two components yielded the lowest
prediction error (highlighted).

RMSE cross.-val. R? RMSEP oot

Componentl 0.340 0.222 0.372
Component2 0.314 0.285 0.366
Component3 0.310 0.291 0.367
Component4 0.309 0.277 0.376
Componentb 0.309 0.268 0.382

A noticeable feature from the record of reconstructed January temperatures is
a long-term warming trend of ~+4-0.6 °C towards the present (Figure 1.4). This
indicates that winter monsoon intensity, reflected by January temperatures, is
gradually weakening towards the present and that this trend likely started prior
to 1750. The record further reveals three prominent decadal-scale episodes of
very low temperatures, i.e. strong IWM intensities. The first, not covered by
instrumental observations, from 1795 to 1805, as well as a second one from 1892 to
1894 and a third one from 1925 to 1935. Based on the calibrated relationship of the
planktic foraminifera fauna and modern temperatures, the first and most severe
cooling was —1.3°C colder than the reference period (1961-1990), the second
(—0.9°C) and third (—1.0 °C) are almost equally intense. Reconstructed January
temperatures were warmest in 1912 during the ‘calibration period’. This warming

was, however, unprecedented prior to 1850.

Discussion

Cold winter conditions and their relationship to incoming solar radiation

The first of the three cooling episodes shown in Figure 1.4 falls together with the
beginning of the Dalton solar minimum, lasting from 1780 to 1840 (Anet et al.,
2014). Coldest temperatures, however, were recorded asynchronous to periods
of minimum irradiance forcing. Similar to basin-wide studies of tropical Indian
Ocean springtime sea surface temperatures (Tierney et al., 2015) this may indicate,

that solar irradiance is not the main driver of colder winter conditions.

Short-term anomalies of tropical (Tierney et al., 2015; Winter et al., 2015) and
European (Sigl et al., 2015) summer climate was also affected by strong volcanic
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Figure 1.5: Frequency spectra and coherence obtained with the multitaper method
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and 99%, respectively. MTM spectra and significant frequencies of CA1 scores (a),
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temperatures, as well as observed and simulated temperatures (d), and respective
circulation indices (e).
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eruptions. Furthermore, volcanic eruptions led to an enhancement of the hydro-
logical cycle in monsoonal Asia (Anchukaitis et al., 2010; Cui et al., 2014). Winter
temperatures in Europe were anomalously warm in the years following large
volcanic explosions (Robock and Mao, 1992; Wegmann et al., 2014) while cold

winter anomalies covered large parts of southern Asia (Shindell et al., 2004).

To test a potential short-lived response of winter conditions in our core to major
volcanic eruptions, we compared timings of the four well documented major vol-
canic eruptions in the early 19t century (Schmidt et al., 2012), the two of unknown
origin 1804 and 1809, the Tambora eruption in 1815, as well as two other tropical
eruptions 1831 and 1835. None of those were apparently related to the first of the
noticeable three cold episodes, as volcanic eruptions occurred ~5-30 years later

(Figure 1.4). The second cooling in the late 19th

century occurred ~10 years after the
Krakatoa eruption in 1883, while a possible response would be expected in the sec-
ond year following the eruption (Shindell et al., 2004). Another smaller short-lived
temperature anomaly in 1909, which is also evident from the instrumental temper-
ature record, occurred 3 years earlier to the Novarupta/Katmai (Alaska) eruption
in 1912. Generally, the temporal resolution of 2-3 years of our foraminiferal record
could be below the detection limit needed to cover the short-lived response of

atmospheric perturbations caused by major volcanic eruptions.
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Figure I.6: Comparison of (a) winter (December-February) Southern Oscillation
Index (SOI; 3-year running mean), (b) winter (November—February) Pacific Decadal
Oscillation Index (PDO; 7-year running mean) and (c) detrended reconstructed
January temperature anomaly of 39KG between 1850 and 1993. Vertical bars indicate
apparent PDO "'warm phases’. (d) shows a reconstruction of the isolated signal
components identified from the MTM spectrum in Figure 1.5¢ as solely decadal (blue
stippling) and summarised decadal- to inter-decadal components (purple stippling).
Wavelet coherence analysis of reconstructed temperature estimates with winter (DJF)
SQOI (e) and (NDJF) PDO (f) indices. Arrows indicating phase relationships, i.e. for (e)
arrows pointing down are interpreted as a 90 ° lag of January temperatures to the
anti-phase of the winter SOI index. A 90 © lag on a 10-14-year bandwidth would
convert to 3 years. For (f) the arrow pointing up on the multidecadal ~36-year
periodicity can be interpreted as PDO leading January temperatures by a 90 °
phase-angle, thus 90 ° at a wavelength of 36.6 years=9.2 years. SOl is obtained from
the NOAA Earth System Research Laboratory

(http:/ /www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/SO1/), PDO from
http://www.ncdc.noaa.gov /teleconnections/pdo/.

Teleconnections of IWM climate variability to large-scale circulation
patterns

Our temperature reconstructions vary significantly on interannual (7.6-9.7 years),
interdecadal (11.6 years) and multidecal (33-50 years) time scales (Figure L5).
These cycles are reflecting the periodicities of the planktic foraminiferal fauna,
captured by CA1 and CA2 scores. Reconstructed temperatures vary significantly
and coherently with the observational-based Southern Oscillation index (SOI) on
the ‘classical” interannual ENSO bandwidth (7.6 years) and on a 11.6-year period
(Figure L.5). Surprisingly, the ~12-year bandwidth also has coherencies with NAO
and PDO indices, a cyclicity that was previously identified from tropical Atlantic
trade wind intensity (Black et al., 1999) and Indian Ocean coral 580 (Charles et al.,
1997; Cobb et al., 2001). This indicates that winter IWM intensities are modulated
across seasons on decadal frequencies via a trans-regional teleconnection.

January temperatures are coherent with PDO indices on the 30—-40-year cycle (Fig-
ure 1.5) of PDO phase-shifts (Mantua et al., 1997). The reconstructed multidecadal
36.6-band signal component is lagging the PDO "warm modes’ by ~7 years (Figure
1.6), which is also evident from a wavelet coherence analysis. Thus, strong (weak)
winter monsoon conditions follow cold (warm) PDO modes on decadal time-scales.
Winter temperatures are lagging the anti-phase of SOI on the 10-14 year band
by ~3 years Figure 1.6), indicating that ENSO and PDO are modulating winter
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conditions, although on different frequency bands yet according to PDO modes.
However, this relationship is apparently weakening since the beginning of the
20 century, several decades earlier than it was suggested for the Indian summer
monsoon (Krishna Kumar et al., 1999).

The NAO is, like ENSO, a major source of interannual global climate variability
and contributes largely to Northern Hemisphere temperature patterns (Hurrell,
1996). Based on the finding that the close relationship to NAO is enhanced during
the three distinct phases of colder climate (Figure 1.7), we hypothesize that the
atmospheric circulation over the North Atlantic is the main driver for cold pertur-
bations of IWM climate, potentially through an amplification of the Siberian High
(Wu and Wang, 2002). These linkages, as well as the observed weakening of the
ENSO-IWM relationship and the general deficiency of describing ENSO and PDO
properties in climate simulations (Bellenger et al., 2014) adds to the complexity
of reproducing winter monsoon climatology in current state-of-the-art climate
models (Gong et al., 2014). Although the simulated January temperatures are
coherent with reconstructed and observed January temperatures on interdecadal-
to decadal-scale frequencies (Figure 1.5), models fail to reproduce the timing and

temperature pattern from our record (Figure 1.8).
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Figure 1.7: (a) Time series of the reconstructed January temperature anomalies (red
line) and the reconstructed model-constrained North Atlantic Oscillation (NAOp,,
purple line) from (Ortega et al., 2015). (b) Running correlation along a 25-year sliding
window and (c) wavelet coherence analysis reveals that both records show highest
correlations and coherency around the three obvious cold spells of the winter
temperature record. Coherency on the 16-year bandwidth is consistent with the
instrumental-based winter NAO index (Figure 1.5e). Both records are negatively
correlated and phase-shifted during the first cold phase around the year ~1800, but
in-phase and positively correlated during the second cold phase around ~1890.
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Figure 1.8: Simulated January temperature anomalies (relative to the each model’s
average from 1700-1999 and smoothed with a 5-year running average) obtained from
the Coupled Model Intercomparison Project 5 of the grid cell containing the core
location of 39KG (20 — 25 °N; 65 — 70 °E) covering the period 1700-1999. The 5%-95%
percentile ranges of all models are plotted as grey shading. Results of the
IPSL-CM5A-LR experiment (star) does only contain atmospheric output (Amon).

Summary

Our results show that winter monsoon intensities in the Arabian Sea are coupled

to Pacific and North Atlantic climate, but with a complex and shifting pattern. A

better understanding of extratropical and tropical influences on winter monsoon

climate might help to improve model performance (Levine et al., 2013), and hence,
predictability of tropical to mid-latitude winter climate conditions in the Northern
Hemisphere.
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Abstract

Variability in the oceanic environment of the Arabian Sea region is strongly influ-
enced by the seasonal monsoon cycle of alternating wind directions. Prominent
and well studied is the summer monsoon, but much less is known about late
Holocene changes in winter monsoon strength with winds from the northeast that
drive convective mixing and high surface ocean productivity in the northeastern
Arabian Sea. To establish a high-resolution record of winter monsoon variability
for the late Holocene, we analyzed alkenone-derived sea surface temperature
(SST) variations and proxies of primary productivity (organic carbon and 6'°N)
in a well-laminated sediment core from the Pakistan continental margin. Weak
winter monsoon intensities off Pakistan are indicated from 400 B.C. to 250 A.D. by
reduced productivity and relatively high SST. At about 250 A.D., the intensity of
the winter monsoon increased off Pakistan as indicated by a trend to lower SST.
We infer that monsoon conditions were relatively unstable from ~500 to 1300 A.D.,
because primary production and SST were highly variable. Declining SST and
elevated biological production from 1400 to 1900 A.D. suggest invigorated convec-
tive winter mixing by strengthening winter monsoon circulation, most likely a
regional expression of colder climate conditions during the Little Ice Age on the
Northern Hemisphere. The comparison of winter monsoon intensity with records
of summer monsoon intensity suggests that an inverse relationship between sum-
mer and winter monsoon strength exists in the Asian monsoon system during the

late Holocene, effected by shifts in the Intertropical Convergence Zone.

Introduction

The Asian monsoon system is one of the most important components of global
climate. Although variations in the Asian monsoon have a great impact on cli-
matological and biogeochemical processes in the ocean as well as on land, there
are yet few high-resolution studies recording monsoon variability during the
last 2000 years. One opportunity to establish such high-resolution records of
late Holocene climate change comes from laminated sediments deposited on the
Makran continental margin in the northeastern Arabian Sea (Doose-Rolinski et al.,
2001; Liickge et al., 2001; von Rad et al., 1999).

Primary productivity in the Arabian Sea is high and is tightly linked to the seasonal
dynamics of the Asian monsoon system. Forced by reversing atmospheric pressure
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Figure II.1: Study area in the northeastern Arabian Sea off Pakistan with core
locations 275KL and 39KG and sediment trap station EPT-2. The shaded area
indicates OMZ impinging on the continental slope. Bathymetry is shown in meters.
Inset: vertical profile of core 275KL showing varve-like lamination. This map is
produced by using Ocean Data View (Schlitzer, 2013).

gradients between central Asia and the southern Indian Ocean and accompanied
by shifts in the Intertropical Convergence Zone (ITCZ) (Clemens et al., 1991), low-
level winds reverse direction in the course of the year. Strong southwesterly winds
during the summer months caused by differential land-ocean heating in spring
(Hastenrath and Lamb, 1979) induce clockwise surface water circulation in the
Arabian Sea. As a consequence, upwelling of nutrient-rich waters along the coast
off Somalia, Oman, and southwest India supports high biological productivity
during the months June to September (Haake et al., 1993; Nair et al., 1989; Rixen
et al.,, 1996). A secondary primary productivity peak in the northern basin is
initiated when the wind direction reverses due to faster cooling of the continent
in fall (Rixen et al., 2005). Prevailing moderate and dry northeasterly winds in
winter drive a counterclockwise surface circulation and cool Arabian Sea surface
waters (Wyrtki, 1973), thereby initiating convective winter mixing that provides
nutrients for seasonally and regionally enhanced biological productivity (Banse
and McClain, 1986; Madhupratap et al., 1996).

Whereas most sediment trap studies in the central Arabian Sea indeed indicate
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highest biological productivity during the summer monsoon (Broerse et al., 2000;
Prahl et al., 2000; Wakeham et al., 2002); highest particle fluxes in the northeastern
Arabian Sea are observed during the winter monsoon season (Andruleit et al.,
2000; Liickge et al., 2002; Rixen et al., 2005; Schulz et al., 2002) and are associated
with sea surface cooling down to about 23 °C. Hence, periods of low sea surface
temperatures (SSTs) in the northeastern Arabian Sea are linked to the cool northeast
monsoonal winds during winter.

We know today that monsoon activity varied not only on Milankovitch time scales
but also during the late Holocene, as evident in Arabian Sea sediments (Agnihotri
et al., 2008; Anderson et al., 2010, 2002; Chauhan et al., 2010; Gupta et al., 2003,
2011; Liickge et al., 2001; von Rad et al., 1999) and in various cave records from
Oman (Burns et al., 2002; Fleitmann et al., 2004), Yemen (Van Rampelbergh et al.,
2013), India (Berkelhammer et al., 2010; Sinha et al., 2007, 2011), and China (Zhang
et al., 2008). Similarly, primary productivity in the Arabian Sea was not uniform
on time scales of a few hundred thousand years but tracked monsoon variations
caused by glacial/interglacial cycles (Rostek et al., 1997; Schulte and Miiller, 2001;
Schulte et al., 1999; Schulz et al., 1998). Although some knowledge exists about
summer monsoon-related changes in primary productivity over the last 2000 years
from the Oman Margin (Anderson et al., 2010, 2002; Gupta et al., 2003) and the
southwestern coast off India (Agnihotri et al., 2008), paleoceanographic responses
to late Holocene winter monsoon variability in the northeastern Arabian Sea are

unknown.

Here we report a high-resolution record of winter monsoon variability for the
late Holocene discerned from changes in primary productivity and sea surface
temperature for the mainly winter monsoon-dominated northeastern Arabian Sea.
We analyzed a 188 cm long section of a well-laminated sediment core from the
Pakistan Margin (Figure II.1) for bulk components (organic carbon, carbonate,
and opal), stable nitrogen isotopes, and alkenone unsaturation ratios to recon-
struct the productivity and monsoon variability throughout the last 2400 years.
A key proxy for the winter monsoon intensity is the alkenone-derived SST es-
timate, which we validate by analyzing the seasonality of the alkenone-based
SST signal at eastern PAKOMIN sediment trap station (EPT-2) close to our core
location. Our detailed objectives are to (1) examine the relationship between SST
and alkenone unsaturation ratios in sediment trap material for the northeastern

Arabian Sea, (2) reconstruct late Holocene (winter monsoon-dominated) SST and
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paleoproductivity changes for the northeastern Arabian Sea, (3) compare the win-
ter monsoon-dominated record with records of summer monsoon variability to
learn about the dynamics of the monsoon low-level wind system, and (4) exam-
ine possible links in the regional wind and surface ocean system to Northern

Hemisphere climate change in historical time.

Study Area

Unlike offshore the coast of Somalia, Oman, and southeast India, upwelling does
not occur during the southwest (SW) monsoon season on the Pakistan Margin, so
that SSTs are warm during summer (27.8 to 29.3 °C). In the northeastern Arabian
Sea, high productivity during the SW monsoon in summer is partly supported by
the lateral advection of nutrient-rich surface waters from the upwelling area off
Oman (Schulz et al., 1996). Cool winter SSTs (~23 °C) during the northeast (NE)
monsoon season are accompanied by a deepening of the mixed layer through con-
vective mixing (Figure II.2) that stimulates a second peak in primary production
(Banse and McClain, 1986; Madhupratap et al., 1996). During this season, reduced
solar insolation together with enhanced evaporation lead to density increase of sur-
face waters and convective deepening of the mixed layer over the Pakistan Margin.
Concentrations of nitrate and chlorophyll a and primary production in the surface
layer here correlate with mixed layer depth and wind speeds (Madhupratap et al.,
1996, Prasanna Kumar and Prasad, 1996; Prasanna Kumar et al., 2001). Increased
particle fluxes during the months of January and February indicate even higher
production during the NE monsoon season than during the SW monsoon season
over the Pakistan Margin (Andruleit et al., 2000; Schulz et al., 2002, ; see Figure
I1.2).

In the northern Arabian Sea, a stable midwater oxygen minimum zone (OMZ)
between 200 and 1200 m water depth is maintained by high organic matter fluxes
and subsequent oxygen consumption during mineralization of organic matter,
combined with reduced vertical mixing caused by the input of warm, saline
water masses from the Persian Gulf and the Red Sea to intermediate water depths
(Olson et al., 1993; Schulz et al., 1996). High organic matter fluxes from the
euphotic zone raise rates of denitrification in the OMZ, which in turn raise the
515N values of thermocline nitrate mixed into the surface layer and assimilated by
phytoplankton. Intensification of the OMZ thus results in high sedimentary 6'°N
values upon burial of particulate N, whereas weakening of the OMZ and reduced
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Figure IL.2: Annual variability of mixed layer depth and SST for site 275KL extracted
from the World Ocean Atlas (Levitus and Boyer, 1994) and total particle flux
measured in sediment trap EPT-2 after Andruleit et al., (2000). Increased particle
fluxes occur during the NE monsoon season when strong convective winter mixing
deepens the mixed layer and SST decreases.

denitrification intensity lead to low sedimentary §'°N values (e.g., Altabet et al.,
1995; Gaye-Haake et al., 2005; Naqvi et al., 1998; Suthhof et al., 2001).

Sediments deposited within the OMZ depth interval on the Pakistan Margin are
laminated with alternating dark and light sediment layers and record high input of
lithogenic material originating from dust storms and/or river runoff (Schulz et al.,
1996; von Rad et al., 1999, 1995). Liickge et al., (2002) showed that dark laminae are
deposited over large parts of the year and reflect primary production of marine
organic matter, whereas light-colored laminae contain almost exclusively land-
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derived materials which are deposited in the winter season during short-term

heavy rainfall events.

Methods

Sample Collection and Stratigraphy

In this study we investigated piston core 275KL and box core 39KG, both located
within the center of the OMZ off the Pakistan coast (Figure 1). The box core 39KG
(24°50.01'N, 65 °55.01'E; 695 m water depth) was collected in 1993 during SONNE
cruise 90, and results were published by Doose-Rolinski et al., (2001) and von
Rad et al., (1999) and Liickge et al., (2001). The piston core 275KL was retrieved
from the same position in 1998 during SONNE cruise 130 (24 °49.31'N, 65 °54.60’E;
782 m water depth). We studied the top 188 cm interval of core 275KL and the top
15 cm of core 39KG, which together yield a continuous record of environmental
conditions on the Pakistan Margin over the last 2400 years. Core 275KL was
continuously sampled in 0.5 cm intervals (sample resolution of 5 to 80 years) for
bulk analysis (organic carbon and carbonate), and every third or fourth sample
(of this sample series) was analyzed for opal concentrations and stable nitrogen
isotope measurements. Alkenones were measured at continuous 2 cm intervals in
core 275KL. In core 39KG, all parameters were analyzed on 1 cm intervals (6 to
8year resolution). All samples were freeze dried and homogenized with mortar

and pestle prior to chemical treatment and analyses.

In addition to seasonal varves, core 275KL exhibits reddish brown silt turbidites
up to 9 cm thick and light gray short event deposits (>1 mm thick) consisting of
allochthonous lithotypes interpreted as "plume deposits" by episodically heavy
river floods that transport mud suspensions across the narrow shelf onto the steep
upper slope (Liickge et al., 2002; von Rad et al., 2002a). Sediments containing these

event deposits or turbidites were excluded from our sample set.

Varves, turbidites, and event layers in our core are equivalent to the lithostratigra-
phy observed in core 56KA from the same position. Core 56KA has been dated by
von Rad et al., (1999) by varve counting and several conventional and accelerator
mass spectrometry *C datings. Our age model is based on the visual correlation
of event deposit layers from both cores as stratigraphic tie points and interpolation
between these tie points (Figure S1 in the supporting information).
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We also analyzed alkenones and calculated alkenone fluxes as well as the UX'3;
index of samples from the eastern PAKOMIN sediment trap mooring station (EPT-
2;24°45.6'N, 65 °48.7’E; 590 m water depth) to ascertain the validity of sea surface
temperatures estimated in sediment core samples. The EPT-2 trap was deployed
from May 1995 to February 1996 and was previously studied by Andruleit et al.,
(2000) and Schulz et al., (2002).

Bulk Components (Organic Carbon, Carbonate, and Opal)

Total carbon was analyzed on a Carlo Erba 1500 elemental analyzer (Milan, Italy)
with a precision of 0.2%. Total organic carbon (TOC) was measured with the same
instrument after samples were treated with 1M hydrochloric acid (HCI) to remove
inorganic carbon. Analytical precision for organic carbon was 0.02%. Carbonate

carbon was calculated as the difference between total carbon and organic carbon.

Biogenic opal was determined by wet alkaline extraction of biogenic silica (BSi)
using a variation of the DeMaster method (DeMaster, 1981). About 30g sediment
per sample was digested in 40 mL of 1% sodium carbonate solution (Na,CO3) in a
shaking bath at 85 °C. After 3 h, the supernatant was withdrawn and neutralized
in 0.021 M HCI. The concentration of dissolved silica in the subsamples was
determined photometrically. Biogenic opal was calculated by multiplying the BSi
concentrations with a factor of 2.4. The mean standard deviation based on dupli-
cate measurements of samples is 0.17%. To ensure that BSi is not overestimated
bymineral dissolution at low BSi concentrations, we analyzed representative sam-
ples after 3, 4, and 5 h and used a slope correction for the determination of BSi
concentrations (Conley, 1998). The amount of BSi was then estimated from the
intercept of the line through the time course aliquots (DeMaster, 1981). Results
of slope-corrected opal estimates showed that our method slightly overestimated
opal concentrations by a mean of 0.13%. All bulk components are presented as
weight percent.

Mass accumulation rates of organic carbon were calculated by multiplying the dry
bulk densities of the sediments (measured at the Department of Geosciences, Uni-
versity of Tiibingen) with calculated sedimentation rates and the weight fraction

of organic carbon.
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X-ray Elemental Analysis

X-ray fluorescence (XRF) core scanner data were collected by XRF core scanner I
at MARUM-Center for Marine Environmental Sciences (University of Bremen)
using a Kevex Psi Peltier cooled silicon detector and a Kevex X-ray tube with the
target material molybdenum (Mo). Counts were acquired directly at the split core
surface of the archive half every 2 mm downcore over an area of 0.2 cm? with an
instrument slit size of 2 mm using a generator setting of 20 kV, 0.087 mA, and a
sampling time of 30 s. The split core surface was covered with a polypropylene
foil to avoid contamination of the XRF measurement unit and desiccation of the

sediment.

Nitrogen Stable Isotope Ratios

The ratio of the two stable isotopes of nitrogen (1°N/!*N) is expressed as 6'°N,
which is given as the per mil deviation fromthe N isotope composition of atmo-
spheric Ny (6 N=0 %0): 0 BN= ((RSample_RStandard)/ Rstandard) x 1000, where RSample
is the 1°N /14N ratio of the sample and Rgangarg is the "N /1N ratio of atmospheric
Njy. The §'°N values were determined using a Finnigan MAT 252 gas isotope mass
spectrometer after hightemperature flash combustion in a Carlo Erba NA-2500
elemental analyzer at 1100 °C. Pure tank N, calibrated against the International
Atomic Energy Agency reference standards IAEA-N-1 and IAEA-N-2, which were,
in addition to an internal sediment standard, also used as working standards.
Analytical precision based on replicate measurements of a reference standard was
better than 0.1%.. Duplicate measurements of samples resulted in a mean standard
deviation of 0.07 %o.

Alkenones

Freeze-dried and homogenized sediment samples (1 to 3 g) were extracted twice
for 5 min with methylene chloride (DCM) using an accelerated solvent extractor
(Dionex; temperature 75 °C, pressure 70 bar). Directly after extraction, a known
amount of internal standard (14-heptacosanone) was added to the extracts. The
extracts were then rotary evaporated until near dryness and saponified with 5%
methanolic potassium hydroxide (KOH) solution overnight. The KOH solution
was dried under a nitrogen flow, dissolved in DCM, and cleaned over a silica gel

column using DCM as eluent. The clean fraction containing the alkenones was
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dried under N; and taken up in n-hexane (50-150 pL) prior to analysis. Alkenones
were analyzed by gas chromatography on an Agilent 6850 gas chromatograph
(GC) equipped with a split-splitless inlet system and flame ionization detector
(310 °C). Separation was achieved on a silica column (30 m x 0.1 pm film thick-
ness x 0.32 mm ID; Optimal; Macherey—Nagel) using hydrogen as carrier gas
(1 mL min—1). The GC oven maintained 50 °C for the first minute and was then pro-
grammed from 50 ° to 230 °C at 20 °C min~?, from 230 ° to 260 °C at 4.5°C min !,
and from 260° to 320°C at 1.5°C min~! followed by an isothermal period of
15 min. Czy7. and Csz7.3 alkenones were identified by comparing peak retention
times between sediment samples and a working sediment standard. Quantifica-
tion of alkenones was achieved by integrating the peak areas of the C3; alkenones
and that of the internal standard (14-heptacosanone). Since both the C3; alkenones
and the internal standard are very similar in structure, no different response
factors between the Cy7 ketone and the Cs; alkenones are assumed. Alkenones
were translated into sea surface temperature using the core top calibration for
the Indian Ocean from Sonzogni et al., (1997b): SST = (U§7/ —0.043)/0.033 with
U§<7/ = C37.2/(Ca:2 + C37:3). Replicate extraction and measurement of a working
sediment standard resulted in a mean standard deviation of estimated SST of
0.5°C.

Results

Alkenone Fluxes and UK in Sediment Traps

Alkenone fluxes in EPT-2 between May 1995 and February 1996 ranged from
0.15pugm2d~! to 1.21 uyg m2 d~! (see Figure 11.3a). Peak fluxes occurred in
May 1995 (1.21 pg m~2 d 1) and during the late NE monsoon in January 1996
(092 ng m~2d1) and February 1996 (0.94 ng m~2 d~1). Alkenone fluxes for the
months September and October could not be determined due to low amounts
of sample material. Alkenone fluxes on the Pakistan continental margin track
coccolith fluxes during the seasonal cycle (Andruleit et al., 2000) with maxima at
the onset of the summer and of the winter monsoon. This underscores a strong
link between primary and alkenone production. Alkenone (Czy) fluxes on the
Pakistan Margin match those from the Oman Margin (Wakeham et al., 2002) but
are slightly lower than the total alkenone (Cz7, C3g, and Cjg) fluxes in the central
Arabian Sea (Prahl et al., 2000). Sediment trap studies from different parts of



79

30

1B o ° EPT-2 Sediment trap data
o o o
284p0 . . 4 A & @ 27.4°C
I'TY e ____—_—_—___ . p—
< £ 0.4°C a 27.0°C
26
[7)] i o
(7))
24 a alkenone-based SST alkenone-based mean SST
T o 1995/1996 SST ———- 1995/1996 mean SST o
_ 22 I I I I
TO 3000 — A) — 1.4 To
Ry _ F12 «
e 2500 E
© 2000 4 - '° 2
3 - 0g =
< 1500 | 3
3 F06 &=
=
= 1000 O~ o4 2
= o
S 500 S Y 02 §
g - £
8 0 T T T T T T T 00 «
May = Jun Jul Aug = Sep Oct Nov = Dec | Jan Feb
1995 1996 %

Figure II.3: (a) Total coccolith (gray bars (Andruleit et al., 2000)) and alkenone fluxes
(open circles) at trap EPT-2 in the northeastern Arabian Sea off Pakistan. (b)
Alkenone-derived SST measured in EPT-2 samples (triangle) compared to 1995/1996
monthly SST (circle; extracted from the website http:/ /ingrid.ldgo.columbia.edu).
Mean alkenone-based SST is about 0.4 °C higher than mean temperature over May
1995 to February 1996.

the Arabian Sea thus showed a strong coupling between coccolithophore (and
alkenone) production and the seasonal cycle in this area (Andruleit et al., 2000;
Broerse et al., 2000; Prahl et al., 2000; Wakeham et al., 2002).

This seasonality may bias the SST signal in sediments toward seasonal flux max-
ima, so that it may not be representative of the annual mean SST (AM-SST). In
our set of trap samples covering the period from May 1995 to February 1996,
the seasonal variability of alkenone-derived SST (26.1°C to 28.1°C; U§<7/ from
0.904 to 0.971; Figure I1.3b) is attenuated compared to observed SSTs which vary
from 23.0 °C to 29.2 °C (Reynolds et al., 2002). The observed mismatch between
alkenone-based SST in sediment trap samples and regional seasonal SST patterns
seems to be a general phenomenon independent on oceanic region (central Ara-
bian Sea (Prahl et al., 2000); Sea of Okhotsk, northwest Pacific (Seki et al., 2007),
subtropical oligotrophic North Pacific (Prahl et al., 2005)). In general, these studies
found that alkenone-based SST produces a warm SST bias in winter and a cold SST

bias in summer concordant with our observations from the northeastern Arabian
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Sea, where monthly average alkenone-based SSTs deviate most from modern
observed SSTs during the cold winter months of the trapping period in 1995/1996.
The overestimation of winter SST by alkenones may be explained by a change
in the coccolithophore community to alkenone-producing species that exhibit a
different response to growth temperature, thus altering the relationship of U§<7/
ratio to SST (Prahl et al., 2005). At the Pakistan Margin, changes in the coccol-
ithophore assemblage (including the alkenone-producing species Emiliania huxleyi
and Gephyrocapsa oceanica) are mainly controlled by variations in the mean mixed
layer depth and total nutrient availability (Andruleit et al., 2004). A change in the
alkenone producing coccolithophore community due to mixed layer deepening
at site EPT-2 is well reflected in the ratio of G. oceanica to E. huxleyi that show an
increasing abundance of G. oceanica relative to E. huxleyi in winter (see Figure 52 in
the supporting information; coccolithore flux data were taken from Andruleit et al.,
(2000)). Although relative species composition of the two alkenone-producing
coccolithophorides seems to be stable in the Indian Ocean sedimentary record
(spatially (Sonzogni et al., 1997b) as well as through time (Doose-Rolinski et al.,
2001)), we suggest that it might be of importance for U§<7, calibration on a seasonal
scale on the Pakistan continental margin. If we use a linear offset of 0.085 (instead
of 0.043) to calibrate the Ug index to SST as suggested by Prahl et al., (2005) for the
deeply mixed wintertime, alkenone-based SST were much closer to observed SST
at 10 m water depth (Figure S2 in the supporting information). On the other hand,
the slight cold bias of alkenone-based SST in our trap samples during summer
is best explained by alkenone production in the upper mixed layer between 0 to

30 m water depths.

Albeit the complexity of processes that plays a role in seasonal alkenone-based SST
estimates, we state that sedimentary U{f; measurements on the Pakistan Margin are
best approximated by AM-SST. The average alkenone-derived SST of the sampling
period is 27.4 °C, which (considering an uncertainty of 0.5 °C) matches well with
the mean modern SST (27.0 °C; see Figure I1.3b), which in turn is very close to the
average mean SST from May to February obtained fromthe Levitus climatology
(26.9 °C (Levitus and Boyer, 1994)). Climatological annual mean SST (including
the months missing in the trap investigation) is 26.4 °C (Levitus and Boyer, 1994).
But because alkenones reflect an integrated signal of the upper 0 to 50 m of the
water column (Sonzogni et al., 1997b), small deviations from actual sea surface

temperature measurements are to be expected.
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Our interpretation of sedimentary U§7/ measurements as an AM-SST signal is
supported by UI3<7/ estimates for sediment trap samples from the central Arabian
Sea (Prahl et al., 2000) and by a compilation of sediment trap time series dis-
tributed over different oceanic regions worldwide (Rosell-Melé and Prahl, 2013).
Furthermore, measurements of sediment core tops, which were used to develop
an alkenone calibration equation for the Indian Ocean, showed no significant
differences between calculated production-weighted temperature and AM-SST
(Sonzogni et al., 1997a,b). According to Doose-Rolinski et al., (2001), alkenone
derived SSTs measured in a Holocene section of a sediment core from the Pakistan
Margin were best approximated by annual mean temperature as well.

Alkenone SST Record in Core 39KG/275KL

Alkenone SST vary between 26.9 °C and 28.4 °C (U§7/ from 0.932 to 0.981) over the
last 2400 years and thus lie well above the modern annual mean of 26.4 °C (Levitus
and Boyer, 1994). Conte et al., (2006) stated that a positive offset of reconstructed
core top temperature (27.6 °C for SO90-39KG) compared to atlas temperature is
observed in several areas worldwide. It is alternatively explained by diagenetic
alteration of alkenone ratios in the water column and/or surficial sediments, by
lateral advection, or by variations in the seasonality and depth of alkenone produc-
tion. In our view, diagenesis can be ruled out as a significant process affecting our
UI3<7/ estimates, because the offset was also observed between trap alkenone SST
and modern AM-SST and was furthermore confirmed by Mg/Ca temperatures
(Dahl and Oppo, 2006). Biasing of the alkenone signal by alkenones produced and
advected from the upwelling area off Oman may be a factor (Andruleit et al., 2000),
but coccolithophore fluxes on the Pakistan Margin are only slightly enhanced
during the SW monsoon season, and the associated bias in the alkenone signal
must be of minor importance. As SSTs in the southeastern Arabian Sea remain
relatively high during winter, lateral advection of water masses and alkenones
from the southwest Indian coast (following the counterclockwise surface current
established during the NE monsoon) on the other hand would result in a warm
bias of alkenone SST on the Pakistan Margin during the winter. However, based
on a comparison of coccolith fluxes with coccosphere fluxes (which should present
a vertical flux signal), Andruleit et al., (2000) suggested that coccolithophore as-
semblages were not influenced by resuspension processes during this time of the
year.
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Regardless of the absolute SST, Figure IL.5 illustrates relative SST variations around
the overall mean of 27.7 °C over the last 2 millennia. Although the amplitude of the
alkenone-derived SST signal is small in our record, our SST reconstruction exhibits
statistical significant periods of long-term SST changes (see also detailed discussion
of signal-to-noise ratio in the supporting information). SSTs were high at around
28.2 °C until 250 A.D,, rapidly decreased and outlined a time period of low SST that
lasted from 400 to 1000 A.D. After a rebound to > 28 °C between 1000 and 1300 A.D.,
the decline in SST continued until minimum temperatures (26.9 °C) are registered
during the 18th century. The minimum of our SST reconstruction at this time agrees
with the results obtained from a global climate proxy network, which suggests
0.3°C cooler SSTs than present during the Little Ice Age in the northeastern
Arabian Sea (Mann et al., 2009). Our SST estimates, after this minimum, suggest a
northern Arabian Sea warming tendency that persists to the present.

Records of Productivity

Our analytical approach to trace the past productivity changes were based on TOC
concentrations, 6'°N values, and the ratio of carbonate to opal. The range of TOC
concentrations (1.0 and 2.0%) and §'°N values (7.1 to 8.5%0) in the sediment cores
at sites 39KG/275KL (Figure 11.4) is a characteristic of high-productivity areas
with a well-developed OMZ and water column denitrification (e.g., Altabet et al.,
1999; Gaye-Haake et al., 2005; Naqvi et al., 1998) such as the northern Arabian Sea
(Cowie et al., 1999). Organic carbon concentrations in sediments on the Pakistan
Margin (and elsewhere) are influenced by surface productivity but also by dilution
with lithogenic material, bottom water oxygen concentrations, bulk accumulation
rate, sediment texture, refractory of organic matter, and the mineral surface area
(e.g., Keil and Cowie, 1999; Paropkari et al., 1992; Suthhof et al., 2000; van der
Weijden et al., 1999).

At our core site, the use of organic carbon mass accumulation rates (TOC MAR)
as a productivity indicator that theoretically remove an influence of dilution is
complicated by strongly fluctuating sedimentation rates (SR) (ranging from 87 to
212 cm kyr~1). Sediment mass accumulation rates (71 to 203 g cm 2 kyr—!; event
deposits excluded) calculated from SR and bulk densities are even higher than
glacial /interglacial variations reported from the western (SR ranging from 6 to
38 cm kyr ! and MAR ranging from 5 to 50 g cm 2 kyr~! (Emeis et al., 1995)) and
eastern Arabian Sea (SR ranging from 4 to 9 cm kyr~! (Rostek et al., 1997)). SR and
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Figure II.4: Late Holocene productivity record for cores 39KG and 275KL from the
northeastern Arabian Sea. Carbonate/opal ratios, 61°N values (bold line: running
mean of 3) and smoothed TOC contents (running average of 5) were used as
productivity indicators. The gray shaded areas indicate good agreement between
productivity proxies. The dashed lines indicate the respective mean over the
complete data set. Further illustrated are the characteristic climate periods known
from the Northern Hemisphere: Little Ice Age (LIA), Medieval Warm Period (MWP),
Cold Dark Ages (CDA), and Roman Warm Period (RWP).

MAR at our study site are caused by highly variable input of lithogenic matter
(range from 81 to 86%) from river runoff and/or dust storms (Schulz et al., 1996;
von Rad et al., 1999). Even though sedimentary OM in our core mainly consists of
marine OM (6'3C measured in core 275KL ranges from -21.5 to -19.5%o), significant
positive correlations between TOC MAR and SR (R? = 0.56) and TOC MAR and
sedimentary mass accumulation rates (R? = 0.76) indicate a dominant influence of
bulk MAR (and thus alternating input of organic matter transported with mineral
matter on its passage across the shelf) on organic carbon accumulation rates (Emeis
et al., 1995; Miiller and Suess, 1979). This conclusion is supported by the good
agreement between downcore variations in TOC MAR and varve thickness, which
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is an indicator for precipitation and river runoff (von Rad et al., 1999, ; see Figure
S3 in the supporting information). Thus, we infer that in our study area, TOC
contents can be used as a tracer for the past primary productivity changes rather
than the organic carbon accumulation rates. Although measured TOC contents
during the period 400 to 900 A.D. might partly be affected by dilution as indicated
by visual comparison of organic carbon concentrations with MAR (Figure S4 in
the supporting information), no significant correlation between TOC contents and
mass accumulation rates (R? = 0.008) could be observed indicating no significant

control of the dilution on downcore variations in TOC concentrations.

Over the last 2400 years of our record, elevated TOC concentrations coincide
with increased §'°N values and vice versa, a relationship described for Holocene
sediments (Agnihotri et al., 2003) and over glacial/interglacial cycles (Altabet
et al., 1995; Ganeshram et al., 2000; Suthhof et al., 2001) in the northern Indian
Ocean. Parallel changes in TOC concentrations and §'°N are both related to the
productivity variations caused by variable access to the subthermocline nitrate
pool. That nitrate pool has a high 5N resulting from denitrification within the
upper part of the OMZ (Gaye et al., 2013). Upwelling does not occur at our core
location, so that variable deepening of the mixed layer due to convective winter
mixing during the NE monsoon season is the most likely process transporting the
I>N-enriched nitrate to the ocean surface and enabling productivity. Together, 6'°N
values and TOC concentrations in our sediment cores thus reflect productivity
changes associated with mixed layer deepening due to NE monsoon conditions.
A third indirect signal of productivity is the ratio of the biogenic constituents
carbonate (ranging from 6 to 15.5%) and opal (ranging from 0.5 to 0.9%), because
high nutrient availability induces diatom blooms and high flux rates or organic
matter, whereas high carbonate rain rates indicate low nutrient availability. The
carbonate to opal ratio ranges from 14 to 29 and indicates a dominance of carbonate
primary producers (coccolithophores) at our study site that decreases over time
relative to opal from diatoms (Ramaswamy and Gaye, 2006). In this general trend,
declining carbonate to opal ratios indicate a shift to higher productivity around
1400 A.D. (Figure I1.4).

As discussed above, proxies indicative of productivity changes are influenced by
a lot of processes. To minimize the effect of processes not related to productivity
variations and to better filter out the signal caused by productivity changes, a
productivity index (combining TOC, 6!5N, and carbonate/opal) was calculated.
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First, the range of values for all three parameters was standardized to values
between 0 and 1, so that the respective productivity indicators were equally
weighted and comparable to each other. The sum of the standardized values was
calculated and again standardized to values between 0 (low productivity) and
1 (high productivity). High productivity from 1400 to 1950 A.D. and periods of
decreased productivity from about 200 B.C. to 250 A.D., as recorded by all individual
productivity parameters (Figure I1.4, indicated by the gray shaded areas), are well
reflected by our productivity index (Figure II.5, not reverse y axis). In addition,
superimposed on short-term variability, the productivity index shows a gradual
trend to increasing primary production in the northeastern Arabian Sea over the
late Holocene.

Variability in Sr/Ca Ratios

The relationship between elevated Sr/Ca ratios and increased winter monsoon
activity was first proposed for glacial/interglacial intervals by Reichart et al.,
(1998) and was later adapted for Holocene sediments by Liickge et al., (2001).
These authors proposed that elevated Sr/Ca ratios image variations in mixed
layer depths. Because aragonite has a higher Sr content than calcite, variations
in Sr/Ca track the depth interval of the aragonite compensation depth (ACD),
and the deepening of the ACD and higher Sr/Ca ratios indicates intensified
deep winter mixing due to elevated winter monsoon activity (Reichart et al.,
1998). A different mechanism for changes in Sr/Ca on millennial time scales was
proposed by Boning and Bard, (2009), who attributed the variations in Sr/Ca in the
northeastern Arabian Sea to changes in the formation of Antarctic Intermediate
Waters. Today, Antarctic Intermediate Water in the Arabian Sea can only be
traced up to 5 °N (You, 1998), so that for the 2400 year record here, this long-term
variability is most likely irrelevant.

The Sr/Ca ratio in the sediment cores vary between 0.023 and 0.032 at sites
39KG/275KL (Figure IL.5), which are in the range of previously measured values
for Holocene sediments from the Makran area (Liickge et al., 2001). The increase
in Sr/Ca ratios indicates a shift to winter monsoon conditions on the Pakistan
Margin around 700 A.D.
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Figure IL.5: Reconstruction of winter monsoon variability in the northeastern

Arabian Sea over the last 2400 years compared to long-term movements of the

Intertropical Convergence Zone (ITCZ). (a) Smoothed Sr/Ca ratios (21 point running
mean), (b) alkenone SST record (bold line: 3 point running mean), and (c)
productivity index for core 39KG/275KL. (d) Titanium content of Cariaco Basin
sediments as an indicator for the latitudinal shifts in the ITCZ (Haug et al., 2001)
compared to global temperature anomalies (Marcott et al., 2013). The dashed lines
indicate the respective mean over the studied time interval.
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Discussion

Productivity and SST Variability: Evidence for Monsoonal Change

Winter monsoon activity affects both sea surface temperature and mixed layer
depth over the Pakistan Margin and thus controls the amount of thermocline nutri-
ents entrained into the mixed layer (Figure I1.2). As a result, primary productivity
changes in the northeastern Arabian Sea are strongly coupled to the intensity of
the NE monsoon season. Whereas primary production is unambiguously related
to monsoon strength, SST in the northeastern Arabian Sea, although primarily
controlled by monsoon-related processes, can also be impacted by global tempera-
ture variations. A decrease in the alkenone-based SST signal at sites 39KG/275KL
can thus be caused either by local strengthening of NE monsoon conditions or by
globally lowered atmospheric temperature. If SST was changing as a response
to varying NE monsoon intensity, then this should also be noted in our primary
productivity reconstruction because intensified NE monsoon strength induces
high rates of primary production at the Pakistan continental margin. The general
trend of decreasing SST and increasing productivity seen in our record over the
last 2400 years (Figure I1.5) confirms that alkenone SST primarily reflect changes
in the NE monsoon strength. This coupling of SST and productivity is particu-
larly pronounced during the periods from 400 B.C. to 300 A.D. and from 1400 A.D.
until the present, while it is less clear between ~500 and 1300 A.D. Furthermore,
alkenone SSTs follow the same pattern as reconstructed winter SSTs (based on
planktic foraminifera transfer functions measured in the same sediment core; un-
published data) confirming the strong influence of the winter season on alkenone

SST in this region.

A link between NE monsoon conditions, decreasing SSTs, and increasing produc-
tivity can be observed not only on a seasonal scale and over the last 2400 years but
also on time scales of several hundreds of thousands of years. In the northeastern
Arabian Sea, relatively high productivity and sea surface cooling appear to corre-
spond to glacial stages due to elevated NE monsoon activity (e.g., Rostek et al.,
1997; Schulte and Miiller, 2001; Schulte et al., 1999).
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Local Monsoon Dynamics in the Northeastern Arabian Sea During the
Last 2400 Years

On the basis of the above-mentioned considerations, our multiproxy study from
the northeastern Arabian Sea indicates three main periods of changing monsoon in-
tensities throughout the late Holocene (Figure I1.5). Winter monsoon intensity was
low before about 250 A.D. and is recorded by high SSTs and generally low primary
production due to diminished northeasterly winds and reduced convective winter
mixing in the northeastern Arabian Sea. Winter monsoon mixing strengthened
after 250 A.D., which caused a cooling of the sea surface and slightly increased
primary production. Finally, winter monsoon conditions started to predominate
off Pakistan at about 700 A.D,, as indicated by a shift to higher Sr/Ca ratios in core
275KL (Figure IL5, note reverse Sr/Ca y axis). Weak correlation between SST and
primary productivity from ~500 to 1300 A.D. suggests a "transition period" from
weak to strengthening NE monsoon, characterized by unstable and fluctuating
environmental conditions on the Pakistan Margin. Strong winter monsoon activity
prevailed during the Little Ice Age (LIA) from 1400 to 1900 A.D., as indicated by
low SSTs and a peak in biological productivity due to strong convective winter
mixing. Low SSTs during the LIA as well as relatively high SSTs due to diminished
NE monsoon conditions occurring 2000 years ago agree with another northeastern
Arabian Sea (alkenone-based) SST reconstruction (Doose-Rolinski et al., 2001). Al-
though both SST records differ in detail, possibly as a result of proxy uncertainty,
they display similar trends of warming at around 0 A.D. and cooling during the
LIA. This small-scale variability between both records might further be caused
by the analysis of different core sections and thus variations in the time interval
which is integrated by the alkenones.

The dynamics of the monsoon low-level wind system on the Pakistan Margin
throughout the last 2400 years affect marine processes as well as moisture changes
in this area. Variable but relatively lowsalinity values after 500 A.D. probably
reflect diminished SW monsoon and/or enhanced NE monsoon conditions (Doose-
Rolinski et al., 2001). Liickge et al., (2001) proposed a shift from SW monsoon-
dominated precipitation to NE monsoon precipitation in the Makran area around
500 A.D. These findings match our interpretation of predominating NE monsoon

conditions since ~700 A.D.

Enhanced NE monsoonal activity during the LIA was most likely induced by
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an increased influence of westerlies in the Makran area during this period. To-
day, winter rainfall brought by westerly winds and connected to cyclonic storms
originating in the Mediterranean significantly contributes to the total annual
precipitation in the study area (Liickge et al., 2001; von Rad et al., 2002b, and
references therein). Higher precipitation implicating stronger westerlies on the
coast off Pakistan after 1600 A.D. and during the LIA was deduced from varve
thickness data from the nearby cores SO90/56KA (von Rad et al., 1999) and in a
cave record from the central Kumaun Himalaya (Sanwal et al., 2013). A significant
feature preceding the LIA in the northeastern Arabian Sea is a distinct phase of
increased SST (1050 to 1300 A.D.; see Figure II.5) that coincides with the Medieval
Warm Period (MWP), a time of generally warm climate conditions observed in the
Northern Hemisphere.

The response of the marine system to regional monsoon dynamics is best explained
by the reactions of the surface ocean to seasonal shifts in the ITCZ. The reversal of
low-level winds in the Arabian Sea during the seasonal cycle is accompanied by a
shift in the location of the ITCZ. Core sites 39KG/275KL are located at the average
northern latitudinal position of the ITCZ, and thus, surface ocean processes in
this area are sensitive to the long-term movements of the annual mean position
of the ITCZ and the associate change in prevailing low-level winds. Northward
migration of the ITCZ in spring (SW monsoon) and southward retreat in autumn
(NE monsoon) differentially impact on surface ocean salinity and temperature
and thus thermocline depth in the northeastern Arabian Sea. At times when the
northern position of the ITCZ slightly shifts south of the average position, the
duration of NE monsoon influence at site 275KL during winter is prolonged. This
would enhance the influence of the winter monsoon on surface ocean conditions

in this area.

Different studies widely distributed over the low-latitude region (e.g., Fleitmann
et al.,, 2007; Haug et al., 2001; Russell and Johnson, 2005) indicate a general
southward shift of the annual mean position of the ITCZ over the late Holocene
in response to global climate variability. We argue that long-term southward
movement of the ITCZ throughout the late Holocene is responsible for the long-
term trends of declining sea surface temperature and rising productivity seen
in our record (Figure IL5). In this long-term trend, times of the southernmost
ITCZ displacements were contemporaneous with the periods of highest primary
productivity and lowest SST on the Pakistan continental margin. Both reflect an
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increasing regional influence of the NE monsoon and a reaction of the surface
ocean by progressive winter deepening of convective mixing. This argument
is supported by Jung et al., (2004), who attributed coherent basin-wide decadal
to century-scale temperature variations in the Arabian Sea during the Holocene
(based on a correlation between SST variations off Somalia and Pakistan) to a shift
in the mean position of the ITCZ throughout the Holocene. Such a connection
between a southward migrating annual mean position of the ITCZ and monsoon
as well as precipitation changes throughout the Holocene was proposed by several
authors (Fleitmann et al., 2003; Fleitmann et al., 2007; Haug et al., 2001; Liickge et
al., 2001; Russell and Johnson, 2005; Sinha et al., 2011; Wang et al., 2005; Yancheva
et al., 2007).

Reversed Behavior Between Summer and Winter Monsoon Strength

During the Late Holocene

The mechanism above argues for an inverse relationship between summer and
winter monsoon strength throughout the Indian and East Asian monsoon domain
in the time-variant location of the ITCZ, expressed by the decreasing summer
monsoon intensity with increasing winter monsoon activity and vice versa (e.g.,
Reichart et al., 2002; Yancheva et al., 2007). Is this inverse relationship evident in
a comparison of our winter monsoon record with records of summer monsoon
strength? The regions influenced most drastically by the SW monsoon are the
Oman and the Somalia upwelling systems, that both registered a gradual warming
of sea surface temperatures during the last 2400 years (Huguet et al., 2006), in
contrast to decreasing SST on the Pakistan Margin over this period. This points
to a general antagonistic behavior in the millennial trend of summer and winter
monsoon strength over the late Holocene. However, summer and winter mon-
soon were more variable on centennial time scales, particularly during the time
intervals of greatest climate contrast over the last 2000 years on the Northern
Hemisphere, namely, the MWP (950 to 1250 A.D.) and the LIA (1400 to 1800 A.D.).
Evidence for increased summer monsoon intensity during the MWP comes from
the northwestern Arabian Sea (Anderson et al., 2010, 2002; Gupta et al., 2003),
from Oman (Fleitmann et al., 2004), India (Sinha et al., 2007, 2011), as well as
from China (Zhang et al., 2008). Changes in winter monsoon strength off Pakistan
during this time are less pronounced. While higher SST argues for diminished NE
monsoon activity over the northeastern Arabian Sea, slightly enhanced primary
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Figure II.6: (a) Late Holocene alkenone-derived SST variations (cores 39KG and
275KL) from the northeastern Arabian Sea compared to (b) Mg/Ca-SST variations
reconstructed for the Markassar Strait (Indonesia) by Oppo et al., (2009) and (c) a
smoothed 680 record (15 point moving average) of Wanxiang Cave (China) as an
indicator for the summer monsoon intensity from Zhang et al., (2008). The dashed
lines indicate the respective mean over the studied time interval.

production and relatively higher Sr/Ca ratios might be indicative of NE monsoon
intensification. One possible explanation for this mismatch might be that primary
productivity on the Pakistan Margin during this time is fueled by lateral advection
of nutrients from the upwelling area off Oman due to intensified summer mon-
soon circulation. On the other hand, most studies reconstructed diminished SW
monsoon strength during the LIA (Fleitmann et al., 2004; Sinha et al., 2011; Zhang
et al., 2008), when our record suggests increased NE monsoon activity over the

Pakistan Margin.
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During the last 400 years, however, SW monsoon strengthens again in the north-
western Arabian Sea, probably as a result of a general warming trend (Anderson
et al., 2002). Speleothem 5180 from Kahf Defore in southern Oman indicates
summer monsoon rainfall generally above the long-term average since 1660 A.D.
and supports this hypothesis (Fleitmann et al., 2004). However, in the Pakistan
Margin record, winter monsoon indicators continue to dominate over the last 400
years. Only most recently (since 1900 A.D.), primary productivity on the Pakistan
Margin appears to decrease and SSTs increase slightly, suggestive of diminished
NE monsoon conditions in the northeastern Arabian Sea. The Oman cave record
on land may be more sensitive to summer monsoon changes than the marine

record in the Makran area, which is dominated by winter monsoon variability.

The antagonism of SW and NE monsoon is evidenced by the comparison of our
winter monsoon record with other monsoon reconstructions in the Arabian Sea and
beyond. Based on the assumption that the 5'80 signal measured in speleothems
from Wanxiang Cave is mainly influenced by summer monsoon precipitation,
Zhang et al., (2008) compiled a 1810 year long record of summer monsoon inten-
sity for central China. Their §'80 variations show a strong resemblance to our
reconstructed SST curve with lower SST in the northeastern Arabian Sea, coincid-
ing with a decline in summer monsoon rainfall in central China due to weaker East
Asian summer monsoon intensity (Figure II.6). Furthermore, SST variations in the
northeastern Arabian Sea are not only related to changes in East Asian summer
monsoon over central China but also to changes in SSTs from the Indo-Pacific
warm pool (Oppo et al., 2009, , Figure I1.6). In accordance with our interpretation,
Oppo et al., (2009) suggested that strong sea surface cooling in the Markassar
Strait during the LIA was caused by intensified winter monsoon conditions rather
than by monsoon-induced upwelling. We thus conclude that a linkage between
summer and winter monsoon strength exists over the whole Asian monsoon sys-
tem during the late Holocene, reflecting long-term and short-term shifts in the
ITCZ.

Global Connections: The LIA Climate Feature

The monsoon record from the Pakistan Margin is in phase with characteristic,
northern hemispheric climate periods of the late Holocene, such as the Little Ice
Age, the Medieval Warm Period, and the Roman Warm Period (RWP). It reveals

a consistent pattern of diminished winter monsoon activity in the northeastern
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Arabian Sea during northern hemispheric warm periods (MWP and RWP) and
strengthened winter monsoon activity during hemispheric colder periods (LIA).
Our high-resolution record implies that this consistent link between the North
Atlantic and the Indian Ocean, which was described for glacial/interglacial (e.g.,
Schulte and Miiller, 2001; Schulz et al., 1998; Sirocko et al., 1993) to climatological
(Gupta et al., 2003) time scales, appears to operate during historical times as well.
It causes the SW monsoon to weaken and the NE monsoon to gain strength during

colder climate conditions over the North Atlantic.

One of the most prominent climate features in the northeastern Arabian Sea over
the last 2400 years was the sharp decrease in SST due to the strengthening NE
monsoon conditions between 1400 and 1850 A.D., contemporaneous with the LIA.
Once described as a climate period restricted only to the northern extratropical
hemisphere (e.g., Keigwin, 1996), LIA climate conditions appear to have impacted
on SST in low-latitude regions as well (Black et al., 2007; DeMenocal, 2000; Oppo
et al., 2009). A recently published global data set of proxy records indeed confirms
a global cooling trend between 1580 and 1880 A.D. (PAGES 2k Consortium, 2013)
that is preceded by a phase of low solar irradiance between 1450 and 1750 A.D.
(Bard et al., 2000), suggesting that LIA climate conditions may at least partly
be influenced by solar forcing. Solar radiation has been proposed as a forcing
mechanism controlling both North Atlantic climate (Bond et al., 2001) as well
as variations in monsoon intensity during the Holocene (Agnihotri et al., 2002;
Fleitmann et al., 2003; Gupta et al., 2005; Neff et al., 2001; Wang et al., 2005). We
thus infer that the decline in SST and increased NE monsoonal wind strength
in the northeastern Arabian Sea during the LIA were triggered by global colder
climate conditions (as a response to radiative forcing such as solar output, aerosols,

and greenhouse gases), accompanied by southward displacement of the ITCZ.

Conclusions

Our high-resolution reconstruction of primary productivity and alkenone-derived
SST from the northeastern Arabian Sea provides a unique record of winter mon-
soon variability throughout the late Holocene. In this area, primary production
and sea surface temperatures are linked to winter monsoon intensity that cools the
sea surface and increases its salinity so that thermocline deepening entrains more
nutrients into the mixed layer and raises productivity. Because core 275KL is lo-

cated in a sensitive region at the modern northern mean latitudinal position of the
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ITCZ, observed changes in surface ocean properties in response to the monsoonal
wind regime on the Pakistan Margin track long-term and short-term movements
of the ITCZ throughout the late Holocene. Reconstructed SST decreased whereas
productivity increased over the last 2400 years, imaging a long-term trend of NE
monsoon strengthening in response to insolation-induced southward migration
of the ITCZ. Comparison of our winter monsoon record with records of summer
monsoon intensity confirms an antagonistic relationship between summer and

winter monsoon strength during the last 2400 years.

Reconstructed monsoon variability supports the growing body of evidence that
significant climate variability occurs not only on time scales of several hundred of
thousand years but also through the late Holocene. Before 250 A.D., winter mon-
soon activity in the northeastern Arabian Sea was generally weak, and convective
winter mixing was shallow, indicated by high SSTs (~28.3 °C) and reduced primary
productivity. Winter monsoon conditions started to predominate off Pakistan at
about 700 A.D., in response to the overall southward movement of average ITCZ
location during the late Holocene. While winter monsoon activity was relatively
unstable from ~500 to 1300 A.D., strong sea surface cooling down to 26.9 °C and
a peak in primary productivity indicated strong and prevailing winter monsoon
activity during the LIA from 1400 to 1900 A.D. The coherence between monsoon-
induced variations over the Pakistan Margin with other monsoon records indicates
a strong linkage of climate variability in the entire Asian monsoon system during
the late Holocene, caused by migration of the ITCZ.
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Abstract

The Indian monsoon system is an important climate feature of the northern Indian
Ocean. Small variations of the wind and precipitation patterns have fundamental
influence on the societal, agricultural and economic development of India and
its neighboring countries. To understand current trends, sensitivity to forcing
or natural variation, records beyond the instrumental period are needed. How-
ever, high-resolution archives of past winter monsoon variability are scarce. One
potential archive of such records are marine sediments deposited on the conti-
nental slope in the NE Arabian Sea, an area where present-day conditions are
dominated by the winter monsoon. In this region, winter monsoon conditions
lead to distinctive changes in surface water properties, affecting marine plankton
communities that are deposited in the sediment. Using planktic foraminifera as a
sensitive and well-preserved plankton group, we first characterize the response
of their species distribution on environmental gradients from a dataset of surface
sediment samples in the tropical and subtropical Indian Ocean. Transfer functions
for quantitative paleoenvironmental reconstructions were applied to a decadal-
scale record of assemblage counts from the Pakistan Margin spanning the last
2000 years. The reconstructed temperature record reveals an intensification of
winter monsoon intensity near the year 100 CE. Prior to this transition, winter
temperatures were > 1.5 °C warmer than today. Conditions similar to the present
seem to have established after 450 CE, interrupted by a ingular event near 950 CE
with warmer temperatures and accordingly weak winter monsoon. Frequency
analysis revealed significant 75-, 40- and 37-year cycles, which are known from
decadal- to centennial-scale resolution records of Indian summer monsoon vari-
ability and interpreted as solar irradiance forcing. Our first independent record of
Indian winter monsoon activity confirms that winter and summer monsoon were
modulated on the same frequency bands and thus indicates that both monsoon

systems are likely controlled by the same driving force.

Introduction

The monsoon climate is generally defined as the seasonal reversal of the prevail-
ing surface winds and accompanied precipitation, driven by the migrating low
surface pressure belt of the Intertropical Convergence Zone (ITCZ) and atmo-
spheric pressure over Central Asia (Wyrtki, 1971). In the Arabian Sea region,
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Figure III.1: Map of the Indian Ocean showing locations of coretop samples of the
initial calibration dataset. Cross symbols are samples from the AUSMAT-F4 dataset
compiled by the MARGO group (n = 329; Barrows and Juggins, 2005). Open
diamond symbols are additional n = 274 own contributions. Red colored symbols
were used for the reconstruction in the adjusted calibration dataset. Smaller map
shows the location of cores 39KG/275KL on the upper continental margin off
Pakistan, within the permanent oxygen minimum zone (grey shading) on the Makran
accretionary wedge.

strong and moisture-laden southwesterly winds prevail during summer, when the
low-pressure zone of the Hadley circulation is on the northward position over con-
tinental Asia and northern Arabia (Shetye et al., 1994). The reversed mode during
winter drives dry northeasterly winds of lower velocity towards the low-pressure
zone above the open ocean. Both seasonal modes of the monsoon lead to dis-
tinct hydrographic changes in the water column of the Arabian Sea, affecting the
production and distribution of marine plankton, including planktic foraminifera
(Curry et al., 1992; Schiebel et al., 2004; Schulz et al., 2002). Southwesterly winds
during summer induce upwelling by Ekman transport along the coast of Somalia,
Oman and southwestern India, resulting in enhanced primary production and
surface water cooling from June to September (Colborn, 1975; Currie et al., 1973).
Northeasterly winter winds cause cooling of surface waters in the northeastern
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Arabian Sea and the resulting deepening of the thermocline and weakening of the
thermal stratification enables convective mixing and injection of nutrients into the
photic zone (Banse and McClain, 1986; Ittekkot et al., 1992; Madhupratap et al.,
1996). In the northeastern Arabian Sea, these processes lead to maximum primary
productivity during winter (Liickge et al., 2002; Schulz et al., 2002). Sediment trap
studies revealed a conspicuous shift of the planktic foraminiferal (PF) assemblage
induced by these two particular oceanic seasons (Curry et al., 1992; Schulz et al.,
2002), indicating that PF may be a powerful recording system for past dynamics

of the Indian monsoon.

Historical records of past Indian monsoon intensity are limited to the last 140
years (Sontakke et al., 1993), therefore limiting the accurate determination of low-
frequency multi-decadal- to centennial-scale variability of the monsoon system.
The time frame over the last two millennia (the Common Era, CE) provides the
opportunity to disentangle natural climate variability from anthropogenic forc-
ing (e.g., Jones and Mann, 2004) and has recently attracted broad attention of
the scientific community (PAGES 2k Consortium, 2013). The dynamics of the
summer monsoon over the last two millennia have been intensively studied from
speleothem records on the Arabian Peninsula, Socotra and Andaman Islands
(Burns et al., 2002; Fleitmann et al., 2003, 2007; Laskar et al., 2013; Neff et al., 2001),
marine sediments recording upwelling intensity off Oman (Anderson et al., 2002;
Gupta et al., 2003) and tree rings from localities in Central Asia and on the Indian
subcontinent (Braduning and Mantwill, 2004; Cook et al., 2013; Xu et al., 2012).

But the dynamics of the winter monsoon are virtually unknown. In theory, an
anti-phase behavior to the summer monsoon intensity can be derived from the
lateral migration of the annual mean position of the ITCZ. On millennial- and
longer timescales, a more northward position of the ITCZ induces strengthening of
the summer monsoon and weakening of the winter monsoon during interstadials,
whereas the situation during stadials is reversed (Wang et al., 2005a; Yancheva
et al., 2007). On decadal- to centennial timescales, however, both systems are
probably controlled by the dynamics of the El Nifio/Southern Oscillation (ENSO;
Kumar et al., 2006; Zhou et al., 2007). To better predict how the summer and
winter monsoon interact and whether they respond in-phase and coherently to
external forcing, long records of the winter monsoon are needed.

The upper continental slope off Pakistan (Figure III.1) is characterized by a strong
and permanent oxygen minimum zone (OMZ) between a water depth of 200 and
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Figure II1.2: Contour plot of annual (January—December) temperature evolution
along an arch-shaped section in the northern Arabian Sea in the approximate depth of
cores 39KG/275KL, showing lowest temperatures off Pakistan during winter and off
Oman during summer.

1,200 m (Schulz et al., 1996; von Rad et al., 1995), resulting from mid-water oxygen
consumption by high degradation rates of organic matter. Oxygen deficiency
prevents post depositional mixing of the sediment by burrowing organisms, which
enables the formation and preservation of annually resolving varve-like laminated
sediments (Liickge et al., 2001; Schulz and von Rad, 2014; Schulz et al., 2002, 1996).
High sedimentation rates caused by high biological productivity as well as the
lateral advection and resuspension of fine-grained terrigeneous matter (Schulz and
von Rad, 2014), combined with the lack of bioturbation enables the identification of
interannual and even seasonal signals (Kemp, 1996). This makes marine sediments
from the OMZ on the Makran accretionary wedge off Pakistan an archive of an
exceptionally high-resolution chronology, providing the potential to unravel short-
term climate oscillations. Compared to the northwestern Arabian Sea, where sea
surface temperatures (SST) are coldest during summer upwelling, minimum SST
along the coast off Pakistan occurs during the winter season (Figure II1.2). This
suggests, verified by satellite-derived concentrations of monthly chlorophyll «
in the surface waters (Feldman and McClain, 2013), that the annual cycle of sea
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surface properties in this area is dominated by winter conditions.

In a previous paper (Boll et al., 2014), we attempted to reconstruct winter monsoon
intensity from regionally calibrated alkenone temperatures and stable nitrogen
isotopes in laminated sediment cores (39KG/275KL) from the Pakistan margin
(Figure III.1). There we identified a general cooling trend of reconstructed an-
nual mean temperatures over the last 2,400 years together with several periods
of century-scale temperature changes, that occurred largely in phase with geo-
chemical productivity estimates. However, open questions about the response of
surface water properties to winter monsoon activity remained when the general
trend of decreasing temperatures and increasing productivity was reversed, e.g.
during the Medieval Warm Period (950-1250 CE, Common Era; CE/BCE were
used numerically equivalent to AD/BC). Furthermore, we observed a heteroge-
neous pattern of coccolith and alkenone fluxes from a sediment trap study over
the course of one year. Because the observed seasonality greatly contributes to
the general difficulty in attributing alkenone-derived annual mean temperatures
to the seasonal winter component, we have used the same sediment cores in this
study (39KG/275KL) and generated a high-resolution record of PF assemblages
spanning the last 2,000 years. Using a new, regionally valid transfer function
constrained by rigorous evaluation of potential driving forces, we convert the
assemblage counts into a record of winter sea surface temperatures (wSST). This
record is then used to assess the seasonal evolution of winter monsoon variability
in the northeastern Arabian Sea and to allow comparison to other proxy records
of winter- and summer monsoon intensity. This allows a rigorous investigation
of a potential anti-phase relationship to the summer monsoon during the late

Holocene.

Material and methods

Late Holocene sediment record from the Pakistan margin

In order to calculate SST variations over the last 2,000 years from foraminiferal
transfer functions, we studied samples from the uppermost 15 cm of Sonne 90
box-core 39KG (von Rad et al., 1995, 1999) and the uppermost 167 cm of Sonne 130
piston-core 275KL (Boll et al., 2014; von Rad et al., 1998). Both cores were taken at
the same station from the continental margin off Pakistan (Figure III.1; 24 °50'N,
65 °55'E, 695 m water depth), allowing us to achieve a continuous record over the
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last 2,000 years. Correlation of both cores was enabled by a 10 cm-thick reddish-
brown event layer (‘Fl-layer’), present in both records (Schulz and von Rad, 2014).
Coarse fraction samples of boxcore 39KG above F1 were available in continuous
3 mm-intervals (1=50 samples) from a previous study (Doose-Rolinski et al., 2001).
275KL was sampled from a U-Channel below F1 in continuous 5 mm-intervals
(n=332 samples) to achieve a suitable number of PF individuals from the narrower

sample size.

Chronostratigraphy of both cores has been presented by von Rad et al., (1999),
who established age models of Sonne 90 cores 39KG and 56KA by varve counts
and conventional and AMS radiocarbon dating. Correlation between 56KA and
275KL, recovered at the same location, is based on a layer-by-layer tracking of
prominent 1-30 mm-thick light colored event deposits (‘C-Layers’). 39KG covers
the record from retrieval in the year 1993 CE to the deposition of F1 in 1888 CE,
providing an average sample resolution of 2 years for the last ~100 years. 275KL
is linked to the record of 39KG below F1 and was analyzed from 1888 CE until
118 BCE with an average resolution of 9 years for the last ~2,000 years.

Samples for PF analyses were freeze-dried, wet-sieved over a 63 um screen and
oven-dried at 40 °C. Counts were conducted on a split fraction (39KG) or the
whole residue (275KL) of the size fraction >150 pm, examined under a stereo-
dissecting microscope. Planktic foraminifera were identified to species level, based
on the taxonomic framework given by Bé and Hutson, (1977) and Bé, (1967) and
Hemleben et al., (1989). For the calculation of relative assemblage compositions
of 275KL, samples yielding less than 300 counted individual PF were combined
with adjacent samples to achieve a minimum of 300 individuals. 89 samples were
merged, representing 27% of the dataset. Merging was done when the coarse
fraction of a sample was diluted by fine-grained terrigeneous matter of an event
deposit ('C- or F-Layers’), thus not decreasing the actual resolution of the marine
deposition.

Surface sample calibration dataset

To investigate factors affecting assemblage composition of planktic foraminifera in
surface sediments in the Arabian Sea, we compiled modern coretop data consisting
of a subset of the AUSMAT-F4 dataset compiled by the MARGO group (n = 329
samples; Barrows and Juggins, 2005), extended by n = 274 new samples by
this study. The subset was defined to cover the tropical and sub-tropical Indian
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Figure IIL.3: Joint PCA scatter plot and species scores of the log-transformed
calibration (diamond) and downcore (square) datasets. The grey shaded area marks
the variability captured by the late Holocene record of cores 39KG/275KL, defining
the final input for calibrating the transfer functions.

Ocean from 30 °N to 30 °S and from 30 °-120 °E, to reduce the risk of including
endemic species and cryptic morphotypes from divergent oceanic environments.
According to Kucera et al., (2005b), noise in the data could be introduced by a
broader geographical coverage, when the genetic and ecological variation not
captured by the taxonomic input variables increases, and with the increasing
influence of secondary environmental gradients. Due to the unique environmental
forcing in the Bay of Bengal (Murty et al., 1992; Wyrtki, 1973) and the Red Sea
(Auras-Schudnagies et al., 1989; Siccha et al., 2009), samples from these basins
were omitted. The n = 274 additional samples substantially increased the regional
coverage of the eastern and northeastern Arabian Sea and along the western
margins of the Indian Ocean (Figure II.1).

Both datasets were thoroughly checked for taxonomic inconsistencies and for an
adequate minimum number of identified PF individuals. Assemblage alteration
by carbonate dissolution was identified by unusually high numbers (>3%) of the

dissolution-resistant species Sphaeroidinella dehiscens. To minimize a potential bias
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introduced by different contributors to the dataset, taxonomic units showing a
close morphological similarity, namely Globigerinella siphonifera and Globigerinella
calida (Weiner et al., 2015), as well as Globorotalia menardii and Globorotalia tumida,
were merged, respectively. All morphotypes of Globigerinoides sacculifer, with and
without a sacc-form ultimate chamber, were treated as one taxonomic unit (André
et al., 2013). Due to the low signal-to-noise ratio of rare species for quantitative
paleoenvironmental reconstructions (Kucera et al., 2005b), the dataset was filtered
to a minimum average occurrence of 0.5%. This resulted in the exclusion of 14 out
of 29 species.

For the construction of an adjusted calibration dataset, a joined R-mode principal
component analysis (PCA) was conducted. Since measurements of the input
variables are based on the same units (relative species abundances) a covariance
matrix was used to preserve the magnitude of variation between the variables.
A log-ratio transformation was used to compensate for the mutual dependency
of the compositional dataset (Aitchinson, 1999; Aitchinson et al., 2000). PCA
was conducted on log-transformed relative abundances of the 15 species in the
initial pool of tropical- and sub-tropical Indian Ocean surface samples (n=603)
and the downcore faunal dataset (Figure III.4). The first two PC axes explained
61% of the variance of both datasets. N = 103 samples in the calibration dataset
had the same range of PCA scores along the first two PC axes as the downcore
samples, thus being most similar in the direction of the first two components. The
remaining n = 500 calibration samples described assemblages not represented
in the downcore dataset, most likely recording conditions outside of the range of

variation of the winter monsoon region.

To investigate the species response to potential controlling environmental gradi-
ents, a redundancy analysis (RDA) was carried out using the VEGAN package
(Dixon, 2003) of the R statistical program (R Core Team, 2014). Since the annual
cycle of plankton productivity in the investigated area of the eastern Makran is
dominated by winter conditions (Madhupratap et al., 1996), and specimens of PF
deposited during winter therefore dominate the sedimentary assemblages, we
calibrated the modern coretop database to variables representing the boreal winter
season (J-F-M and D-J-F).

Since the Arabian Sea experiences extreme intraannual variations of biological
productivity (Banse, 1987; Lal, 1994; Prasanna Kumar et al., 2001; Smith et al.,
1998; Zeitschel and Gerlach, 1973), three different approaches were made to char-
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acterize the primary production. As a proxy for the surface standing stock of
phytoplankton, chlorophyll « measurements from NASA’s SeaWiFS and MODIS
sensors were used (Feldman and McClain, 2013). The December to February
averages were binned over a timespan from 1998-2010. In comparison, Vertical
Generalized Production Models (VGPM) calculate net primary production rates
in the euphotic zone (Behrenfeld and Falkowski, 1997), taking into account the
physiological variability through the water column. We employed the Eppley-
version VGPM as a temperature-dependent model of photosynthetic efficiency
extracted from the Oregon State University, (2014) to generate an estimate of
winter productivity. As an additional approach of quantifying phytoplankton
productivity we applied the updated Carbon-based Production Model (uCbPM;
Oregon State University, 2014), which, compared to VGPM, calculates phytoplank-
ton carbon biomass from particulate backscatter coefficients and is independent
of standard chlorophyll measurements. Both net primary productivity estimates
were calculated as January-March averages from 1998-2010. As a measure of
water column stratification, the maximum Brunt-Viisila frequency (BVF) of the
top 250 m of the water column was used. The calculations were performed on the
data of the World Ocean Atlas 2001 (Conkright et al., 2002) using the implemented
algorithm in OceanDataView 4.5.7 (Schlitzer, 2014). Sea surface temperature (S5ST)
is apparently the strongest determinant controlling PF species distributions in
large parts of the world’s oceans (Morey et al., 2005). Following the MARGO
recommendations (Kucera et al., 2005a), SST values were interpolated via krig-
ing to the coretop samples from the 10 m depth level of the World Ocean Atlas
2001 (Conkright et al., 2002). We are aware of a potential bias introduced by PF
assemblages that are more sensitive to subsurface than to surface temperatures, as
discussed by Telford et al., (2013). However, we do not expect large changes in
the ocean thermal structure over the last 2,000 years and consider this issue to be
of less importance here. In total, the PF assemblage data in the adjusted surface
dataset are then analysed together with five environmental parameters, reflecting
winter productivity (chlorophyll «, Eppley VGPM, uCbPM), temperature (SST)
and stratification (BVF).

Design of the transfer function models

We used a suite of different transfer functions for the quantitative reconstructions

of environmental variables controlling the distribution of planktic foraminifera.
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There is no single ‘best method” to be recommended (Juggins and Birks, 2012) and
using different statistical techniques that model species response to environmental
gradients in different ways allows the assessment of signals that are robust to
method-specific bias (Kucera et al., 2005b), which is particularly significant in
our case where we expect a relatively low signal to noise ratio. We employed
the Imbrie and Kipp factor analysis- IKFA (Imbrie and Kipp, 1971), weighted
averaging partial least square regression- WA-PLS (ter Braak and Juggins, 1993),
the maximum likelihood response curves method- MLRC (Birks et al., 1990) and
artificial neural networks- ANN (Malmgren and Nordlund, 1997). Except for ANN,
we used the R package rioja ver. 0.8-7 (Juggins, 2015) to calculate the transfer
functions. All methods used the relative species abundances of the adjusted
calibration dataset (n = 103 samples). As a measure of distance to modern
analogs, the Bray-Curtis dissimilarity to the samples of the adjusted calibration
dataset was calculated for each fossil sample. For IKFA, the number of factors to
extract was determined by the Kaiser-Guttman-Criterion and Parallel Analysis
after Horn (Horn, 1965), both limiting the number of factors to five. For WA-PLS,
two components performed with the lowest error during cross-validation and
were thus used for the reconstruction. ANN were computed as back propagation
networks using the BioComp software NeuroGeneticOptimizer® ver. 2.6.142. The
system was configured to limit the number of neurons in multiple hidden layers
to four and to optimize the network structure with 100 network populations over
30 generations, with a minimum of 100 and a maximum of 2500 passes, and a stop

criterion if no improvement occurred over the last 40 passes.

Performance fitness was based on improvement of the root-mean-square-error
(RMSE) of a test set, consisting of 50% of the surface sample dataset. Ten different
pairs of training- and test sets were used and the average of the best of the ten
resulting networks was calculated as the final output. Except for ANN, model
validation and error estimates were based on bootstrapping (1000 cycles). RMSEP
(root-mean-square-error of prediction) was estimated from the cross-validated
average RMSE across the bootstrap cycles. The sample specific standard error of
prediction was calculated as the square root of the sum of the samples squared
standard error and the mean squared error across the bootstrap cycles. ANN
RMSEP were calculated from the average RMSE across the ten best networks.
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Results

Modern faunal distribution and multivariate analysis of the surface sample

dataset

The distribution of PF species in the surface sample dataset (Figure III.4) replicates
the patterns observed by Bé and Hutson, (1977) and Hutson and Prell, (1980).
The increased spatial coverage in the northern Arabian Sea, along the margin off
Oman and western India, as well as off Somalia and Mozambique allows for a
more detailed analysis. Globigerinoides ruber (white), the most abundant species
in the entire calibration dataset, is most frequent below the subtropical gyre of
the southern Indian Ocean and south of the central Arabian Sea. Furthermore, G.
ruber is abundant along the western coast of India outside the Gulf of Khambat.
Globigerina bulloides shows highest abundances close to the coast of high summer
upwelling areas off northern Somalia and Oman, as well as off the southwestern
tip of India. Medium abundances are apparent along the entire coast off Somalia,
in the Gulf of Aden, as well as in the northern and eastern Arabian Sea. Glo-
bigerinita glutinata, on the other hand, seems to be more abundant outside the
coastal upwelling areas in the open ocean upwelling of the northern Arabian Sea.
Neogloboquadrina dutertrei, G. sacculifer and G. menardii are typical for the central
Arabian Sea and for open ocean sites along the South Equatorial Current. N.
dutertrei occurs in low numbers along the coast of Somalia, Oman and southwest
India, but is not found in the northeastern Arabian Sea. G. sacculifer is also absent
in surface samples from the western and northeastern Arabian Sea (see also Schulz
et al., 2002). G. siphonifera/G. calida is, like G. sacculifer, mostly absent from regions
of intense upwelling and occurs in moderate numbers in the open equatorial and
southern Indian Ocean. Very high numbers of G. menardii/G. tumida observed in
a few open ocean sites might be an indication for calcite dissolution. Globigerina

falconensis seems to be characteristic of the eastern and northeastern Arabian Sea.

Results of the RDA conducted on the adjusted calibration dataset with the winter
constraints are illustrated as a triplot in Figure IIL5. The first axis explains 38.9%
of the variation in the species data and is highly correlated with temperature,
stratification, chlorophyll & concentration, as well as the Eppley-VGPM produc-
tivity (Table IIL.1). The second axis, explaining 16.3% of the species variation, is
correlated strongest with the updated Carbon-based Productivity Model.
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Figure III.4: Contour plot of relative frequencies of species >3% average abundance
in initial coretop database spanning the Arabian Sea and Indian Ocean from 30 °N
30°S and 30 °E — 120 °E, by omitting the Bay of Bengal and the Red Sea.
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Figure IIL.5: Scatter triplot of redundancy analysis results computed with the species
(cross symbols) and environmental data (arrows) of the winter season. Open circles
indicate surface samples.

Among the environmental variables investigated by RDA, winter temperature
has the highest correlation with the first axis, and thus appears to be the most
important variable for the explanation of the species variation. Temperature
and stratification are positively correlated with each other and the pair is nega-
tively correlated to chlorophyll « and Eppley-VGPM. Relative abundances of G.
siphonifera, G. rubescens and G. sacculifer show a positive correlation with increas-
ing temperatures and stratification and a negative correlation with chlorophyll «
and Eppley-VGPM. Stratification is correlated with the relative abundances of G.
menardii and N. dutertrei and has a negative correlation with G. tenella. Interestingly,
uCbPM best explains the abundance of G. falconensis, T. quinqueloba and G. ruber,
and to a minor extent also of G. glutinata. G. bulloides plots on the positive end of
the second RDA axis, implying a negative correlation with the winter productivity
of the uCbPM model. Stronger winter winds cause intensified cooling, winter
deep mixing and enhanced primary productivity (Banse and McClain, 1986; Mad-
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Table III.1: Results of the redundancy analysis of the adjusted calibration dataset.

RDA1 RDA2 RDA3 RDA4 RDA5 Permutation test
statistics (p)

Eigenvalue 0.389 0.163 0.100 0.050 0.010
Cumulative proportion explained  0.115 0.163 0.192 0.207 0.210
Correlation

Temperature -0.982 -0.038 -0.005 0.081 0.169 <0.001
Stratification -0.903 0307 -0.293 -0.005 0.071 <0.001
Chlorophyll « 0.786  0.259 0.437 -0.193 0.294 <0.01
Eppley-VGPM 0.735 0.365 0.555 -0.085 0.107 <0.01
uCbPM 0.156 -0.419 -0.113 0.776 0.431 <0.01

VGPM: Vertical Generalized Production Models; uCbPM: updated Carbon-based Production Model.

hupratap et al., 1996). Accordingly, stronger winter conditions shift the faunal

assemblage from G. bulloides to higher abundances of G. falconensis and G. glutinata.

Transfer function performance

One of the key assumptions of paleoecological transfer functions states that the
environmental variable to be reconstructed is the dominant factor for the eco-
logical changes in the fossil assemblage records (e.g., Juggins and Birks, 2012).
Thus we reconstructed the gradient that performed best in explaining the species
variation by RDA, which is winter sea surface temperature (wSST). In terms of
reconstruction uncertainties, WA-PLS and IKFA showed similar error rates and
outperformed MLRC (Table III.2). The error estimation of ANN is not based on
bootstrapping and is therefore not fully comparable to the other techniques. In
general, all prediction error estimates are considerably lower than the uncertainty
for basin-wide foraminiferal transfer functions of 1 —2°C (e.g., Kucera et al.,
2005b). Error estimates represent a minimum uncertainty because the training
and test sets are not fully independent and contain a certain degree of spatial
autocorrelation (Telford and Birks, 2005; Telford et al., 2004). However, since the
selection criterion for the final calibration dataset is based on taxonomic similarity
rather than geographically or environmentally close sites, samples are distributed
among different margins of the Arabian Sea (Figure III.1). To compare the absolute
values of the error rate with basin-wide reconstructions, these are expressed as the
percentage of the range of the target variable (Table III.2). Values range from 15.4%
for ANN, 17.6% and 18.6% for WA-PLS and IKFM, respectively, to 24.9% for MLRC.
This is about three to four times higher compared to basin-wide reconstructions
with a target variable range of ~30 °C (e.g., Kucera et al., 2005b). This reflects the
fact that basin-wide datasets have a very strong temperature dependency in the
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middle part of the SST gradient, whereas our adjusted calibration dataset is at the
edge of the SST gradient. The initial subset of the calibration dataset covering the
tropical- and subtropical Indian Ocean exhibits a range of the wSST gradient of
18-29°C, whereas the adjusted dataset of 23-27°C.

Downcore development of planktic foraminiferal assemblages

It turned out that high species variability of the biennial resolution record of core
39KG is not comparable to the decadal-scale resolution of the longer core 275KL
(Figure I11.7). As a consequence, we would expect this to result in poor analogy
to a calibration dataset of the same decadal- to centennial-scale resolution. For
the purpose of this study we therefore achieved a spliced record of comparable
temporal resolution while retaining a continuous sampling scheme by binning the
PF counts from 39KG to the average resolution of the longer core 275KL.

Eight PF species occurred with average abundances of >2%, that together sum up
to 96% of the total faunal composition. These are in descending order G. falconensis,
G. bulloides, G. ruber, G. glutinata, G. siphonifera, N. dutertrei, G. sacculifer and G.
tenella (Table II1.3). A PCA conducted solely on the downcore dataset was used to
investigate the major trends in the fossil fauna (Figure II1.6). The first component
explains 40.6% of the total variance and the second component explains 13.7%. The
variance explained by the second component is lower than the variance generated
by a broken-stick-model and can therefore probably be neglected (e.g., Joliffe,
2002). The first axis mainly separates G. sacculifer and G. siphonifera from G. tenella
and G. glutinata. PCA time-series reveals that samples that are most associated
with the former species occurred largely prior to the year 450 CE (Figure IIL8),
consistent with higher abundances of G. sacculifer and G. siphonifera. Downcore
development of PF species distribution is given in Figure III.8. The most noticeable
feature from the dataset is the occurrence of G. sacculifer between 250-450 CE and
100 BCE-100 CE, together with higher abundances of G. siphonifera and O. universa.
Whereas G. sacculifer is mostly absent after 450 CE, this species is reaching more
than 25% prior to 450 CE. Simultaneously, G. tenella is rare or completely absent
prior to 450 CE and G. falconensis shows lower abundances during the interval
100 BCE-100 CE.

A positive correlation among reconstructed wSST from all transfer function tech-
niques and with the PC1 scores (Table II1.2) indicates that the ecological changes
in the species assemblages are interpreted coherently by all methods and reflect
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Figure II1.6: Scatterplot of the downcore principal component analysis and the
variance explained by each axis. The first principal component (PC1) mainly
separates G. siphonifera and G. sacculifer from G. tenella and G. glutinata.

the strongest gradient in the data. It is therefore very likely, that the reconstruction
is primarily driven by the changes of the reconstructed environmental variable
(Juggins and Birks, 2012).
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275KL (1877-1777) 39KG (1993-1893)

Component 2 (27.4%)

Component 1 (31.6%)

Figure IIL.7: Joint R-mode PCA scatterplot of the log-transformed species abundance
data covering a 100-years period from core 39KG (1993-1893 CE) and 275KL
(1877-1777 CE). The area covered by PCA scores scores along the first and second
PC-axes illustrates the higher variance of species abundance data of core 39KG (light
grey) compared to 275KL (dark grey). To enable comparison and splicing of both
records the abundance data of core 39KG were downscaled to the same 9-years
continuous sampling resolution of core 275KL prior to the transfer function approach.
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Discussion

Environmental control on species distribution

The results of RDA on the adjusted dataset of modern samples revealed a strong
relationship along the first component between temperature and stratification on
the one side and the chlorophyll-based productivity estimates on the other side
(Figure IIL.5). This might be explained by the mutual dependency of thermocline
deepening and strength of surface cooling during the winter season. Stronger
and colder surface winds lead to more severe cooling of surface waters and thus
enhance convective winter deepening of the mixed layer. The less stratified water
column enables nutrients from deeper waters to be mixed into the euphotic zone,
nourishing primary productivity. As a result, both effects cannot be fully disen-
tangled. However, the positive correlation of G. falconensis, a species considered
as typical for the deep thermocline mixing during winter monsoon conditions
(Peeters and Brummer, 2002; Schulz et al., 2002), and other productivity-indicating
species with increasing uCbPM productivity could indicate that these model data
are a useful representation of nutrient conditions during winter monsoon. G. bul-
loides is considered as an indicator of summer upwelling conditions in the western
Arabian Sea (Curry et al., 1992; Gupta et al., 2003; Naidu and Malmgren, 1996).
The strong negative correlation of G. bulloides with winter productivity, especially
uCbPM, reveals an antiphase relationship of this species to winter conditions in
this part of the basin. Possible lateral advection of nutrient-rich surface waters
originating in the upwelling areas of the northwestern Arabian Sea (Schulz et al.,
1996) could lead to higher accumulation rates of G. bulloides during summer. If G.
bulloides is related to summer conditions, the response of this species could not
be explained by the winter constraints of the analysis. The constrained variation
explained by the second RDA component is, however, small compared to the
total unconstrained variance, which makes to refrain from an attempt to construct
a transfer function for winter productivity. G. siphonifera and G. sacculifer are
associated with warmer temperatures and accordingly weaker winter conditions.
Both species are spinose macroperforate, symbiont-bearing and mainly occur in
warm tropical- and sub-tropical waters with low seasonality (Fraile et al., 2008;
Hemleben et al., 1989). In the Arabian Sea, G. sacculifer and G. siphonifera are
typical for non-upwelling areas of low nutrient concentrations (Cayre et al., 1999;
Peeters and Brummer, 2002; Schiebel et al., 2004).
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G. glutinata is common in coastal- and open-ocean upwelling areas (Naidu and
Malmgren, 1996) and known to feed mainly on diatom prey (Hemleben et al., 1989).
In sediment trap studies of the northeastern Arabian Sea, G. tenella occurs together
with G. rubescens during late winter and spring (Schulz et al., 2002). The negative
association of the samples of this interval in the PCA of the downcore dataset
with productivity-related species (G. falconensis, G. bulloides, G. glutinata) and
the positive association with temperature-related G. sacculifer and G. siphonifera
suggest diminished influence of winter monsoon conditions. After 450 CE, G.
sacculifer occurs only sporadically in very small numbers, indicating a sudden

faunal shift in the planktic foraminiferal assemblage.

Decadal-scale variability of foraminiferal assemblages and winter monsoon

intensity over the last two millennia

Given the relatively short period covered by the two core profiles 39KG and
275KL, most species show a comparatively high variability in their abundances
(Table II1.3). A sampling interval of 5 mm corresponds to an average sediment
accumulation time of ~10 years. Occasional sampling of an unequal number of
summer- and winter layers could potentially lead to an irregular distribution of
each season, which might introduce a noisy sampling bias of up to 10% disparity
compared to a signal of equal seasons. If this were the case for our dataset, the
similarity of the adjacent samples would be lower than the similarity to samples of
increasing distance. For 66% of the dataset, the Bray-Curtis similarity to the closest
sample is, however, higher compared to the similarity of the next-but-one sample.
We therefore conclude that the observed variability of species abundances is not
affected by an unequal contribution of the seasonal signals, but rather attests to
the success of the sampling scheme, which yielded decadal-scale data not affected

by bioturbational mixing in the laminated sediments.

The high variability within the species dataset is also obvious from the scatterplot
of the joint PCA of the downcore- and entire initial calibration dataset (Figure II1.4).
The latter is spanning a wide ecological range of the tropical- and subtropical
Indian Ocean, thus contains most of the species variance. The downcore dataset
covers approximately one fourth of the variance captured by the initial calibration
dataset. This suggests that short-term interannual fluctuations in PF relative
abundances and production rates are underestimated by potentially bioturbated
coretop samples, often carrying an integrated signal over several decades to
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Figure II1.9: Temporal evolution of the wSST variance time series calculated within
an overlapping 50-year moving window on the detrended time series filtered with a
30-year low-pass Butterworth filter. Grey bars indicate periods of low variance.
Minimum Bray-Curtis dissimilarity between the fossil samples and the adjusted
calibration dataset as a measure of analogy. Changes of winter monsoon intensity are
shown as the detrended winter SST anomaly.

millennia (Kucera et al., 2005b).

The multi-decadal evolution of the wSST variance and detrended temperature
anomaly (Figure II1.9) reveals that winter monsoon variability shows three stages
of changing strength and frequency. Whereas during the periods prior to 250 CE
and after 450 CE changes are relatively small, wSST variance during the period 250
450 CE was considerably higher. To further explore the decadal- to centennial-scale
variability of the wSST record, we computed the spectral peaks with the Multitaper
Method (MTM) implemented in the SpectraWorks software kSpectra® ver. 3.4.2
(Ghil et al., 2002) with the default settings (p = 2, K = 3 tapers). Figure II1.10
shows the MTM frequency spectrum of the detrended wSST time series, smoothed
with a low-pass Butterworth filter with a 30-year cutoff frequency. Multi-decadal
variability of winter monsoon intensity was found on 75-, 40-37- and 31-year

cycles. Several recent studies based on observational data (e.g., Kim et al., 2014;
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Figure II1.10: Results of a multitaper method (MTM) spectral analysis of the wSST
record of winter monsoon variability over the last ~2000 years with a red noise null
hypothesis (90%- and 95% confidence levels are indicated as grey lines). Significant
peaks are attributed to harmonic 75-, 40- and 37-year cycles (bold), as well as to a
31-year cycle.

Krishnamurthy and Krishnamurthy, 2014; Webster et al., 1998; Zhou et al., 2007)
indicated that the monsoon-ENSO relationship is modulated on low-frequency
inter-decadal timescales according to regime shifts of the Pacific Decadal Oscilla-
tion (PDO). The PDO, defined as the leading mode of monthly SST anomalies in
the extratropical North Pacific (Mantua et al., 1997), shifts its phase with periods
from 20-30 years (Mantua and Hare, 2002). The potential to resolve meaningful
winter monsoon variability within this frequency range with our record is, how-
ever, limited by the 9-year resolution and requires records capable of resolving
inter-decadal signals. The multi-decadal cycles estimated by MTM are close to
the 78- and 35-year periodicities found by Neff et al., (2001) for the Hoti cave (H5)
5180 stalagmite record from northern Oman. Their record spans the early- to mid
Holocene evolution of the Indian summer monsoon precipitation and the decadal-
scale variability is interpreted to controlled by solar irradiance forcing. The 75-year
periodicity is also very close to the ~79-year cycle found in the Oman upwelling
record, implied by Gupta et al., (2005) to be coherent with a sunspot cycle. In the
eastern Arabian Sea, Agnihotri et al., (2002) found a dominant 60-70-year period-
icity in a record of Indian summer monsoon variability over the last millennium
that appears to be solar forcing. From a study of coastal climate proxies in Sri
Lanka that are interpreted to be controlled by winter monsoon variability, ~64-
and 28-32-year periodicities were found (Ranasinghe et al., 2013). These findings
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suggest that summer and winter monsoon modulated on the same decadal-scale
frequency bands are most likely driven by changes of solar irradiance. Further-
more, early- to mid Holocene periodicities (Neff et al., 2001) also existed during
the late Holocene.

Implications for late Holocene SST variability and monsoon evolution

Our 2,000-year-record of wSST in the northeastern Arabian Sea shows three stages
of winter monsoon evolution. The first interval until 100 CE is marked by a rela-
tively stable period of temperatures warmer than average (Figure IIL.9), implying
weak winter monsoon conditions. The subsequent stage, between 100 and 450 CE is
characterized by high winter monsoon variability where highly fluctuating wSST
suggests a transition phase of winter monsoon strength until after 450 CE when
a sudden cooling marks the onset of persistently enhanced winter monsoon con-
ditions. During the relatively stable but colder third phase from 450 CE onwards,
the most obvious feature is a gradual warming towards 950 CE, where winter
monsoon conditions are weakest within that interval, and a gradual strengthening
thereafter.

In a previous paper (Boll et al., 2014), we also found three distinct phases of
changing monsoon intensities during the last ~2400 years, although the timing
compared to the present study is slightly different. The most obvious features of
the alkenone record are an abrupt decrease of annual mean temperatures (AM-SST)
around 250 CE and a persistent warming around 1050-1150 CE (Figure II1.11). In
contrast to our newly developed record of foraminiferal-based wSST, the former
shift occurred between the end of stable weak winter monsoon conditions at 100 CE
and the onset of intensified winter conditions after 450 CE, during the transition
phase. The warming phase around 1050-1150 CE occurs apparently ~100 years
later in the alkenone record and shows also a longer duration as in the wSST record.
This might indicate that the observed three distinct climate phases of colder and
warmer temperatures had a different impact on the respective seasonal cycles and
that changes during the inter-monsoon season did not occur simultaneously to
variations of winter monsoon intensity. These phases could have been amplified in
the AM-SST record, because especially during intervals of weak winter monsoon
intensity and accordingly warmer wSST, the contribution of the warmer inter-
monsoon signal (cf. Figure II.2, warmest modern SST > 27 °C occur from April-

November) to annual mean temperatures must have been increased. Our data do
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Figure III.11: Reconstructed winter sea surface temperatures from cores
39KG/275KL during the last ~2000 years as the consensus from all transfer function
methods (black line as 3-pt running mean) and alkenone-derived annual mean
temperatures co-registered in the same sediment core (Boll et al., 2014). Magnetic
susceptibility of Lake Huguang Maar (Yancheva et al., 2007) indicates East Asian
winter monsoon intensity. Northern Hemisphere climate epochs are derived from
Greenland air temperatures (Alley, 2000). Conspicuous temperature changes
occurred around 100 CE and 450 CE (stippled). Intervals of diminished winter
monsoon intensity are grey shaded.
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also not indicate that winter conditions were substantially stronger at ~1800 CE,
as it is evident from alkenone-derived AM-SST on the Pakistan Margin (Boll et
al., 2014; Doose-Rolinski et al., 2001), a feature that was suggested to be linked
to the Little Ice Age (LIA). Apparently, the colder LIA climate only affected the
inter-monsoon- or summer temperatures in the northeastern Arabian Sea, without
enhancing winter monsoon intensity. Furthermore, the observed difference of both
climate series might, apart from a potentially different control mechanism on the
respective proxies, also be owed to the different sampling scheme of both records.
Alkenone-derived AM-SST and foraminiferal-based wSST are co-registered in
the same sediment core, but the record of AM-SST uses a continuous 25-year
resolution, whereas the record of wSST is based on a continuous 9-year resolution.
This especially explains the observed amplitudinal difference of both SST time
series, as the lower sampling resolution integrates almost three samples of the
higher resolution record. However, resampling of both records to the lower
sampling resolution following AM-SST by linear interpolation reveals a positive
correlation (r = 0.60, p = 4.44E — (09), indicating that winter temperatures must
have a strong control on AM-SST.

One yet unresolved question about the regional monsoon systems exists as to how
the Indian and East Asian monsoon systems are related on decadal- to centennial
timescales during the late Holocene (e.g., Wang et al., 2014; Wang et al., 2005a).
The Indian and East Asian monsoon systems react to different forcing mechanisms
and are thus expected to reveal dissimilar variability of their proxy records (Wang
et al., 2003). Due to the scarcity of high-resolution winter monsoon records,
the relationship of both winter monsoon systems remains unclear. Although the
temperature range of the wSST record of this study after 450 CE is mostly within the
reconstruction uncertainty of ~1°C, persistent cold spells around 450-600 CE and
750 CE, as well as warmer intervals between 600-700 CE, around 950 CE, 1300 CE
and 1450 CE, are consistent with the Lake Huguang Maar magnetic susceptibility
record of East Asian winter monsoon intensity (Figure III.11). This relationship is
further investigated by wavelet coherence analysis (Figure I11.12), that measures
the coherency of two cross wavelet transforms in time frequency space (Grindsted
et al., 2004), using the MATLAB package available on the website of the National
Oceanography Centre (http://noc.ac.uk/using-science/crosswavelet-wavelet-
coherence). A broad significant interval with the same phase angle shows a
strong coherency between 100 BCE and 1000 CE at a period of 300-400 years.
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Figure II1.12: Wavelet coherency between the wSST record and magnetic
susceptibility of the Lake Huguang Maar record (Yancheva et al., 2007) indicates areas
in the time-frequency space where both time series co-vary. Thick black contour
shows the 5% significance level against red noise. The phase shift between the
components of both time series is indicated within the significant areas by arrows
(pointing right=in-phase, pointing left=anti-phase, up=wSST leading Lake Huguang
Maar by 90 °, down=Lake Huguang Maar leading wSST by 90 °). Note that anti-phase
behavior of both proxies means in-phase response to monsoon intensity, as increasing
intensity is relative to opposite scaling. The cone of influence where edge artifacts
might be introduced is indicated as white shading.

Further significant coherency on shorter wavelengths around 30-50 years occurs
in disconnected intervals and shows either in-phase (around 1300 CE) or phase-
shifted (around 500 CE) relationships between the two records. Periodicities
on these frequency bands are also evident from the MTM power spectrum of
wSST variability (Figure I11.10). This implies that a persistent centennial-scale
relationship between the variation of the Indian winter monsoon and the East

Asian winter monsoon existed until 1000 CE.

Our data indicate that the Indian winter monsoon intensity shifted rapidly during
the last two millennia. The shift from persistent weak to highly variable winter
conditions at 100 CE is concomitant with the end of the Northern Hemisphere
Roman Warm Period (RWP). This is followed by strongest winter conditions at
~500-600 CE, concomitant with the onset of the Cold Dark Ages (CDA) and Bond
event 1 in the North Atlantic (Bond et al., 2001). Several studies of late Holocene

monsoon activity indicate changing conditions around that time. A persistent link
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between warmer North Atlantic climate and weaker winter monsoon on centen-
nial timescales during the late Holocene was also suggested by Boll et al., (2014).
Liickge et al., (2001) proposed the "transition phase" of highly fluctuating wSST
after 100 CE to be an interval of summer-monsoon domination while the winter
monsoon was diminished. Stalagmite records from Qunf cave in southern Oman
show a prominent hiatus until ~550 CE, which potentially indicates very low sum-
mer monsoon precipitation (Fleitmann and Matter, 2009; Fleitmann et al., 2007).
Very low summer monsoon-induced upwelling off the Oman coast at ~550 CE is
also evidenced by Gupta et al., (2003) and Anderson et al., (2010). This finding
may suggest that strongest winter monsoon conditions were contemporaneous
with phases of weakened summer monsoon, indicating an anti-phase relationship
between summer and winter monsoon intensity.

Slightly weakened winter monsoon intensities at 950 CE might be related to the
Medieval Warm Period (MWP) of the Northern Hemisphere. A gradual weakening
of the winter monsoon towards 950 CE is compatible to a broad increase of Oman
upwelling intensity at 750-1350 CE (Gupta et al., 2003), whereas the picture is less
clear for the cave records (e.g., Fleitmann and Matter, 2009; Wang et al., 2005b).
If an anti-phase relationship persisted during the late Holocene until present,
we would also expect to see the same major change for the last 400 years as
implied by Anderson et al., (2002). But during that period wSST are very stable,
indicating even a very recent strengthening of winter conditions from 1800 CE
onwards. Changing conditions during the last 400 years are, however, also not
evident from the records of Boll et al., (2014) and Yancheva et al., (2007), suggesting
that an inverse relationship between Indian summer- and winter monsoon is not

persistent to the present.

Conclusions

We analyzed planktic foraminiferal species compositions from an optimized
dataset, adjusted to the reconstruction of the decadal-scale variability of fossil
assemblages from the northeastern Arabian Sea. Redundancy analysis revealed
that winter sea surface temperature has the strongest effect on the explanation of
the modern planktic foraminiferal species variation. Winter monsoon induced
hydrographic conditions are revealed by a strong negative relationship between
temperature and chlorophyll-based productivity estimates. The updated Carbon-
based Productivity Model (uCbPM) is a useful representation of the nutrient
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conditions during winter deep mixing.

Reconstruction outcomes for the last two millennia show a consistent pattern
among the techniques, indicating that ecological changes of the fossil assemblages
are primarily caused by the reconstructed variable. The most obvious feature from
the record of reconstructed winter monsoon intensity is a sudden change from
warm temperatures around 25 °C prior to 450 CE towards temperatures below
24 °C thereafter. This shift is contemporaneous with the end of the Roman Warm
Period on the Northern Hemisphere and mainly associated with a shift in the
faunal assemblage caused by the occurrence of G. sacculifer and G. siphonifera.

Our record can be divided into three main phases:

1. Prior to 100 CE, warm and stable temperatures above 25°C were found,

representing diminished winter monsoon conditions.
2. From 100 to 450 CE, highly variable temperatures indicate a transition phase.

3. After 450 CE, winter temperatures are constantly lower. Highest temper-
atures during this interval occurred around 950 CE concomitant with the
Medieval Warm Period.

These phases can be paralleled to changes in records of late Holocene summer
monsoon intensity. Frequency analysis revealed that winter monsoon intensity
was modulated on decadal-scale periodicities that are known from proxy records
of Indian summer monsoon and interpreted to be solar irradiance forcing. An
inverse relationship of winter and summer monsoon intensity during the last
two millennia is indicated by simultaneous prominent phase shifts, but is not

persistent during the last 400 years.
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Abstract

The Indian summer monsoon (ISM) brings most of the annual precipitation to
the densely populated region in southern Asia. It is therefore vital to assess the
variability of the monsoon system on societal relevant decadal- to centennial
time scales, which might help to better understand how potential driving forces
might be controlling it. Here we present a study of a sediment core from the
northern Oman margin, revealing early- to mid Holocene ISM conditions on a
near 20-year resolution. We assess multiple independent proxies indicative of sea
surface temperatures (SST) during the upwelling season together with bottom
water conditions during the early- to mid Holocene epoch. We use geochemical
parameters, transfer functions of planktic foraminiferal assemblages and Mg/Ca
paleothermometry and find evidence corroborating previous studies that up-
welling intensity varies significantly in coherence to solar sunspot cycles. The
dominant ~80-90-year Gleissberg cycle was apparently also affecting bottom water
oxygen conditions. Although the interval from 8.4 to 5.8 ka B.P. is relatively short,
the gradually decreasing trend of summer monsoon conditions was interrupted
by short events of intensified ISM conditions. Results from both independent SST
proxies are linked to phases of weaker OMZ conditions and enhanced carbonate
preservation. This indicates that surface water properties were the main driver for

bottom water conditions and state of the OMZ on decadal time scales.

Introduction

The Indian summer monsoon (ISM) is the dominant driver for intraseasonal
changes of wind directions and precipitation patterns in one of the world’s most
densely populated regions. To precisely determine possible changes under climatic
conditions in response to anthropogenic impact, it is vital to understand how
ISM variability is modulated on societal relevant decadal- to centennial time
scales. In comparison to modern times, the early- to mid Holocene is marked
by different orbital configurations, affecting Northern Hemisphere insolation
(Berger, 1978a) and monsoon circulations (Kutzbach and Street-Perrott, 1985). This
period was marked by a steep decline of solar insolation changes whilst climatic
conditions were largely unaffected by human induced greenhouse gas emissions.
Furthermore, climatic conditions during the early- to mid-Holocene have been
attributed to cultural and societal turnover in Africa (Kuper and Kropelin, 2006)
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and Mesopotamia (Kennett and Kennett, 2007).

Monsoonal winds develop when summer (July to September) heating over the
continent forms a low-pressure zone over continental Asia, which then interacts
with the high-pressure zone over the southern Indian Ocean and drives strong,
moisture-laden southwesterly winds. Along the eastern coast off Somalia and
Oman, the alongshore winds induce coastal upwelling of cold and nutrient-rich
deeper water layers, which cool surface water temperatures and fuel biological
productivity within the euphotic zone (Findlater, 1969; Wyrtki, 1973). Below the
photic zone, remineralisation of sinking organic matter consumes oxygen, which
leads in combination with the lateral supply of low-oxygenated intermediate water
masses (You and Tomczak, 1993), to the formation of a pronounced mid-depth
oxygen minimum zone (OMZ). Upwelling and OMZ intensity, together with the
biological uptake/release of carbon dioxide (CO;), nitrous oxide (N;O) and other
greenhouse gases from/into the atmosphere (Farias et al., 2009; Paulmier et al.,
2011; Ward et al., 2009), play a critical role for the global climate system.

Quantitative reconstructions of upwelling intensity have the advantage of be-
ing directly related to wind strength and thus ISM intensity (Murtugudde et
al., 2007). Numerous studies attempted to quantitatively reconstruct sea sur-
face temperatures (SST) in the northwestern Arabian Sea to study changes in
upwelling intensity and thus ISM intensity (Anand et al., 2008; Clemens et al.,
1991; Dahl and Oppo, 2006; Emeis et al., 1995; Godad et al., 2011; Huguet et al.,
2006; Naidu and Malmgren, 1996). Accordingly, ISM variations are modulated
by Northern Hemisphere summer insolation changes controlled by orbital pa-
rameters of the earths’ precessional cycle. However, previous reconstructions did
not resolve SST variations on societal relevant decadal- to centennial timescales.
Here, we present a high-resolution study of early- to mid Holocene ISM vari-
ability based on a multi-proxy study comprising of SST fluctuations and OMZ
intensity. Reconstructions are based on a comparison of Mg/Ca measurements
of the upwelling-related species Globigerina bulloides and on transfer functions
based on planktic foraminiferal (PF) census counts. To this end we first evaluate
species response to potential ecological driving parameters and convert fossil
assemblage counts of summer SST using a regionally validated transfer function
(Munz et al., 2015). We test the ecological importance and statistical significance of
the reconstructions and evaluate summer SST variability in comparison to other

proxy records. We further assess the influence of surface parameters, upwelling
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SST and primary productivity, on variations of OMZ intensity and deep-water

carbonate preservation.

Modern oceanographic setting

Hydrographic conditions in the Arabian Sea today are dominated by the seasonal
monsoon cycle. During boreal summer (June-September), strong southwestern
monsoonal winds drive surface currents in the western Arabian Sea, the East
Arabian Current as the northward extension of the Somali Current, promoting
an overall anti-cyclonic circulation pattern (Shetye et al., 1994; Tomczak and
Godfrey, 1994). The alongshore surface currents induce an offshore-directed
deflection of surface waters and upwelling of deeper, cold and nutrient-rich
subsurface waters through the process of Ekman-pumping. During boreal winter
(December-March), weaker, dry and cold northeasterly winds (IWM; Indian Winter
Monsoon) lead to increased surface water cooling and evaporation, especially in
the northeastern part of the basin, where it enables deep convective mixing and a
second productivity peak during winter (Madhupratap et al., 1996; Schulz et al.,
2002).

Enhanced nutrient availability during summer upwelling nourishes primary pro-
ductivity within the photic zone near the Somali- and Omani coast. This promotes
OMZ conditions at intermediate water levels (~100-1000 m) (Figure IV.1). The
water masses in the Arabian Sea are derived from several major sources. High
evaporation leads to highly saline surface water, which is therefore often named
Arabian Sea High Salinity Water — ASHSW (Prasanna Kumar and Prasad, 1999;
Shetye et al., 1994). Thermocline waters are mainly sourced by an intermediate
water mass (500-1500 m water depth) that originates in the central Indian Ocean
(Indian Ocean Central Water, [OCW) as a mixture of Antarctic Intermediate Water
(AAIW) and Indonesian Intermediate Water (IIW) (Emery and Meincke, 1986; You,
1998). Although these waters have a relatively low pre-formed oxygen saturation
when they arrive in the Arabian Sea, the Subantarctic Mode and Antarctic Interme-
diate Waters (SAMW-AAIW) exert a strong influence on the OMZ of the Arabian
Sea (Boning and Bard, 2009). Additionally, intermediate waters are sourced by
the inflow of highly saline waters forming through excess evaporation over pre-
cipitation in the Persian Gulf and Red Sea. This leads to the formation of high
salinity subsurface waters and subduction under less saline waters after entering

the Arabian Sea. The Persian Gulf Water (PGW) shows a pronounced salinity
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maximum at 200400 m water depth, whereas the Red Sea Water (RSW) has an
equilibrium depth of 500m at its maximum northward extent at ~18°N (Shetye
et al., 1994). Although the PGW is a relatively young water mass and originates
from a closer source region compared to the other intermediate water masses,

the high-salinity tongue of modern PGW increases the oxygen concentration at
mid-depth by less than 0.5 ml/1 (Figure IV.1).
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Figure IV.1: Map of the Arabian Sea, showing the location of core SL163 (red cross) at
the northern Oman Margin (21°55.97'N; 059°48.15’E) in 650 m water depth. White
contour lines refer to the summer (July to September) sea surface temperature (SST)
in 10 m water depth. Color shading indicates oxygen saturation (%) in 650 m water
depth, indicating a strong oxygen deficiency in the modern depth of the sampled
sediment core. SST (Locarnini et al., 2010) and oxygen saturation data (Garcia et al.,
2010) are from World Ocean Atlas 2009. Inset figure shows the depth profile of the
CTD data measured during cruise M74/1b at the station of core SL163. Grey shading
refers to the location of the modern oxygen minimum zone (OMZ). A subsurface
salinity maximum in 200-400m water depth indicates the location of Persian Gulf
Water (PGW).
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Material and methods

Samples and chronology

During R/V METEOR cruise M74 on Leg 1b in September 2007 (Bohrmann et al.,
2010), piston core SL163 recovered the uppermost 955 cm of the sedimentary
sequence from 650 m water depth within the central part of the present-day OMZ
(Figure IV.1) at the northern Oman Margin (21°55.97'N; 059°48.15’E). Multicorer
MC681 recovered the undisturbed uppermost 53 cm of near-surface sediments
at the same position. The sedimentary sequence from the intervals 1-56 cm of
core SL163 and 1-53 cm of MC681 is considerably different from the topmost
1 cm and the deeper intervals of SL163. From smear-slide analysis and scanning
electron microscopy the sediment can be described as faintly bioturbated, olive-
brown organic-rich diatomaceous nannofossil silty clay. The uppermost 1 cm from
both cores as well as the deposition below 56 cm of SL163 is described as olive
foraminiferal nannofossil ooze. Core SL163 was sampled in continuous 1-2.5 cm
intervals and for this study only samples from the foraminiferal nannofossil ooze
between 56cm and 400 cm of SL163 and the core top (0-1 cm) of MC681 were
investigated.

The age model of core SL163 and the core top sample of MC681 is based on
fourteen AMS C datings (Table IV.1), measured at Beta Analytics, Miami/USA
and the Leibniz Laboratory in Kiel /Germany. Datings of core SL163 were mostly
based on a monospecific analysis of handpicked individuals of Neogloboquadrina
dutertrei (Table IV.1). This species is commonly known to thrive at thermocline
depths (e.g., Fairbanks et al., 1982), but in the western Arabian Sea it shows a
shallow habitat within the upper 35 m of the water column (Peeters and Brummer,
2002). For two samples (52.5 cm and 58.5 cm) with insufficient foraminiferal
carbonate content, the bulk organic fraction was dated. To avoid a potential bias
introduced by dating different organic compounds that might have been produced
during different seasons or within different water masses, the core top sample of
MC681 was sampled twice using mixed planktic foraminifera and bulk organic
fraction. Both analyses yielded comparable results (Table IV.1), indicating a similar

synthesis and general comparability of both dating methods.

Radiocarbon dates were calibrated to calendar years using the MARINE13 cal-
ibration curve (Reimer et al., 2013) within the program clam ver. 2.2 (Blaauw,
2010) for the statistical software environment R ver. 3.2.1 (R Core Team, 2015).
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We assume a regional reservoir correction of AR = 231 + 31 years, which is the
weighted mean of the four closest (max. distance ~700 km) AR determination
points from the 14CHRONO Database (http:/ /calib.qub.ac.uk/marine/). Added
to the global marine reservoir age of 400 years, this correction factor is consistent
with the recent age of our undisturbed core top sample of MC681 (Table IV.1). An
age-depth model was then built for SL163 using a smooth spline regression with a
mixed effect model (10,000 iterations) within clam.

Planktic foraminiferal faunal analyses and transfer function approach

Samples were freeze-dried, washed with tap water over a 63 pm-screen, oven-
dried at 40 °C and dry-sieved into the size fractions 150-250 pm, 250-315 pm and
>315 pm. Planktic foraminifera (PF) were identified according to the taxonomic
framework of Bé and Hutson, (1977a), Bé, (1967), and Hemleben et al., (1989).
Following the procedure of Pflaumann et al., (1996), PF counts were conducted on
a sub-split of each size fraction that contained a minimum of 100 PF individuals,
yielding a summed fraction (>150um) to contain >300 identified PF individuals.
Relative species abundances were calculated on the summed fraction >150 pm
after multiplying each size fraction with the respective split factor. To evaluate the
secondary influence of calcite dissolution we calculated fragmentation indices fol-
lowing Le and Shackleton, (1992). The plankton to benthos ratio (%B, benthos) was
calculated following Arrhenius, (1952) as a proxy for surface water productivity.

Quantitative reconstructions from PF faunal abundances were based on a modern
calibration dataset of n = 603 surface samples spanning the Indian Ocean from
30°S to 25°N and 33 °E to 119 °E recently compiled by Munz et al., (2015). To
enhance the signal-to-noise ratio, rare species <0.5% average abundance were
removed from the calibration dataset prior to further analyses (Kucera et al., 2005),
which resulted in the exclusion of 16 rare species out of 33 taxa. The dataset was
then further subsampled to contain only samples most similar with the fossil
assemblages of core SL163. This removes noisy effects introduced by modern
samples covering ecological conditions outside the range of the fossil samples
(Kucera et al., 2005). We followed the approach presented in Munz et al., (2015)
and restricted the calibration dataset to samples that had the same range along the
tirst and second axis of a joint principal component analysis (using square-root
transformed species abundances to dampen the effect of a few dominant taxa)

together with the fossil dataset (Figure IV.2). The resulting subsampled dataset
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used for further analyses contained n = 96 modern surface samples.

Environmental gradient analysis was carried out on the 96 subsampled calibra-
tion samples using the package vegan ver 2.3-1 (Oksanen et al., 2015) for R .
An initial detrended correspondence analysis (DCA) revealed a short gradient
length (0.75 for the longest gradient on DCA axis 1), suggesting an ordination
method based on linear species response (Birks, 1998). Redundancy analysis
(RDA) was therefore chosen for the construction of an ordination model, to ex-
amine species response to several potential controlling environmental gradients.
Because of the extreme seasonality of surface water productivity owed to the
monsoonal circulation, four different approaches were used to assess modern
productivity values. Net primary productivity estimates from the Vertically
Generalized Production Model (VGPM), the Eppley-VGPM and the Carbon-
based Productivity Model (CbPM) were accessed through the Ocean Produc-
tivity Home Page (http://www.science.oregonstate.edu/ocean.productivity /).
Satellite-derived chlorophyll « measurements of SeaWiFS and Aqua MODIS sen-
sors averaged over the period 1998-2010 were obtained from NASA Ocean Biology
(http:/ /oceancolor.gsfc.nasa.gov/cms/). Sea surface salinity (SSS) and sea surface
temperature (SST) were extracted from the 10 m depth level of the World Ocean
Atlas 1998 (Conkright et al., 1998).

Transfer function analysis and statistical significance tests of the reconstructions
were performed with the R packages rioja ver 0.9-5 (Juggins, 2015) and palaeoSig
ver. 1.1-3 (Telford, 2015). We used two common techniques for paleoenvironmental
reconstructions, the Imbrie-and-Kipp method — IK (Imbrie and Kipp, 1971) and
weighted averaging partial least squares regression — WA-PLS (ter Braak and
Juggins, 1993) to reconstruct SST from the fossil samples. The number of factors
to extract for IK was based on the Kaiser-Guttman criterion, the Parallel Analysis
after Horn, (1965) and the analysis of optimal coordinates (reviewed by Courtney
and Gordon, 2013). WA-PLS model complexity was evaluated from the model
of lowest root mean squared error of prediction (RMSEP) using bootstrapping

cross-validation (n = 999 cycles).

Mg/Ca analyses and paleothermometry of G. bulloides

For Mg/Ca analyses approximately 30 individuals of G. bulloides were picked
from the size fraction 250-315pm, gently crushed between two glass plates un-
der the microscope to open the chambers and cleaned following the protocol of
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Figure IV.2: Scatterplot of the joint principal component analysis (PCA) of n = 603
modern calibration samples (blue triangles) and fossil downcore samples of SL163
(red crosses). The variance of the first and second PCA axis is indicated. N = 96
modern samples within the red polygon are most similar to the fossil samples along
the first and second PCA axis, and were used for the calibration of transfer functions.
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Barker et al., (2003). Trace elemental measurements were performed with an induc-
tively coupled plasma optical emission spectrometer (ICP-OES) using an Agilent
Technologies 700 Series with autosampler ASX-520 Cetac and micro-nebulizer
at the MARUM-Center for Marine Environmental Sciences, University of Bre-
men/Germany. Precision of ICP-OES measurements was determined using an
in-house standard with a Mg/Ca ratio of 2.93 mmol/mol after every five samples.
The average relative standard deviation from n = 55 measurements was 0.155%
(Ic = 0.005). As a standard reference material, we analysed the international
limestone standard ECRM752-1 with an Mg/Ca ratio of 3.75 mmol/mol (Greaves
et al., 2008) prior to every batch of 50 samples. In addition, an in-house standard
solution with a Mg/Ca of 2.93 mmol/mol was measured after every five samples.
Average Mg/Ca values over all ECRM752-1 measurements was 3.714 (n = 8;
1o = 0.041). Three replicate measurements of every sample were used to estimate
analytical precision and yielded an average relative standard deviation of 0.068%
(n = 702 measurements, 1o = 0.004). To estimate SST from Mg/Ca we used the
species-specific calibration equation T = 1/0.102 x LN(Mg/Ca/0.528) published
by Elderfield and Ganssen, (2000) for G. bulloides. This Mg/Ca-temperature rela-
tionship was previously used for calibrating Mg/Ca measurements of G. bulloides
in the Arabian Sea (Anand et al., 2008; Ganssen et al., 2011).

Samples were screened for a potential contamination by iron-manganese coatings
and clay minerals not successfully removed by the cleaning technique (Barker
et al., 2003). Ten out of 142 samples showed Fe/Ca or Mn/Ca values of more than
0.1 mmol/mol and were excluded prior to further analyses. Paleotemperature
estimates based on trace elemental concentrations in foraminiferal calcite can
potentially suffer from post-depositional dissolution and preferential removal
of more solution susceptible Mg-rich calcite (e.g., Brown and Elderfield, 1996;
Dekens et al., 2002). We therefore tested a systematic dissolution bias of samples
from core SL163 using a cross correlation of Mg/Ca ratios and the fragmentation
index of Le and Shackleton, (1992). If Mg/Ca measurements were affected by
carbonate dissolution, a strong negative relationship between Mg/Ca ratios and
fragmentation indices would be expected, which is not the case for our samples
(r = —0.07, p = 0.43). Furthermore, the presence of pteropods suggests that
carbonate dissolution did not systematically alter Mg/Ca-ratios.
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Bulk geochemical analyses

Bulk geochemical analyses of the sediment were performed on average every 5 cm
with X-ray fluorescence (XRF). Concentrations of manganese (Mn) and vanadium
(V) were quantitatively analysed as an indicator for bottom water redox condi-
tions and state of the OMZ. After fusion of the samples with lithium metaborate
at 1200 °C for 20 minutes (sample/LiBO; = 1/5) samples were measured using
Philips PW 2400 and PW 1480 wavelength dispersive spectrometers at the Federal
Institute for Geosciences and Natural Resources, Hannover/Germany. Instrumen-
tal precision of the results was controlled with certified reference materials (CRM)
(i.e., BCR, Community Bureau of Reference, Brussels). The precision for major
elements was generally better than +0.5% and better than 5% for trace elements.
Biogenic opal was determined photometrically after wet alkaline extraction of
biogenic silica (BSi) using a modification of the DeMaster method (DeMaster,
1981). About 30 g dry sediment per sample was digested in 40 mL of 1% sodium
carbonate solution (Na;CO3) in a shaking bath at 85 °C. After treatment with 0.021
M HC], the neutralized supernatant was analyzed after 3, 4 and 5 hours and the
amount of BSi was estimated from the linear intercept through the time course
aliquots. This slope correction was used to prevent an overestimation of BSi by
dissolution of clay minerals at low BSi concentrations (Conley, 1998). Biogenic
opal was determined by multiplying the BSi concentrations with a factor of 2.4. A

mean standard deviation of 0.13% was determined by duplicate measurements.

Spectral analyses

Spectral analyses on the proxy records from planktic foraminiferal transfer func-
tions, Mg/Ca-SST and OMZ intensity with the multi-taper method (MTM;

Mann and Lees, 1996) were computed with the SpectraWorks software kSpec-
tra©ver. 3.4.5 and a red noise null hypothesis (Ghil et al., 2002) using the default
setting of p = 2 and K = 3 tapers. A cross wavelet transform (XWT; Grind-
sted et al., 2004) of both temperature proxy time series was calculated with the
biwavelet package ver. 0.17.10 for R. MTM and XWT analyses were conducted on
trend-removed time series interpolated to regular average sample spacings using
piecewise cubic polynomial interpolation (function "pchip” of the signal package
ver. 0.7-6 for R). To estimate a linear relationship of the low-frequency signals
between the differently spaced time series, a new common time axis was produced

where signals were consecutively averaged into 60-year long bins with a 20-year
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overlap.

Results

Age control

Table IV.1: Samples for radiocarbon dating with the organic compound used, dating
results and calibrated ages using the MARINE13 calibration curve (Reimer et al.,
2013) and a reservoir correction of AR = 231 & 31years. Analyses were conducted at

Beta Analytics in Miami/FL, U.S.A. (Beta) and the Leibniz Laboratory in Kiel,

Germany (KIA).
Sample Depth  Conventional 0BC [ cal. min  cal. max
Lab Code Core Type (cm) 14C age Error  (%o) (95%) (95%)
(years)

Beta342813 | MC681 | mixed PF 1 650 30 2.4

Beta342812 | MC681 bulk org. 1 630 30 -20.4

Beta346603 | SL163 bulk org. 52.5 2100 30 -19.4 1329 1505
Beta346604 | SL163 bulk org. 58.5 5740 30 -193 5788 5973
KIA47119 SL163 | N. dutertrei  77.75 5760 30 +0.24 5841 5987
Beta319751 | SL163 | N. dutertrei 141.25 5990 30 -0.5 6095 6266
Beta319752 | SL163 | N. dutertrei 193.75 6350 40 +0.5 6436 6646
KIA47120 SL163 | N. dutertrei 252.75 6715 35 +0.48 6878 7114
Beta319753 | SL163 | N. dutertrei 278.75 6670 40 +0.8 6790 7043
Beta319754 | SL163 | N. dutertrei  295.0 7030 40 +0.3 7246 7407
Beta319755 | SL163 | N. dutertrei 326.25 6990 40 +0.4 7193 7386
KIA47121 SL163 | N. dutertrei 353.75 7420 40 +1.59 7568 7737
KIA47122 SL163 | N. dutertrei  392.5 8090 40 4142 8211 8396
Beta319756 | SL163 | N. dutertrei  395.0 8090 40 +0.8 8211 8396
Beta342816 | SL163 | N. dutertrei  417.5 8500 40 0.4 8647 8957

mixed PF=mixed planktic foraminifera; bulk org.=bulk organic fraction

The 1-2.5 cm sample spacing yielded an average temporal sampling distance

of ~19 years over the entire interval. We observed two samples where the age-

depth relationship is reversed within the lower half of the core (Figure IV.3).

However, the maximum age deviation is lower than the 2¢ probability of both

dating points, enabling to fit a smooth spline model with continuous deposition

rates and continuously increasing ages. The sharp lithofacies change at 56 cm core

depth is marked by a sedimentation hiatus of ~3600 years (Table IV.1). Based on

the accumulation rates above and below the unconformity, this corresponds to

a thickness of the missing sedimentary sequence of ~1.5 m. One possible reason

for this might be that the high water content of the organic-rich diatomaceous

nannofossil silty clay deposited above the foraminiferal nannofossil ooze led to

gravitational instability at the steeply inclined northern Oman margin.
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Figure IV.3: Age-depth relationship of the early- to mid Holocene section of core
SL.163 (55-400 cm). Blue areas indicate the conventional 4C calibrated ages, the black
line indicates the interpolation between the dated samples using a smooth spline fit
and the 95% confidence level (grey shading).

PF faunal analyses of core SL163 and paleothermometry

A total of 29 PF morphospecies were identified in core SL163, whereof six species
showed a total average abundance of >5% (Figure IV.4). The overall PF fauna
is dominated by Globigerina bulloides (39.2%), followed by Globigerinita glutinata
(11.5%), Globigerinoides ruber (11.2%), Globigerina falconensis (9.2%), Globigerinoides
sacculifer (8.3%) and Globigerinella siphonifera (7.4%). Core top studies (Bé and
Hutson, 1977b; Hutson and Prell, 1980; Prell and Curry, 1981), plankton tow casts
(Peeters and Brummer, 2002) and sediment trap studies (Conan et al., 2002; Conan
and Brummer, 2000; Curry et al., 1992; Mohan et al., 2006) in the Arabian Sea
indicate that G. bulloides is the dominant species during upwelling season. Relative
abundances of G. bulloides were used in a number of studies to express upwelling
and ISM intensity (Anderson et al., 2002; Gupta et al., 2005; Naidu and Malmgren,
1996). The very high numbers of G. bulloides throughout the studied interval of
core SL163 suggests highly elevated primary productivity during the early- to mid
Holocene summer upwelling at this station.
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Figure I'V.4: Time series of the six most common planktic foraminiferal species (>5%
average abundance) and Mg/Ca measurements of G. bulloides from the studied
interval in core SL163. Dashed lines are the real data, thick solid lines give the 3-pt
running average.
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Modern surface water properties and plankton productivity at the northern Oman
margin are dominated by the seasonal upwelling during boreal summer. Because
PF assemblages are dominated by species produced during the upwelling season
(Curry et al., 1992), we investigated the environmental control on the PF fauna
during summer (July to September; J-A-S). RDA results indicate, that summer
SST correlates best with the first RDA axis and is the strongest determinant in the
explanation of PF assemblages among the investigated parameters (Table IV.2).
Transfer functions were therefore calibrated to summer SST.

Table IV.2: Results of the redundancy analysis of the adjusted calibration dataset.
Highest correlation with RDA1 axis and highest explanation of the PF assemblage
variance is shown by temperature (bold numbers).

RDA1 RDA2 RDA3
Eigenvalue 1.763 0.185 0.097
Cumulative proportion Captured variance
variance explained (%) | 35.9  39.6  41.6 of species data Proportion (%)
Correlation
Temperature -0.93 -0.07 0.15 1.55 31.5
Salinity -0.87 047 -0.05 0.24 5.0
Eppley-VGPM 0.33 0.75 0.26 0.19 4.0
uCbPM -0.02 -0.65 0.32 0.07 15
Chlorophyll « 0.39 036 -0.18 0.05 1.0

VGPM=Vertical Generalized Production Models; uCbPM=updated Carbon-based Production Model.

The three methods used for determining the factor numbers to retain for the IK
transfer function approach suggested a number of n = 4 factors. For WA-PLS, a
two component model showed best model performance (1> = 0.65) and lowest
cross-validated error estimates (RMSEP = 0.95°C). Performance estimates for
both methods are given in Table IV.3. Statistical significance of the reconstructions
was tested using a novel method of random forest reconstructions (Telford and
Birks, 2011). The analysis shows that summer SST can be reconstructed from
fossil PF assemblages of core SL163 with a high statistical significance (Table IV.3;
Figure IV.5). Reconstructed summer SST from both techniques (IK and WA-PLS)
show a high linearity (r = 0.82; p < 2.2E — 16), indicating a low model-specific bias
(Kucera et al., 2005). The resulting consensus of reconstructed summer SST from
the transfer function techniques ranges between 23.3 °C and 25.8 °C (Figure IV.6b).
Compared to modern summer (J-A-S) SST (10 m depth interval), which is 25.8 °C at
this station (Conkright et al., 1998), reconstructed early- to mid Holocene summer
SST are thus <2.5°C colder.

Measured Mg/Ca values range between 3.9 mmol/mol and 7.3 mmol/mol (Fig-
ure IV.4), corresponding to water temperatures ranging from 19.6 °C to 25.7 °C.



161

The Mg/Ca value of 6.66 mmol/mol of the core top sample at this station (MC681)
yields SST estimates (T = 24.85 °C) close to modern summer SST of the upper 50 m
of the water column (WOA1998 = 24.81 °C), indicating that the calibration equa-
tion of Elderfield and Ganssen, (2000) is applicable to the Mg/Ca—temperature
dependence of G. bulloides at the northern Oman margin.

Proxies of OMZ conditions and carbonate preservation

Trace-element distributions of manganese (Mn) and vanadium (V) were used as
an indicator for bottom water redox conditions and state of the OMZ, following
(Tribovillard et al., 2006). The values were expressed as enrichment to average
shale (Wedepohl, 1971). V is enriched throughout the studied interval and enrich-
ment relative to average shale ranges from 1.0 to 1.7. With average values of 0.92,
Mn is mostly depleted except for four short phases centered at 6.0, 6.3, 7.2 and
8.4 ka B.P. (Figure IV.6g). The concentration of pteropod fragments ranges from 0
(pteropod-barren) to 5.2x10° numbers per gram dry weight and PF fragmentation
ranges between 0.1% and 12.2% (Le and Shackleton, 1992).

Table IV.3: Cross-validated root mean squared error of prediction (RMSEP) as
absolute values and relative to the range of the target variable, as well as the
coefficient of determination. The results of the significance analysis after Telford and
Birks, (2011) from both transfer function methods are given, p indicates the statistical
significance against the null distribution of 999 random reconstructions.

RMSEP RMSEP (% of R?
target range SST p = Eppley-VGPM p =
Imbrie-Kipp 0.92 15.72 0.67 0.015 0.758
WA-PLS 0.95 16.20 0.65 0.007 0.160

WA-PLS=weighted averaging partial least squares method.
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Figure IV.5: Results of the significance test of assemblage-based paleoenvironmental
reconstructions using the R package palaeoSig (Telford, 2015). The null distribution is
produced by generating 999 random environmental variables and reconstruct these
variables from PF assemblages of core SL163 using (a) the Imbrie-and-Kipp method
(IK) and (b) the weighted averaging partial least squares (WA-PLS) method. Grey
shaded histograms indicate the amount of variance of the fossil data explained by the
999 random environmental variables, whereas the black vertical lines indicate the
variance explained by the reconstruction of summer productivity (VGPM) and
summer SST with the respective method. The red dashed line represents the 95"
percentile of the null distribution, the black dashed line the variance explained by the
first RDA axis. Thus, the proportion of variance explained by the IK method for the
reconstruction of summer SST from the fossil dataset is higher than 95% (p = 0.015)
of reconstructions of 999 random environmental variables. The summer SST
reconstruction from the WA-PLS method is higher than 99% of the random
reconstructions (p = 0.007). The VGPM-based reconstruction of summer surface
primary productivity is not significant (IK: p = 0.76; WA-PLS: p = 0.16).

Discussion

Interpretation of the two independent planktic foraminiferal SST proxies

A direct comparison of the Mg/Ca-SST of G. bulloides and assemblage-based
(consensus of IK and WA-PLS) summer SST reveals no linear relationship (r = 0.02,
p = 0.91), although the binned time series show a weak positive linearity (r = 0.24,
p < 0.06). This indicates that the low frequency signals of both time series are
linearly related. Furthermore, the time series of both proxy records reveal a
common trend of overall increasing temperatures over the record (Figure IV.6a-b)



163

and are coherent on a wide range of frequencies. Significant (>95% confidence)
coherence was found on ~1300, ~110 and ~60 year periods, as well as on ~150,
~90 and ~40 year periods (>99% confidence). Both SST records are thus in good
general agreement, but Mg/Ca SST are on average 2.3 °C colder. This relative
offset of the SST reconstructions might be attributed to timing differences during
the recording of the respective proxy signal. G. bulloides is interpreted to carry
the upwelling signal during peak production of this species (Anand et al., 2008;
Peeters et al., 2002). Highest flux rates of G. bulloides are found from May to
October, but with a clear maximum from late July to September (Conan and
Brummer, 2000; Curry et al., 1992; Peeters et al., 2002). Furthermore, several
studies in the Arabian Sea (Friedrich et al., 2012; Peeters et al., 2002; Schiebel
et al.,, 2004) and in the Java upwelling region (Mohtadi et al., 2011) indicate
that G. bulloides thrives in coastal upwelling areas mostly within the mixed-layer
and upper thermocline waters in the uppermost 50-60 m of the water column.
Assemblage-based SST reconstructions are calibrated to the 10 m depth level of
summer temperatures. We therefore interpret Mg/Ca values of G. bulloides to
represent calcification temperatures of mixed-layer and upper thermocline waters
during peak production of the late summer upwelling and assemblage-based SST
reconstructions to represent a shallower SST average from July to September.

Evidence for early- to mid Holocene monsoon variability

The range of reconstructed water temperatures of 6.1 °C from Mg/Ca measure-
ments of G. bulloides suggests that upwelling temperatures at the northern Oman
Margin fluctuated strongly and rapidly during the relatively short interval of
the early- to mid Holocene covered by SL163. The amplitude of temperature
fluctuations recorded by G. bulloides is approximately twice as high compared to
oxygen isotope temperatures of the same species at the Somali Margin during
the early Holocene (Jung et al., 2002). Consistently low SST suggest upwelling
and ISM intensity was strongest during the intervals ~7.5-8.1 ka, followed by
events around ~7.0-7.3 and 6.1 ka B.P. (Figure IV.6a). Weaker ISM conditions are
reflected by warmer-than-average SST values around 6, 6.5-6.9, 7.4 and 8.2 ka B..
Supporting evidence for decreased ISM intensity during these intervals comes
from a stalagmite record from the nearby Hoti and Qunf caves (Figure IV.6i-j),
indicating low monsoonal precipitation around 6.3, 7.4 and 8.3 ka BP (Fleitmann
etal., 2007; Neff et al., 2001). Records from the Arabian Sea revealed, that strongest
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ISM conditions occurred during the early Holocene around 8-11 ka B.P. (Gupta
et al., 2003; Staubwasser et al., 2002; Thamban et al., 2007), followed by a grad-
ual weakening around 7 ka B.P, which is concomitant with the time period of
relatively warm assemblage-based SST. However, the overall trend in our record
is not consistent and rather indicates that gradual weakening of ISM conditions

established as early as 8 ka B.P.
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Figure IV.6: Time series of reconstructed SST from (a) the Mg/Ca ratio of G. bulloides
(blue) indicating upwelling SST and (b) the consensus from the assemblage-based
transfer function methods, IK and WA-PLS (red) indicating average summer SST
(July-September). Thin lines represent real data, thick dashed lines the 3-pt running
averages. Relative abundance of G. bulloides from ODP site 723A from Gupta et al.,
(2005) (c) and SL163 (d), together with biogenic opal content (e), indicates phases of
increased surface water productivity. Aragonite preservation is indicated by the
concentration of pteropod fragments (f), bottom-water oxygen conditions and state of
the oxygen minimum zone (OMZ) is shown with relative enrichment or depletion of
manganese (g) and vanadium (h). Note the inverse relationship of both elements, as
explained in the text. Stable oxygen isotopes of (i) Qunf cave (Fleitmann et al., 2007)
and (j) Hoti cave stalagmites (Neff et al., 2001) expressing precipitation in Oman.
Vertical solid green bars indicate periods of low biogenic opal content, concomitant
with decreased OMZ intensity and increased aragonite preservation. Error bars for (a)
were calculated by propagating the errors introduced by the Mg/Ca measurements
and the Mg/Ca-temperature calibration (Gaussian error propagation, see Mohtadi
et al., 2014). Grey shading gives the uncertainty estimates for the transfer functions in
(b), based on the sample specific root mean square error of prediction (RMSEP) using
bootstrapping cross-validation.

MTM analysis revealed statistically significant periodicities of assemblage-based
summer SST at ~1300 and 75-95 years per cycle (Figure IV.7a). Mg/Ca-SST
of G. bulloides are modulated on frequencies at 110-130, 80-90 and ~40 years
(Figure IV.7b). The longer ~110-130 year cycle was previously found in a number
of records from the Asian monsoon realm (Berger and Rad, 2002; Dykoski et al.,
2005; Gupta et al., 2005) and is close to the 132-year sunspot cycle previously
identified to be modulating the Oman upwelling system during the Holocene
(Gupta et al., 2005). The ~80-90-year cycle has been observed in several studies
of ISM variability (Dykoski et al., 2005; Fleitmann et al., 2003; Gupta et al., 2005;
Neff et al., 2001) and was interpreted to be most likely influenced by the 88-year
solar Gleissberg cycle. We tested a possible solar component on the decadal-scale
forcing of our SST records by evaluating the coherence of both time series with
the record of reconstructed sunspot numbers (Solanki et al., 2004). The coherence
pattern reveals, that both SST records and sunspot numbers are coherent on a wide
range of periodicities (630, 190-230, 160, 110-130, 80-90, ~70, ~50 and ~40- years
per cycle, Fig. 6d and e). This observation further strengthens the hypothesis, that
ISM variability is not only controlled by orbital forcing, indicated by the long-term

trend of warming temperatures, but also by solar forcing.
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Figure IV.7: Results of the MTM spectral analysis show the frequency distribution
and identified significant periodicities of the (a) assemblage-based SST record, (b) the
SST record using Mg/ Ca ratios of G. bulloides and (c) the Mn/ Al ratio as a proxy for
OMZ conditions. Black lines indicate 90% and 95% significance levels against red
noise. Cross-spectral coherence of both SST records (d and e) with the record of
sunspot numbers (Solanki et al., 2004) indicates that both records significantly covary
on a wide range of frequencies. All time series were trend-removed prior to the
analyses.

Carbonate preservation and bottom water redox conditions

In order to study the interplay of ISM intensity and OMZ fluctuations, we com-
pared our new multi-proxy reconstruction of summer SST to OMZ reconstructions
of Boll, (2015). This study previously evaluated ISM intensity and OMZ conditions
during the deposition of SL163 in a spatial context using alkenone-derived annual
mean SST, stable nitrogen isotopes and published OMZ reconstructions, conclud-
ing that changes of OMZ intensity were linked to variability of intermediate water
ventilation and monsoon strength. Our new multi-proxy records primarily re-
sponding to summer upwelling conditions enables to study the interplay of ISM
intensity and OMZ fluctuations during the early- to mid Holocene in more detail.
Under oxic bottom-water conditions, Mn is precipitated as Mn oxy-hydroxides,
which is reduced to soluble Mn%* under suboxic conditions (Boning et al., 2004;
Calvert et al., 1996; Calvert and Pedersen, 1993; Schnetger et al., 2000). Mn is
mostly depleted in core SL163, indicating Mn-loss through the OMZ, except for
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three short intervals of Mn enrichment centered at ~6.0, 6.3 and 7.2 ka B.P,, as well
as from 8.3 ka B.P. to the end of the record (Figure IV.6g). This finding is partly
contradictory to Boll, (2015) who found increased denitrification indicating more
intense OMZ conditions during the intervals 5.9, 6.1, 6.4 and 7.2 ka B.P. (based
on the same age model). V is precipitated under anoxic conditions (Emerson
and Huested, 1991) and constant enrichment values between 1.0 and 1.7 relative
to average shale, however, indicate permanent anoxic bottom water conditions
during the deposition of core SL163.
Carbonate preservation was assessed by PF fragmentation indices and the abun-
dance of pteropod fragments in the sieve fraction >150pm. Pteropod shells pri-
marily consist of aragonite, the less stable polymorph of calcium carbonate as
compared to calcite (Morse et al., 1980). In the northern Arabian Sea, arago-
nite has a modern compensation depth (ACD) of ~500 m (Berger, 1978b; Boning
and Bard, 2009) and a lysocline at ~1km water depth (Boning and Bard, 2009),
thus approximately 350 m below the station of core SL163. However, in high-
productivity environments supra-lysoclinal dissolution can occur well above this
depth, induced by respiration of organic matter and metabolic release of CO, (e.g.,
Milliman et al., 1999). Thus, enhanced pteropod preservation indicates either
ACD deepening (Reichart et al., 2002) or less supra-lysoclinal dissolution due to
decreased production of organic matter. Phases of increased concentrations of
pteropod fragments are linked to the short intervals of slightly enriched Mn values
(Figure IV.6f-g). This indicates short phases of less corrosive bottom waters due to
potentially weaker OMZ conditions. Furthermore, the variability of Mn/Al values
(expressed as Mn enrichment) is modulated on dominant ~170- and ~310-year
cycles (Figure IV.7c), which is approximately half (170) and one fourth (340) of the
~80-90-year frequency of the Gleissberg cycle. This suggests that bottom water
oxygenation state is modulated on the same frequencies as SST variability and
upwelling intensity.
The intervals of increased pteropod concentration and lower OMZ intensity at
~6, 6.3, 7.2 and 8.3-8.5 ka B.P. are linked to intervals of low biogenic opal and
thus occurred when surface water productivity was diminished. The former three
of these intervals also correspond to low abundances of the upwelling indicator
species G. bulloides (Figure IV.4), but during the latter interval at 8.3-8.5 ka B.P. G.
bulloides abundances are high (>45%). In addition, Mg/Ca measurements of G.
bulloides at 8.3 ka B.P. are >7 mmol/mol and inferred SST are >25.5°C. A similar

feature of a very short warm excursion of Mg/Ca temperatures from G. bulloides
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Figure IV.8: Cross wavelet transform (XWT) of the trend-removed Mg/Ca-based and
assemblage-based SST time series. The 5% significance level is shown as thick
contours. Relative phasing of both records is indicated by arrows. Arrows within the
significant intervals pointing mostly upwards, which indicates a consistent
phase-shift of both records by 90° or 270°, respectively, of assemblage-based SST
relative to Mg/Ca-based SST. The cone of influence, where edge artefacts might be
introduced, is indicated by white shading.

with concomitantly high abundances of this species around 8 ka B.P. was observed
by Anand et al., (2008) in their record from the Somali upwelling system.

Cross wavelet transform (XWT) reveals three distinct intervals, two in the ~40-90-
year band (6-6.2, 7.2-7.6 ka B.P.) and one in the ~110-130-year band (8.1-8.4 ka B.p),
where both records show significant common power (Figure IV.8). The intervals
correspond well to the phases of enhanced pteropod preservation and lower
OMZ intensity. The cross wavelet phase angle of XWT further indicates that both
SST records are phase-shifted during these intervals. The arrows in Figure IV.8
within the significant areas are pointing mostly upwards, which indicates either
that assemblage-based SST are leading Mg/Ca-SST by /2, i.e. 90°, or that
assemblage-based SST are lagging Mg/Ca-SST by 371/2, i.e. 270°. Although
these phases are relatively short-lived and both scenarios seem reasonable from
the visual comparison of the two SST time series, a systematic lead of faunal
SST reconstructions compared to alkenone-derived SST was previously found by
Cayre and Bard, (1999) in a study from the eastern Arabian Sea. However, their
study observed a delay of several ka, which was potentially produced by strong
productivity changes (Bard, 2001). It should be noted that the phase relationships
at the longer wavelength could be erroneous, as the behaviour is not consistent
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and partly truncated by edge effects below the cone of influence.

Several studies in the Arabian Sea indicate an alternating influence of different
water masses during the deglacial and early Holocene (Gupta et al., 2008; Jung
et al., 2001; Jung et al., 2009; Schmiedl and Leuschner, 2005; Zahn and Pedersen,
1991). The site of core SL163 is within the modern range of intermediate water
masses, that form a mixture of RSW, PGW and IOCW down to ~1500 m water
depth (Emery and Meincke, 1986; Shetye et al., 1994). During the last glacial stage,
the outflow from the two mediterranean basins connected to the Arabian Sea (Red
Sea and Persian Gulf) was highly suppressed due to lowering of the global sea
level potentially close to or even below the respective sill depths (Rohling and
Zachariasse, 1996). Gupta et al., (2008) discussed that ventilation changes at the
northern Oman Margin during the early Holocene are distant to RSW and more
likely attributed to an alternating contribution of NADW to the deeper water
masses. In comparison to their study site, our core site is further north, close to
the modern Ras-al-Hadd frontal zone, where PGW enters the Arabian Sea. At
the station of SL163, modern PGW reaches down to 400 m (Figure IV.1). During
phases of more restricted water exchange and increased evaporation, subsurface
salinities in the Gulf might have been higher, which could have enabled PGW to
reach the core site at deeper depth. However, the modern oxygen input of PGW
is very low and OMZ conditions at this depth are still fully hypoxic. Moreover,
the concomitant occurrence of high common cross wavelet power of the SST
records with less corrosive bottom waters indicates that deep water conditions
are instead linked to SST variations. This relationship might be derived from a
secondary effect of pH on Mg/Ca ratios (e.g., Lea et al., 1999). Phases of low
surface water productivity and increased carbonate preservation could have led
to a better preservation of Mg-rich calcite, shifting the SST estimates to warmer
values. Although a regression analysis of pteropod concentration and Mg/Ca
measurements (Figure IV.9) shows that a linear relationship is rather weak, it
suggests that SST and productivity variations are primarily controlling OMZ

conditions at decadal time scales.
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Figure IV.9: Cross plot showing the In transformed concentration of pteropods
(numbers/gram) and the Mg/Ca ratio of G. bulloides. A linear regression indicates,
although weak, a systematic relationship of higher pteropod concentration and
increased Mg/Ca ratios (r = 0.17, p = 0.06).

Conclusions

Among the environmental variables investigated, summer SST is primarily con-
trolling the underlying variability of PF assemblages from the NW Arabian Sea.
Statistically significant reconstructions of summer SST from PF assemblages and
Mg/Ca-SST from G. bulloides are colder than present summer temperatures, in-
dicating vigorous monsoonal winds and upwelling intensity during the early-
to mid Holocene. ISM conditions were generally strongest around 8 kaB.P. and
gradually decreased towards 5.8 kaB.P. The trend of weakening monsoon con-
ditions was interrupted by decadal-scale episodes of intensified ISM around ~7
and 6.2 kaB.P,, which is concomitant to pluvial episodes indicated by the Oman
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speleothem records. Summer SST fluctuations furthermore reveal, that upwelling
intensity was coupled to decadal- to centennial-scale sunspot cycles.

Low monsoonal conditions, indicated by warm upwelling and summer SST, as
well as enhanced surface water productivity, are associated with enhanced ptero-
pod preservation and weaker OMZ conditions. Enrichment of Manganese as a
proxy for bottom-water oxygenation varies on multiples of the dominant ~80-90-
year Gleissberg cycle, suggesting that upwelling intensity and OMZ conditions
are modulated by solar activity. We therefore conclude that, instead of interme-
diate water mass changes, surface water processes are the main driver of OMZ
conditions.
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