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Abstract

At present the Arabian Sea has a permanent oxygeimom zone (OMZ) at water depths
between about 100 m and 1200 m. Active denitrificain the upper part of the OMZ is
recorded by enhanceil®N values in the sediments. Sediment cores sh@i’N increase
during the mid- and late Holocene which is contri@ryhe trend in the other two regions of
water column denitrification in the Eastern Tropibrth and South Pacific. We calculated
composite sea surface temperature (SST)3arM ratios in time slices of 1000 years of the
last 25 ka to better understand the reasons foestablishment of the Arabian Sea OMZ and
its response to changes in the Asian monsoon systems™N values of 4-7 %o during the
last glacial maximum (LGM) and stadials (Youngey&s and Heinrich Events) suggest that
denitrification was inactive or weak during Ple#ae cold phases while warm interstadials
(IS) had elevated™N. Fast changes of upwelling intensities and OMAti@tion from the
Antarctic were responsible for these strong millehiscale variations during the glacial.
During the entire Holocen¥°N values >6 %o indicate a relatively stable OMZ wéthhanced
denitrification. The OMZ develops parallel with tegengthening of the SW monsoon and
monsoonal upwelling after the LGM. Despite the tretdy stable climatic conditions of the
Holocene thé™N records show regionally different trends in theian Sea. In the western
part of the basis™N are lower during mid- (4.2-8.2 ka BP) comparedate (<4.2 ka BP)
Holocene due to stronger ventilation of the OMZinlgithe period of most intense southwest
monsoonal upwelling. In contrast°N in the northern and eastern Arabian Sea rosegluri
the last 8 ka. The displacement of the core of @MZ from the region of maximum
productivity in the western Arabian Sea to its prégosition in the northeast was established
during the mid- and late Holocene. This was propablused by (i) reduced ventilation due to
a longer residence time of OMZ waters and (ii) aegted by rising oxygen consumption due

to enhanced northeast monsoon driven biologicadlymtvity. This concurs with results of
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the Kiel Climate Model which show an increase in Diblume during the last 9 ka related

to an increasing age of the OMZ water mass.
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1 Introduction

The marine nitrogen (N) cycle is highly dynamic doethe many chemical compounds of
reactive N and their rapid transformation procesg¢€sasciotti, 2016). Its feed-back
mechanisms are able to respond to external petionisa possibly stabilizing the marine
inventory of fixed N (Deutsch et al., 2004; Grub2008; Sigman et al., 2009). The range of
both oceanic N sources and sinks are still uncedaie to the poor data coverage of rate
measurements and the large uncertainties of therwaass ages. The estimates of total N
sources and sinks vary by factors of up to four irths been debated whether the recent
marine N cycle is in balance (Brandes and DevoQ22@odispoti, 2007; Codispoti et al.,
2001; Gruber, 2008; Gruber and Sarmiento, 1997)dé¥0 have constrained the major
oceanic N sinks (total water column and benthicitdépation) to 120-240 Tg N & and
brought them close to equilibrium with estimatesliaizotrophic dinitrogen (N) fixation, the
main oceanic N source (Deutsch et al., 2004; Deieal., 2013). New measurements have

at the same time led to higher global estimatds,dixation (Grosskopf et al., 2012).

A period of fundamental change of oceanic N cycliagong other element cycles) occurred
during the transition from the last glacial to tHelocene due to adjustment to changes in
wind forcing, ocean circulation, sea level, andrieat as well as trace metal supply from land
(Deutsch et al., 2004; Eugster et al., 2013). Tresent equilibrium was probably attained
only a few thousand years ago (Deutsch et al., 2B0gster et al., 2013). Understanding the
response of the N cycle to this complex reorgarunaits important to facilitate our present

understanding of N cycling on global as well asargl scales (Gruber and Galloway, 2008).

Sedimentary3'®N values integrate signals derived of N sources #rel fractionation
processes occurring during N cycling so tBaN records have to be carefully deciphered
(Altabet, 2006; Brahney et al., 2014; Nagel et2013). Locally, eolian and riverine N supply
can impact™N values in sediments (Kendall et al., 2007; Vasale 2006) but generally,

4
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sedimentary3'°N reflect the role of denitrification vs. ;Mixation in ocean basins.
Denitrification in the water column OMZ reducesraié in several steps to,NThese
reactions strongly discriminate against the he&iyisotopes so that the residual nitrate is
isotopically enriched t6*°N values above the oceanic average of 5 %o (Braatias, 1998;
Cline and Kaplan, 1975). Convective mixing and esply upwelling force nitrate-deficient
water masses to the surface, so that the enriéh®dl signal of nitrate is effectively
transported into the euphotic zone. After assifigitainto biomass by phytoplanktoffN-
enriched particulate matter sinks through the weddrmn to the seafloor where the signal of
denitrification and OMZ intensity is preserved hretsediments (Altabet et al., 1995; Gaye-
Haake et al., 2005; Naqvi et al., 1998; Suthhaflgt2001). The nitrogen deficit produced by
denitrification can be counteracted by-fikation from the atmosphere, which introduces
nitrogen with a3"°N only slightly lower than the atmospheric valueOdfo, as the process is

associated with little isotopic fractionation (Canger et al., 1997).

Sedimentarys*®N records show that during the glacial denitrificatwas less intense than
today (Galbraith et al., 2013). Models suggesbeilwith many uncertainties and unknowns
- that both denitrification and Nixation were lower during the glacial (Deutschagt 2004;
Eugster et al., 2013; Galbraith et al., 2013; Stima and Somes, 2016; Somes et al., 2017).
However, due to a stronger reduction of denitrtfaa than of N-fixation, total export
production was higher and increased the glaciahmiceN inventory by 10-50 % over that of
the Holocene, enhancing also the carbon storatieeincean (Deutsch et al., 2004; Eugster et
al., 2013; Schmittner and Somes, 2016; Somes,e2@i7). Distinct changes of sedimentary
8N values during deglaciation are interpreted ttentfthe major changes in the N inventory
(e.g. Galbraith et al., 2013). The decreasing sopply after the LGM (19-26.5 ka BP; Clark
et al., 2009) may have significantly reducegifiXation, leading to a rise af"°N (Eugster et

al., 2013). Enhanced upwelling at about 15 ka B tle abrupt onsets or increases of
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denitrification in the eastern tropical north amalth Pacific as well as in the Arabian Sea
(Altabet et al., 1995; Ganeshram et al., 2002; Glarzen et al., 2000; Ganeshram et al., 1995;
Suthhof et al., 2001). The corresponding signagmtianced™>N values was dispersed and
registered in many parts of the global ocean frbmn ¢glacial to early Holocene and was
followed by a smooth decrease&fN from enhanced Nfixation stimulated by the delayed
increase of benthic denitrification caused by ss@llrise (Deutsch et al., 2004; Galbraith et
al., 2013; Ren et al., 2012). This sequence of tsvisnvery well recorded in cores from the
east Pacific upwelling areas, but differs from tx@poral pattern seen in sedimentary records
from the Arabian Sea that show stable or increasiily values in the Holocene (e.g.

Galbraith et al., 2013).

In order to (i) discern why N cycling in the Arahi&ea differs from the global trend and to
(ii) better understand the response of the OMZhianges in the monsoon system we present
a summary o6*°N-records from the Arabian Sea including two newords from the Oman
upwelling area (Tab. 1; Fig. 1a; supplementary mat&1). The records are from different
areas and trace the regional history of mid-watggenation over the last 25 ka. To relate the
records of mid water oxygenation to the historysofithwest (SW) monsoon upwelling and
northeast (NE) monsoon winter cooling, we compi&8IT records from the literature and
generated a new temperature reconstruction folOitman upwelling area (Tab. 1; Fig. 1b,
supplementary material S2). Based on these in&d)fatN- and SST-records for different
regions of the Arabian Sea we examine contrastsdagt glacial and Holocene conditions
over the entire basin, and contrasting regionalugdm within the basin during the Holocene.
Finally, we discuss our conclusions with results thie global climate and ocean

biogeochemistry model (KCM/PISCES) for the Holocémabian Sea.

2 Study Area
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The Arabian Sea hosts one of the most pronouncdenater OMZ of the world’s ocean and
is a major oceanic N sink due to denitrificatiord @amammox (Bulow et al., 2010; Codispoti
et al., 2001; Gaye et al., 2013a; Jensen et all;2W/ard et al., 2009). Suboxic conditions
between the thermocline and 1200 m are maintairyethdy balanced interaction of oxygen
demand (organic matter degradation) and oxygenlgpentilation; e.g., Olson et al., 1993;
Sarma, 2002). The degradation of organic mattekirggnout of the surface mixed layer
consumes oxygen in the upper sub-thermocline wetdérmn. Primary productivity and
particle flux in the Arabian Sea are highly seas@ma more than 50 % of annual particle
fluxes occur during the summer season (Haake el 293; Nair et al., 1989; Rixen et al.,
1996), when strong SW monsoon winds induce upweglhihcold, nutrient-rich water masses
along the coasts of Somalia and Oman (Fig. 2a).dlljmg ceases as changing wind patterns
reverse surface circulation from clockwise durimg tSW monsoon (June-September) to
anticlockwise during the NE monsoon (December-Mpf&chott et al., 2002). During the
NE monsoon the temperature minimum and the prodtictimaximum occur in the
northeastern Arabian Sea off Pakistan (Fig. 2bkseduby deep convection due to winter

cooling (Rixen et al., 2005; Wiggert et al., 2005).

Upper water masses (< 1500m water depth) in théann@®cean have a net westward
circulation while deep waters follow an eastwardteoas part of the Great Ocean Conveyer
Belt connecting the Pacific and Atlantic Ocean @@ier, 1991). However, this general
direction comprises rather complicated routes aaithvays (Durgadoo et al., 2017). Four
water masses contribute to the subsurface wateteeofOMZ: Arabian Sea High-Salinity
Water (ASHSW), Persian Gulf Water (PGW), Red SeaeWéRSW), and Indian Ocean
Central Water (ICW). The ASHSW forms during the NBnsoon due to enhanced
evaporative cooling driven by dry air from the Him@a (Prasad and lkeda, 2002). During

September/October the core of the ASHSW at a $alif86.5 psu and, = 23.9 kg T is
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found in the upper 100 m in the northern and easdeabian Sea (Kumar and Prasad, 1999).
PGW forms a salinity maximum of 35.1-37.9 psw@at 26.6 kg it within the core of the
denitrification zone (100 to 350m) and undergoesnsft isopycnal mixing (Prasad et al.,
2001) so that its proportion of the salinity maximon the 26.G54 surface is less than 40 %
(Morrison et al., 1998). During the SW-monsoon P@uYe salinity is additionally reduced
due to the northward flowing Somali Current promglithe less saline ICW (Prasad et al.,
2001; You, 1998). The RSW forms an intermediatengglmaximum between 600 and 900
m and is characterised by salinities between 356d13%.6 psu and, of 27.2 kg i (Kumar
and Prasad, 1999). PGW and RSW are saturated witben from atmospheric contact
shortly before their passage into the Arabian $eaugh the Strait of Hormuz (50 m sill
depth) and Strait of Bab-el-Mandeb (137 m sill t¢ptespectively (Rohling and Zachariasse,
1996; Sarma, 2002). ICW combines Subantarctic Mdder (SAMW) and Indonesian
Intermediate Water (IIW) and is entering the Arabtea from the southwest as part of the
Somali current (Resplandy et al., 2012; You, 19%jermediate water from the southern
sources is originally rich in oxygen, but becomesreasingly oxygen depleted and nutrient
rich on its path to the Arabian Sea owing to oxytess during the mineralization of sinking
organic matter. Progressive oxygen loss is reftedig the observed pattern with higher
oxygen concentrations in the NW basin than in tleldsin of the Arabian Sea (Morrison et
al., 1999; Pichevin et al., 2007; Rixen et al.,£20The deep water below about 1500 m is fed
by circumpolar deep water (CDW) with of 27.8 kg n and a salinity of 34.8 psu (Bindoff

and McDougall, 2000; Schott and McCreary, 2001).

The intensity of the OMZ and denitrification is seaally variable. Oxygen concentrations in
its core and its volume vary in response to theaaality of ventilation probably related to
the seasonality of isopycnal mixing (Banse et2014; Rixen et al., 2014). Models produce

similar patterns with major ventilation from theuslo during the SW monsoon while
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reversing currents, progressive oxygen consumpdioth isopycnal mixing reduce oxygen
concentrations in the entire basin during the wimensoon (Resplandy et al., 2012; Rixen et
al., 2014). Reoxygenation during the SW monsoomiaceia the invigorated Somali Current
in the western Arabian Sea and a northward flowindercurrent below 150 m water depth
along the SW coast of India (Resplandy et al., 20dtdch was found up to 20°N (Shetye et
al., 1990). This undercurrent reverses its direciemiannually opposing the direction of the
West Indian Coastal Current (WICC; Fig. 2) at theface (Shetye et al., 1990). At present,
strongest denitrification prevails in the NE Arabi&ea although productivity and particle
fluxes are highest in the western part of the bé&Saye-Haake et al., 2005; Nair et al., 1989).
Denitrification, that reduces nitrate to nitritedagaseous dinitrogen, is triggered when oxygen
concentrations fall below 4-5uMJCline and Richards, 1972; Devol, 1978). In gehera
oxygen deficient conditions enable denitrificatibelow 100 m water depth in the Arabian
Sea and active denitrification indicated by theuacglation of nitrite (Naqvi et al., 2008) was
found between about 100-400 m water depth (Gagé,e2013a; Martin and Casciotti, 2017).
The intrusion of PGW that flows in a southward difen along the coast of Oman can
occasionally supply oxygen and suppress denittiboa(Morrison et al., 1998), as was the
case during the late SW monsoon 2007 between 28034168 m water depth (Gaye et al.,

2013a).

Paleoceanographic studies from the Arabian Seatrédp® existence of a pronounced OMZ
and elevated denitrification during IS and intecgph stages, whereas the Arabian Sea OMZ
was better ventilated and denitrification was sepped during the LGM and stadials (Altabet
et al., 1995; Higginson et al., 2004; Mo6bius et 2011; Pichevin et al., 2007). Many studies
used productivity proxies and SST reconstructioitenoin combination with denitrification
proxies such as sedimentad{’N values to show that warm periods (IS and inteigla)

were characterized by a stronger SW monsoon indugpwelling and higher productivity
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than cold periods so that denitrification was shaft on in the OMZ (Altabet et al., 1999;
Altabet et al., 2002; Pichevin et al., 2007; Reitlea al., 1997; Schulte et al., 1999b; Suthhof
et al., 2001). After the transition from glacial itgerglacial conditions with the warm and
cold excursions during the Bglling-Allergd and Ygen Dryas (YD; 11.7-12.9 ka BP),
respectively, the Holocene was evidently a morélstaeriod of permanent upwelling and
denitrification (Boll et al., 2015; Overpeck et,d996; Pichevin et al., 2007; Tierney et al.,
2016). There are, however, indications that millakscale climate oscillations similar to the
North Atlantic cold periods detected by Bond et (4R97), also occurred in the monsoon
realm, however, with reduced amplitude (Azharudeinal., 2017). These Holocene cold
periods were found to be characterized by reducedigtation on land (Menzel et al., 2014)
and reduced monsoonal upwelling in the Arabian aapta et al., 2003). Volume and
intensity of the mid-water OMZ appear to have ¢a@d related to SW monsoon strength,
intensity of winter cooling by the NE monsoon adlwe changes in OMZ ventilation (Boll et
al., 2015; Das et al.,, 2017; Pichevin et al., 200f)us, understanding Holocene OMZ
dynamics is indispensable to evaluate the recenitisgerved OMZ intensification in the

Arabian Sea (Banse et al., 2014, Rixen et al., 2014

Indian Ocean water masses and circulation were glifterent at glacial conditions as proxy
studies of benthic foraminifera indicate. Deep wat@s evidently less oxygenated than at
present (Duplessy, 1982; Kallel et al., 1988; Sduhand Leuschner, 2005; Waelbroeck et
al., 2006). This was reproduced by models whichnvgltba generally more sluggish bottom
water ventilation from the Antarctic (Rickaby anddé&rfield, 2005) with reduced oxygen

contents due to the increase in sea ice cover @wahet al., 2016; Somes et al., 2017). A
better ventilation of the upper water column in ¢hacial ocean was explained by the better
oxygen solubility in the colder water (Somes et 2017). Studies from the southern Arabian

Sea furthermore, suggest that there was much srofggmation of AAIW during the

10
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Heinrich Events. This glacial AAIW (GAAIW) would wéilate intermediate waters (~1600

m) in the Arabian Sea where AAIW is not detectabtiay (Jung et al., 2009).

3 Material and Methods
3.1 Sample collection

The two new core records included in this summanS8T ands™N records from the

Arabian Sea, are the gravity core SL163 merged thighmulticore MC681 taken at the same
location (21°55.97’ N, 59°48.15’ E, 650 m water thg@and multicore MC680 (22°37.16’ N,

59°41.50" E, 789 m water depth). Cores were reddew 2007 during Meteor cruise M74/1b
from the continental margin off northern Oman. MGGthd MC681 were sampled in 1 cm
intervals and the first 400 cm of core SL163 wemgled in continuous 3 cm intervals. We
analyzed alkenones in all sediment samples of SLABR was analyzed in all samples of
MC681 and SL163 and in every second sample of MCABBediment samples were freeze-

dried and homogenized prior to chemical treatmadtanalyses.

3.2 Analyses of the new cores SL163/MC681 and MC680
Stable nitrogen isotopes

The ratio of the two stable isotopes of RN\(**N) is expressed a&°N, which is the per mil

deviation from the N-isotope composition of atmaastiN, (6*°N = 0 %o):
SN = [(RSampléRStandara/ Rstandard*1000 (1)

where Rampleis the>N/*N ratio of the sample andsRndardis the™N/*N ratio of atmospheric
N,. 8"°N values were determined using a Finnigan MAT 2&2dpe ratio mass spectrometer
after high-temperature flash combustion at 1100iCaiCarlo Erba NA-2500 elemental

analyzer. Pure tank N\calibrated against the International Atomic EnefAgyency reference
11
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standards IAEA-N-1 and IAEA-N-2, which were, in &dth to an internal sediment standard,
also used as working standards. Replicate measuatemka reference standard resulted in an
analytical precision better than 0.2 %. The meanddrd deviation based on duplicate

measurements of samples is 0.07 %o.

Alkenones

Sample preparation and detailed analytical proeethrralkenone identification are described
in Boll et al. (2014). Purified lipid extracts ofetween 1.5 to 5 g freeze-dried and
homogenized sediment samples were analyzed fon@heeconcentrations using an Agilent
6850 gas chromatograph (GC) equipped with a splittess inlet system, a silica column (30
m x 0.25 um film thickness x 0.32 mm ID; HP-1; Aggit) and a flame ionization detector
(310°C). Alkenone unsaturation ratios were traeslahto sea surface temperature using the

core top calibration for the Indian Ocean of Somz@g al. (1997b):
SST = U, -0.043)/0.033 withJY, = Cs7.4/(Car2+ Car9). 2)

All lipid extracts were analyzed twice resultinganmean standard deviation of 0.2°C. The
mean standard deviation of estimated SST basedpbicate extraction and measurement of a

working sediment standard is 0.5°C.

Sediment core age models

The age model for SL163 was published by Munz .g28i17) and is based on 15 accelerator
mass spectrometry (AMSY'C datings. In this study the upper 50 cm were takem
multicore MC681. Four additional datings and visuahtching of variations in element
concentrations were used to correlate SL163 and 840 their overlapping parts (Tab. S3

and Fig. F1 in supplementary material).
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The age model of core MC680 is based on four amtelemass spectrometry (AM$iC
datings from different core depths, measured aa Betalytics, Miami/FL (see Tab. S4 and
Fig. F2 of supplementary information). Calibrat@md reservoir age correction were done in
the same way as for SL163 (Munz et al., 2017). Botles have a conspicuous sedimentation
hiatus around 5700 years BP. In core SL163 thai$iatas positioned at 57 cm; in MC680
the hiatus was at 37 cm based on a change in faomsolive foraminiferal nanofossil ooze

below to olive brown organic rich nanofossil sityy above the hiatus.

3.3 Integration and averaging of SST &MiN reconstructions

Temperature and™N curves of most cores used here were taken frenfitdrature (Tab. 1)
except those for the new records of cores SL163/84C&d MC680 presented for the first
time in this paper (see above). All original datal all calculations are presented as Tabs. S1

and S2 in the supplementary material.

In our compilation, temperature reconstructionsrirthe eastern and southeastern Arabian
Sea are based on Mg/Ca ratios of planktonic fordieman (see methods in e.g. Govil and
Naidu, 2010; Mahesh and Banakar, 2014; Saraswait,e2013; Tiwari et al., 2015) except
core MD90963 which has alkenone temperatures (Radtal., 1997). All other records are
alkenone temperatures calculated with the corectdippration of Sonzogni et al. (1997b).
Using the published age models, we averaged theelature records available from the
northern, western, eastern and southeastern Ar&saras well as for the Oman and Somali
upwelling systems (Fig. 1b). Composites are basetivo to five different core records. The
data were binned in time slices of 1000 years &handividual sediment core. Next, all time
slices of an age interval in a defined study areeevaveraged. The standard deviations of the
calculated average SST curves rarely exceed thigtiaad precision of 0.5°C of alkenone

based temperature reconstruction.
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Temperature reconstructions based on different oasthmay differ as proxies may be
seasonally biased or impacted by dissolution agehasis (Huguet et al., 2006; Regenberg et
al., 2014). TEXs and alkenone based SST reconstructions of coré805 and SO42-
KL74 were shown to differ in magnitude and phaselBXgs temperature reconstructions
seem to have a SW monsoon bias (Huguet et al.,) 2Bz et al. (2015) showed that winter
temperatures derived from planktic foraminiferateaablages had stronger amplitudes than
the alkenone based annual average SST reconstsidio SO130-275KL of Bdll et al.
(2014). Two of the records used in this study Haoth, alkenone and Mg/Ca temperature. In
core P178-15P from the Gulf of Aden alkenone and@Adgemperatures have uniform trends
and are significantly correlated (P < 0.05) witbl@pe of 1 and Mg/Ca are, on average, 0.5°C
lower than alkenone temperatures (Tierney et a162 A comparison of alkenone
temperatures of Huguet et al. 82006) and Mg/Caé&zatures of Anand et al. (2008) of core
NIOP905 also shows that Mg/Ca temperatures are rlowe contrast, the alkenone
temperatures of core MD90963 (Rostek et al., 199&)about 1°C lower than the two Mg/Ca
temperature records of near-by cores SK129-CROAésta and Banakar, 2014) and SK157-
4 (Saraswat et al., 2005) in the southeastern AS.béth, Mg/Ca and alkenone based
temperature reconstructions are calibrated withuah@average surface layer temperatures
(Regenberg et al.,, 2014; Sonzogni et al., 1997az&mi et al., 1997b) and as we can
identify no trend in our comparison of results loé two methods in Arabian Sea sediment

cores, we have compiled SST reconstructions of bxthods.

The averagé™N values were calculated per time slice in a similay as SST curves and
averaged for the same areas (Fig. 1a). Before gingréhe results of all curves of the selected
areasp™N values were normalized to the averay® value of the respective core (Tab. S1
of supplementary material). Some records were hoot$o use their averagé®N values as

they did not cover the mai™N shift from the glacial to Holocene. In these casiee
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normalization was done with the average value méar-by core witts**N in the same range.
This procedure was carried out &N in sediments are impacted by several factors in
addition to theéd™N of nitrate upwelled or mixed from subsurface wst&itrogen fixation or
allochthonous supply of nitrogen from rivers or #imosphere can redud€N in particulate
matter (Agnihotri et al., 2011; Agnihotri et al.0@B; Agnihotri et al., 2009; Luckge et al.,
2012; Montoya and Voss, 2006). Upwelling from diffet water depths as well as incomplete
utilization of nitrate supplied by upwelling mayurthermore, lead to a gradient with
increasingd™N values offshore of the upwelling areas (Naqviaét 2003). Diagenesis
increase$™N values in the deep Arabian Sea by up to 3 %o statlsediments (Gaye-Haake
et al., 2005; Mdbius et al., 2011). The normal@atprocedure makes the relative changes in
8N comparable within each area despite differennethé diagenetic imprint and &t°N
sources so that relative changes may be interpreitddrespect to the relative intensity of
denitrification. Average™N curves of normalized values have a standard teriaf up to

1.5 %o with most values far below 1 %.. The standdediation is, generally, largest during
deglaciation whers*>N changed rapidly. The curves represent average®urfto seven
individual records except for the Somali upwelliagstem where only two records were
found. For the construction of the pres&tN chart results from surface samples published

by Gaye-Haake et al., 2005 were included (Fig. 1a)

3.4 Climate and biogeochemistry model

We use results from an experiment with a globalptedi atmosphere-ocean-sea ice model
(the Kiel Climate Model, KCM, Park and Latif, 200®ark et al., 2008) consisting of
ECHAMS5 (Réckner et al., 2003) and NEMO (Madeclet2008), to force a global model of
the marine biogeochemistry (PISCES, Aumont et28lQ3) in off-line mode. KCM has been

used for time-slice simulations of the preindustaiad the mid-Holocene climate (Schneider
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et al.,, 2010, Khon et al., 2010, 2012, Salau ek@l2, Jin et al., 2014). Here, ten times
accelerated orbital parameters (eccentricity, olitygg and precession) were varied transiently
as forcing according to the equations of Berge789The greenhouse gas concentrations
follow the standard Paleo Modelling Intercomparidéimject Phase Il (PMIP3) protocol

(Braconnot et al., 2012) based on Indermuhle e{18199). Changes in the ice sheets are

neglected.

The ocean component (OPA9) uses a tripolar griti &itzonal resolution, and a meridional
resolution varying from 0%at the equator to°X cos (latitude) polewards of 20rhe water
column is divided into 31 layers, with 20 layerstive upper 500 m (known as ORCA2
configuration). ECHAMDS5, the atmospheric componaKCM, is run in T31 resolution with
19 layers, corresponding to a grid cell size ofuabtD0 x 400 km. PISCES (Aumont et al.,
2003) simulates the marine biogeochemistry inclgdimmocesses that determine dissolved
oxygen concentrations based on the oceanic cironlas provided by NEMO (Madec et al.,
2008) and a NPZD-type (Nutrient Phytoplankton Zaojgton Detritus) description of the
marine ecosystem. NEMO/PISCES in the ORCA2 confitons has been used to study

monsoon/biological production interconnections neeent study by Le Mézo et al. (2017).

Here we restrict the description of PISCES to thecgsses relevant for the oxygen
concentration. Sources of oxygen are gas exchaiitetive atmosphere at the surface, and
biological production in the euphotic zone The pmttbn of two phytoplankton groups

(representing nanophytoplankton and diatoms) isulsited based on temperature, the
availability of light and the nutrients P, N (bahk nitrate and ammonium), Si (for diatoms),
and the micronutrient Fe. There are three nongivaomponents of organic carbon in
PISCES: semi-labile dissolved organic carbon (DGG)well as large and small particulate
organic carbon (POC), which are fueled by mortabiygregation, fecal pellet production and

grazing. In deviation to the standard PISCES setomll POC sinks to the sea floor with a
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constant settling velocity of 2 mi*dwvhile large POC settling is simulated dependingtun
calcite and opal ballast effect following Gehlenagt (2006). Oxygen loss occurs through
respiration of organic matter in the entire watelumn. The respiration rate depends on
temperature with a Q of 1.8 and on the oxygen level, with a reducece rar Q-
concentrations below 6 pmot.IWe also use an idealized age tracer that iosetro in the
surface layer and increases with time elsewhergeéttbn and mixing are also applied to the
age tracer. This tracer gives an indication ofgtlesurface circulation strength. Here we use
it to analyze the change of the average age ofvtiter masses in Arabian Sea OMZ over

time.

We do not attempt to provide a full model analydishe Arabian Sea OMZ in this paper, but
will mainly use it as an additional tool to estiméte most likely causes for the sediment core
analyses of OMZ intensity changes. Some basic ffesitof the simulated OMZ can be found

in the supplementary material (Figs. F3 to F5 ipppementary material).

4. Results
4.1 Temperature Reconstruction

All temperature reconstructions indicate lower S&ifing the Pleistocene compared to the
Holocene (Fig. 3). Warming started at about 16-a7Bf, during the period defined as
Termination 1 (Stern and Lisiecki, 2014) excepttfer southeastern region where SST rise at
about 22 ka BP in response to rising summer insolatver the northern hemisphere (Berger
and Loutre, 1991). The largest SST increases froen dlacial to the Holocene can be
observed in the northern (4°C) and the eastern)(8t@bian Sea. The increase is about 2.5°C
in the Oman upwelling area and less than 2°C inofhen western Arabian Sea, the Somali
upwelling, and the southeastern Arabian Sea southdla. Some small scale temperature

variabilities exceeding the analytical error of @5are visible. There is an increase of
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different amplitude during the warm IS 2 (~23.4B®@) and a small temperature drop during
the YD in the available records of higher resolt{&ig. F6 in supplementary material). In

the average curves (Fig. 3) the YD is visible dnlyhe east and west.

In order to compare the modern and glacial SSTibligtons (Fig. 4a, b) we plotted the SST
map from the World Ocean Atlas (Fig. 4a; Locarmnal., 2013) and the time slice at 17-18
ka BP from the core records (Fig. 4b). This timeesis neither an IS nor a Heinrich Event
and has the best data density of the glacial (geelementary material S2). There is a change
in the SST pattern in the basin between glacialliitmms and the Holocene. During the last
glacial, the SST minimum was situated in the narthArabian Sea as well as Oman
upwelling and there was, generally, a north-soethperature increase (Fig. 3; 4b). During
the Holocene the SST pattern deviates from thithreuth increase (Fig. 3; 4a): (i) SST in
the Oman and Somali upwelling areas are lower timathern Arabian Sea temperatures, and
(i) SST in the eastern and southeastern Arabian&®e high and in the same range. Small
drops in SST occur in some of the curves at abdwt BP and 4-5 ka BP, respectively (Fig.

3).

4.2 Patterns of*°N

The absoluté™N values in surface sediments in the present AnaBiea are elevated with
values between 6 and > 12 %, compared with thosleeolast glacial with values between 3.5
and 7 %o (Fig. 5a, b). Holoceré®N values are highest in the central part of thénbasd in
the Oman upwelling area and lower in most shelfdade sediments outside upwelling areas
(Fig. 5a and 6). Glacial shelf and slope sedimbat@3™N values below 6 %.. Similar to the
present situatiod™>N increased towards the center of the basin. Howélvere are no glacial

8N records from the deepest part of the central iaraBea (Fig. 1a; 5b).
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Thed™N values increase between 16 and 14 ka BP in etbseexcept in the eastern Arabian
Sea, where the increase occurs at about 8 ka BP & The normalized highest relative
increase 06N values by about 3.5 %o is observed in the northabian Sea. All other
normalizedd™N curves increase by 2%.. Most integrated curves show a relative minimum
during the YD wherd*°N almost returned to the low glacial values. Theegal pattern of the
8N curves is thus similar to the GISP ice ca®0O record during the glacial and
deglaciations (Fig. 6). The thréé°N curves of high resolution (Fig. F7 in supplementa
material) follow the GISP core with distinct minirdaring Heinrich Event 1 (H1) and the YD
and a maximum during IS1, whereas I1S2 maxima aitberefound in the Somali upwelling
area nor in the eastern Arabian Sea (Fig. 6). Thldeénes™N patterns differ across the
basin. An early Holocene (> 8.2 ka BP; Walker et2012) maximum is observed in the open
western Arabian Sea including the upwelling aredsreas a late Holocene (< 4,2 ka BP;
Walker et al., 2012) maximum is visible in the hern and eastern part of the Arabian Sea.

An early and late Holoceri#®N peak occurs in the Oman and Somali upwellingsarea

5. Discussion
5.1. Temperature differences between glacial andddoe

The temperature rise from the LGM to the Holocemehe northern and eastern coastal
regions of the Arabian Sea of 3-4°C is by 1-2°(@éda than modelled for the tropical ocean
(Annan and Hargreaves, 2013; Hopcroft and Valde$52Jansen et al., 2007). This may be
induced by the much lower glacial land temperatofesentral Asia (Annan and Hargreaves,
2013) which weakened the SW and strengthened themdlisoon compared to the Holocene
(Duplessy, 1982). Changes in annual average temuypesan the northern Arabian Sea were

shown to be determined mainly by the intensity afiter cooling and the resulting deeper
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thermohaline mixing and thus added to the coolmduced by lower insolation during the

glacial (Bdll et al., 2014; Boll et al., 2015; Re#t et al., 2004).

The observed regional differences in temperatwse from the LGM to the Holocene (Fig. 3)
led to a change in the general SST pattern (Figbjal’he SW monsoon SST pattern in the
modern Arabian Sea with its NW-SE oriented gradi@gidg). 4a) is strongly modulated by
upwelling off Oman and Somalia and inflow of warmddow saline surface water from the
Bay of Bengal via the WICC (Vijith et al., 2016)i¢F 2a). The WICC inflow is fed by the
North Equatorial Current and starts in the post @@fisoon period, probably forced by local
winds around the southern tip of India (Suresh.eR@16). It is related to prevailing sea level
height difference between the Arabian Sea and B&eagal which is due to the enhanced
precipitation and river discharge to the bay (Skamd Shetye, 2001). A reason for the more
latitudinal gradient of glacial isotherms (Fig. 4ls a strengthened NE and a weakened SW
monsoon so that winter cooling in the northern AaalSea was much stronger (Reichart et
al., 2004) and upwelling was reduced or even imaaluring the glacial so that the cold water
source in the western Arabian Sea was stronglycestl(Boll et al., 2015; Duplessy, 1982). In
addition, salinity reconstructions indicate thatrthwas less advection of low salinity, warm
surface waters by the WICC into the eastern Araldaa from the Bay of Bengal probably

due to the low glacial precipitation and river rofi{Mahesh and Banakar, 2014).

Glacial SST off Somalia are in a similar rangerathe western and eastern Arabian Sea and
by almost 2°C higher than off Oman. This suggdsas tpwelling off Somalia was weaker
than off Oman or even shut down. At present SW monsupwelling is driven by the
positive wind stress curl induced by the Findldetr - a low level, cross equatorial jet stream,
recurring during each SW monsoon over eastern &fsed the western Indian Ocean (Brock
et al., 1991; Findlater, 1977). The strength of fEnadlater Jet is directly coupled with the

moisture transport to the Indian monsoon regionlgkaet al., 2016). Precipitation on land
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such as the All-India Rain Fall is thus used aseasure for SW monsoon strength (Mooley
and Parthasarathy, 1984). However, even at praben¢ is no straightforward coupling
between high rainfall on land and low SST (Levine durner, 2012) and thus also no direct
correlation with productivity. Further, sedimentopies indicate and modelling studies
suggest that the position of the Findlater Jet ghdrwith monsoon intensity and this could
decouple SST, productivity and monsoon strengthdékson and Prell, 1992; Le Mézo et al.,
2017; Sirocko et al., 1991). The Himalayan iceekhduring glacial conditions not only led
to a reduced temperature gradient between landseado that the Findlater Jet weakened,
but also to an eastward shift of the continental fwessure cell so that the Jet had a more
latitudinal orientation (Le Mézo et al., 2017; Siko et al., 1991). Our data suggest that its

glacial position was not favorable of upwelling 8bmalia.

The SST difference between the northern Arabianddeie one hand and the more southern
Oman and Somali upwelling areas on the other heardpe used as upwelling indices as they
show deviations from the insolation driven, souttdvéemperature increase (Boll et al.,
2015). Enhanced upwelling is indicated by a positor rising index as it shows lower
temperatures in the more southern upwelling areagpared to the northern Arabian Sea. In
Fig. 7 we compare it with the index of effective istore calculated from a large number of
lake, peat, loess, and river records from the Aswamtinent by Herzschuh (2006). Peaks of
the upwelling indices at 22-23 ka BP suggest tpatalling prevailed during 1S2. During this
short warm interval the upwelling was enhanced@ffan and became active for about two
millennia off Somalia. The Somali upwelling notalstarted at about 16 ka BP which could
reflect a shift of the Findlater Jet to a positimore parallel to the western margin of the
Arabian Sea and thus favorable of upwelling in bapwelling areas. The temperature
minimum during the YD which is quite pronouncedS8T records of high resolution (Bdll et

al., 2015; Saraswat et al., 2013; Schulte and Mud@01; Tierney et al., 2016; see Fig. F6 in
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supplementary material) is reflected as a minimdrthe upwelling indices at 11-13 ka BP
(Fig. 7). Both, the Oman and Somali upwelling irdiencreased during further warming after
the YD at 11 ka BP. The moisture index drops dtiter early Holocene to the present in
parallel with temperature records from the contingterzschuh, 2006; Marcott et al., 2013;
Peterse et al., 2014), but upwelling indices renmaimbout the same level or even increase
during the mid-Holocene (Fig. 7). We surmise tlnd ts a signal of a mid-Holocene shift in
the position of the Findlater Jet. During the wasmperiod in the early Holocene the
Findlater Jet reached its position closest to thestso that the Oman upwelling may have
been restricted to a much smaller area (Le Mézal.et2017). In the mid-Holocene the
Findlater Jet shifted offshore and upwelling rerediigh covering a larger area so that SST

minima prevailed and productivity was enhancedNl&zo et al., 2017).

Holocene temperature minima do not coincide inliaein and may have different causes
(Fig. 3). SST minima at near coastal stations i@ tipwelling centers during the early

Holocene climatic optimum could indicate enhancpdelling (Boll et al., 2015). The second

Holocene temperature minimum at around 4-5 ka BfRereastern part of the basin coincides
with a severe draught on the Indian peninsula @eras al., 2014) and colder climate in other
terrestrial climate records from Central Asia (Bdhammer et al., 2012; Hong et al., 2003;
Ponton et al., 2012). The SST minimum may thus U td cooling by a strengthened NE

monsoon due to colder winters rather than to wagmahated enhanced upwelling.

5.2 Nitrogen cycling in the glacial

At present, nitrate reduction between 100-400 mewdepths leaves residual nitrate with
8N values up to > 20 %o and upwelling can transporiched nitrate from 250-300 m water
depth into surface waters in the western Arabiaa @awvelling areas (Gaye et al., 2013a;

Gaye et al., 2013b; Yoshinari et al.,, 1997). Thenef near shore sediments from the
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upwelling area off Oman havi°N elevated to > 10 %o (Fig. 5a)°N values in all other
recent sediments collected at water depths < 1Qd@mat depths where the diagenetic effect
on sedimentary™>N is small or negligible (Altabet and Francois, 49%aye-Haake et al.,
2005), are between 6 and 8 %o. This is identicdh&osignal of sub-thermocline nitrate which
feeds productivity primarily via seasonal deep mgxputside the upwelling areas (Gaye et
al., 2013a; Gaye et al., 2013b). T3!&N values >11 %o in the central part of the basinare
result of (i) offshore advection fN enriched nitrate from upwelling areas where titria
not completely utilized (Naqvi et al., 2003), aslves (ii) early diagenetic increase &N in

deep sea sediments (Gaye-Haake et al., 2005; Mébals 2011).

The salient millennial scale oscillation of the iBlecened™N records call for a strong
mechanisms linking OMZ intensity with northern hephere climate oscillations. The low
8N values between 4 and 6 %o from < 1000 m watertdeptthe time slice 17-18 ka BP
(Fig. 5b) and the LGM (Fig. 6; Tab. S1 in suppletaeyn material), suggest that
denitrification was very much reduced or abs&hi\ values up to 7 %o during 1S1 and IS2 in
the entire basin except in the eastern Arabiana®eaSomali upwelling area (Tab. S1 and
Fig. F7 in supplementary material) indicate thatittéication was enhanced but restricted to
the northern and northwestern part of the basiinduhe 1S. Thé*N minima of the YD and
H1 are found in all records of high resolution dahd average curves (Fig. 6 and Fig. F7 in
supplementary material). The oscillations of &N records thus follow the primary
productivity which was enhanced during the warmselsadue to stronger upwelling and
reduced during the LGM, YD and Heinrich Events (4&hner and Sirocko, 2003; Reichart et
al., 1997; Schulte et al., 1999a; Suthhof et &013. Exceptions from this productivity
pattern were reported from the eastern Arabian $bare the LGM had enhanced

productivity at some locations (Naik et al., 201&hd from the NE monsoon dominated
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northern Arabian Sea where productivity was enhadrtging the YD and Heinrich Events

due to the strong winter cooling (Reichart et2004).

The OMZ sediments from the northern Arabian Seaewadistinctly laminated during most
of the last glacial indicating suboxic conditionst vere clearly bioturbated indicating fully
oxic conditions only during the YD and Heinrich Bt (Suthhof et al., 2001). Aragonite
preservations and'*C of benthic foraminifera further suggest that erdeal formation of
GAAIW ventilated the lower OMZ from about 800 m 1800 m especially during stadials
(Boning and Bard, 2009; Jung et al.,, 2009; Naidwalet 2014; Schmiedl and Leuschner,
2005). A similar increase of GAAIW formation wasselved in the Atlantic and Pacific and
was explained with the strong reduction of NADW ni@ation and a simultaneous
strengthening of SAMW and GAAIW formation due talueed salinity and density of North
Atlantic surface water (Rickaby and Elderfield, 80&®onge et al., 2015). A complete break-
down of the Atlantic meridional overturning ciratibn (AMOC) during the stadials led to
strongest GAAIW production (Rickaby and Elderfield005) and thus to the observed
complete OMZ ventilation even in the northern AmbiSea (Suthhof et al., 2001). The
planktonic nitrate source is at 250-300 m depthsipwelling areas and at even shallower
subthermocline depths outside upwelling areas. Wheer masses feeding nitrate to the
surface are thus the ASHSW and ICW. ASHSW formati@s possibly stronger when the
NE-monsoon was stronger and the climate was madesarthat it better ventilated the OMZ
from above. The enhanced formation of SAMW alsotriouated to better ventilation. At
present SAMW is the major oxygen source to the faralsea OMZ while PGW, RSW and
[IW are only small contributors of oxygen (Fine at, 2008; You, 1998). During glacial
conditions, the increased SAMW production occufrgther north due to the northward shift
of the subpolar front similar to the GAAIW (Rickatand Elderfield, 2005) and better

ventilated the upper OMZ (Bdning and Bard, 2009)cdrried more oxygen due to less
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mixing with IIW and RSW and an accelerated cirdolat(Béning and Bard, 2009) lead to a
lower residence time in the Arabian Sea. Moreoiteg quite possible that glacial SAMW
carried less preformed nutrients due to the batigrent utilization related to increased eolian
supply of phosphate and trace metals to the regi@AMW formation (Somes et al., 2017).
The lower amount of preformed nutrients furtheruest productivity in the Arabian Sea.
Better ventilation and reduced upwelling of nuttiggoorer water thus coincided during
stadials and explain the complete oxygenation. ditserved suboxic conditions discernible
from laminated sediments in the OMZ during normaktml conditions (Suthhof et al., 2001)
did not produce enhanceil®N signals in the sediments. It is feasible that txggen
concentrations did not drop below the thresholdlieiitrification but it is also possible that
conditions in the Arabian Sea were comparable ¢sd¢hn the present Bay of Bengal, where
nitrate reduction and denitrification occur locadlya low level, but the enriched nitrate is not
transported into surface waters due to stratiticat(Bristow et al., 2017). Enhanced N
fixation has been suggested as an alternative mefasdhe lows™N found especially during
stadials in the Arabian Sea (Altabet et al., 199%eis et al., 1995; Suthhof et al., 2001). It
could have been stimulated by the supply of expéssphate and iron from the more arid
continents (Prins, 1999; Sirocko et al., 2000).thrs case, N fixation in surface waters

provided N with lows™N that may have masked the higffiN signal from denitrification.

5.3 Nitrogen cycling in the Holocene

During the Holocene the good coherence with thePG3SO record ceases. The global
oceanic circulation of the Holocene is stabilizeg the permanent salinity and density
gradient between NADW and AAIW so that dramaticastevide ventilation changes as in
the Pleistocene cannot occur (Keeling and Steph2®@]). In the Holocene the SAMW

production is reduced so that ICW flowing into thebian Sea has a stronger contribution of
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lIW (Naidu and Govil, 2010). The considerabféN fluctuations by up to 1.5 %o indicate that
existing changes of productivity and circulatiom cstill lead to a pronounced Holocene
reorganization of the nitrogen cycle within the iha3he different regional patterns (Fig. 6)
can help to constrain the driving mechanisms. Tiesent pattern of the decoupling of the
productivity and denitrification maximum evolved ithe mid- and late Holocene as
denitrification intensified in the northern and tas part of the basin (Fig. 6b, c). THEN
minimum between 9 to 5 ka BP is only found in thestern part of the basin. It is most
prominent in the Oman upwelling area and could l®gaal of enhanced early and mid-
Holocene OMZ ventilation. Benthic foraminifera indte that oxygen concentrations were
high and denitrification was low during this periddspite enhanced productivity (Das et al.,
2017). The vigorous upwelling during the Holoceteatic optimum was fed by inflow of
ICW from the south which could have better vergiththe western Arabian Sea and thus

compensated for the enhanced respiration (Rixah,e2014).

Denitrification has continuously increased durihg tate Holocene in almost the entire basin
but focused in the northern Arabian Sea (Fig. Bh)s trend coincides with Holocene cooling
and a strengthening of the NE monsoon. Only inojpen western Arabian Sea outside direct
upwelling influences™N values decrease in the late Holocene (Fig. 6kis hay be related

to a shift of the Findlater Jet in offshore direatias modelled by Le Mézo et al. (2017) which
may have led to better nutrient availability in thestern Arabian Sea. But as there are only
very few late Holocene data from this region (sepmntary Tab. S1) this record has to be

interpreted with caution.

Circulation probably changed after the sea levahan Persian Gulf and Red Sea reached its
present position at about 6 ka BP and water masses these two basins prevented the
strong ingression of ICW to the north-eastern pathe Arabian Sea (Naidu and Govil, 2010;

Pichevin et al., 2007). The ventilation of the OMY PGW and RSW today is restricted to
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the western part where the OMZ is much weaker thaihe northeastern part of the basin
(Gaye et al., 2013a; Morrison, 1997). The interpddyeduced OMZ ventilation in the north

and enhanced NE monsoon productivity are likelpgoea for the relocation of the OMZ and
denitrification maximum to the NE during the Holoee Enhanced productivity in the eastern
Arabian Sea since the mid-Holocene as reconstrdobed sediment cores (Agnihotri et al.,

2003; Kessarkar et al., 2013; Kessarkar et al.pP0&uld have added to this relocation. It is
likely that the inflow of low density surface watsuppressed primary productivity in the
eastern Arabian Sea in the early Holocene. Aftecipitation declined and the sea level
difference between the Bay of Bengal and Arabiaam ®@epped at about 8 ka BP the inflow of
warm low saline water with the northeast monsoamecu and WICC to the eastern Arabian
Sea declined (Mahesh and Banakar, 2014). Thisireiding with a rise in eastern Arabian

Sead™N (Fig. 6¢). The OMZ is generally weaker along thest coast of India due to the

northward undercurrent which leads to oxygenatibnsubsurface water during the SW
monsoon (Resplandy et al.,, 2012) and its upwelang convective transport into surface
waters along the coast is likely to explain the BWN in the sediments off the west coast of

India (Fig. 5a).

Results from the global climate and ocean biogewmitstey model (KCM/PISCES; section
2.5) driven by astronomical forcing over the Holoeesuggest that ventilation changes were
important drivers of the late Holocene Arabian 8847 intensification (Fig. 8). The model
produces a continuous increase of the OMZ volumthenArabian Sea from 9 ka BP to the
present. This is driven mainly by an increasing @gee since contact with the surface) of the
water masses in the Arabian Sea OMZ. Arabian Sparegproduction is fairly constant in the
model (Fig. 8) and can thus be ruled out as theedrior deoxygenation. An increase in
export production is modelled only in a small amast of the Southern Indian coast,

indicating that export changes may only have playéatal role (not shown). The decelerated

27



640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

circulation allowed more oxygen to be consumeddgineralization, and thus appears to be
the main driver of the progressive deoxygenatiothas model (Fig. 8) and can explain the

increasing water column denitrification in the Ai@bSea in thé™>N records (Fig. 6).

Total organic carbon mass accumulation rates (TOBRMFig. 6g) reflect productivity,
organic matter preservation and burial efficienGpWie et al., 2014; Cowie and Hedges,
1993; Miiller and Suess, 1979). Similars{oN, Arabian Sea TOC MAR deviates from the
global pattern (Cartapanis et al., 2016). Wherbaggtobal TOC MAR significantly declines
during deglaciation and remains low throughouttiodocene, the TOC MAR of the Arabian
Sea shows the decline starting at about 20 ka BFidms during the mid- and late Holocene
to values similar to those of the glacial (Fig. .6@his pattern is consistent in the entire
Arabian Sea (see data compiled by Cartapanis et2@l6). As discussed in detail in
Cartapanis et al. (2016) the drop of TOC MAR durihgglaciation may indicate (i) a
reduction of productivity, (ii) a lower transfer cuburial efficiency of TOC to the sediments
due to the reduced mineral ballast and the tempmtorage on the growing continental
shelves, and (iii) a reduced oxygen exposure tione td faster burial and reduced bottom
water oxygenation of the glacial ocean. As we hdiseussed above, productivity increased in
large parts of the basin due to a strengtheningeSW monsoon during deglacial warming.
Productivity could thus not explain the reduced TM&R after the LGM. A reduced burial
efficiency and increased deep water oxygen cordentthus the most likely drivers of the
deglacial TOC MAR drop in the basin. The Holoceise n TOC MAR, inconsistent with the
global trend, may likewise be due to better prest@mm caused by progressive mid-water
deoxygenation so that oxygen exposure time agatnedeed. TOC MAR may have been
augmented by enhanced NE monsoon productivity e rtbrthern part of the basin and
increasing burial efficiency by rising dust supfrlgm the continents due to aridification after

the mid-Holocene (Menzel et al., 2014; Overpecklgt1996; Prasad et al., 2014; Sirocko et
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al., 1993). The results of the KCM model, howewenply that productivity changes are not
required as the increasing age of the water massdifies the Arabian Sea OMZ during the

Holocene.

6. Summary and Conclusions

The compilation of SST reconstructions from thelAaa Sea showed up to 4°C lower glacial
SST compared to the Holocene. Glacial ocean suracalation in the Arabian Sea was
generally reduced compared to Holocene circulatibonsoonal upwelling along the western
coasts was very much reduced or absent, as wasviofi low salinity water from the Bay of
Bengal. Therefore, the general temperature grachadt a stronger insolation-driven N-S
trend compared to the circulation-driven NW-SE drexf the Holocene. Upwelling indices
calculated from the temperature difference betwbemorthern Arabian Sea and the Somali
and Oman upwelling centers reveal depleted or @aaised upwelling during the LGM and
stadials while upwelling was enhanced during ISh#t of the Findlater Jet to a stronger E-
W orientation during the glacial could have preeentupwelling off Somalia while it
continued off Oman at a reduced rate. The preval@icstrong upwelling during the mid-
Holocene despite a weakening of the SW monsoorddmildue to a shift of the Findlater Jet

in offshore direction.

The compilation ofs*N data shows strong millennial scale oscillationsirdy the glacial
with depleteds™N values during the LGM and stadials and enricti@d during IS. These
oscillations are caused by changes in the OMZ lagimin driven by millennial scale
fluctuations of the oceanic thermohaline circulati€omplete oxygenation of the OMZ
occurred during stadials when SAMW formation washasted and it was stronger
oxygenated due to its reduced residence time. Ehaive instability in thermohaline

circulation led to fast changes in OMZ oxygenatrth minima during the IS. In analogy to
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conditions in the recent Bay of Bengal°N of 4-6 %o in glacial sediments may not
necessarily indicate that denitrification was coetgly absent. Moderate or occasional
denitrification may have taken place in a more @nated OMZ, but it§*°N signal was not

recorded in the sediment because the sub-therneowlmter mass was isolated from the
euphotic zone by stratification. Also, atmosph&tisources could have contributed to the low

8N of 4-5 %0 and compensated the enhariéd in the OMZ.

Holocened™N fluctuations by up to 1.5 %. and different pattein the Arabian Sea show a
strong local reorganization of the nitrogen cycle @lobal climate and thermohaline
circulation provides more stable conditions. Stemgpwelling in the mid-Holocene was
accompanied by stronger ventilation of the wespart of the basin which is also ventilated
by PGW especially after sea level reached its pteseximum at 6 ka BP. The present
denitrification maximum in the northeastern partha# basin was formed during the mid- and
late Holocene and is induced by a strengthened NiEsoon due to Holocene cooling but also
due to reduced ventilation of the northern parthe basin. Results of the KCM/PISCES
model simulation show a progressive intensificabbthe OMZ over the entire model run of
9 ka. Productivity is constant in the model and niegn driver of increasing deoxygenation
and denitrification is the prolonged residence tiofeOMZ waters. OMZ intensification

probably explains increase in TOC MAR throughowd Hiolocene, also deviating from the

global trend.
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Table 1: Station number, locations, water depth, [ddta sources (references) and
variables used: SST A= alkenone sea surface tetopesa>N ratios of total N, SST
Mg/Ca= Mg/Ca sea surface temperatures.

Core Latitude Longitude Depth [m] Reference Variables
SO130-275KL 24.8218N 65.9100E 782 Boll et al. 2014 SST A, 8°N
SO90-93KL 23.5833N 64.2167E 1802 Boll et al. 2015 SSTA
S090-136KL 23.1223N 66.4972E 568 Schulte and Miiller 2001 SSTA
M74-SL163/MC681 21.9328N 59.8025E 650 this study SST A, 3N
MDO00-2354 21.0425N 61.475166E 2740 Boll et al. 2015 SSTA
RC27-42 16.5N 59.8E 2040 Pourmand et al. 2007 SSTA
SK117-GCO8 15.4833N 71.0E 2500 Banakar et al. 2010 SST Mg/Ca
AAS9-21 14.6666N 72.4833E 1807 Govil and Naidu 2010 SST Mg/Ca
S042-74KL 14.3210N 57.3470E 3212 Huguet et al. 2006 SST A, 3N
TY93-929 13.1223N 53.25E 2490 Rostek et al. 1997 SSTA
MC2-GOA4 12.8215N 46.921666N 1474 Isaji et al., 2015 SST A, 8°N
SN-06 12.4854N 74.1265E 589 Tiwari et al. 2015 SST Mg/ca
P178-15P 11.955N 44.3E 869 Tierney et al. 2016 SSTA
SK237-CG04 10.9775N 74.999333E 1245 Saraswat et al. 2013 SST Mg/Ca
NIOP-905P 10.76666N 51.9500E 1586 Huguet et al. 2006 SSTA
SK129-CR04 6.4833N 75.96667E 2000 Mahesh and Banakar 2014 SST Mg/Ca
MD90963 5.066666N 73.8833E 2450 Rostek et al. 1997 SSTA
MD85674 3.18333N 50.43333E 4875 Bard et al. 1997 SSTA
SK157-4 2.66667N 78.0E 3500 Saraswat et al. 2005 SST Mg/Ca
MD85668 0.01667S 46.0833E 4020 Rostek et al. 1997 SSTA
MDO04-2876 24.842833N | 64.008167E 828 Pichevin et al. 2007 SN
NIOP455 23.5506N 65.95E 1002 Reichart et al. 1998 SN
SO90-111KL 23.0766N 66.4836E 775 Suthhof et al. 2001 SN
M74-MC680 22.6193N 59.6916E 789 this study SN
MDO04-2879 22.5483N 64.0467E 920 Jaeschke et al. 2009 SN
NIOP464 22.2506N 63.5836E 1470 Reichart et al. 1998 SN
NAST 19.999N 65.6843E 3170 Mobius et al. 2011 SN
ODP724C 18.2833N 57.4667E 600 Mobius et al. 2011 SN
RC27-14 18.25333N 57.6550E 596 Altabet et al. 2002 SN
RC27-23 17.993333N 57.5900E 820 Altabet et al. 2002 SN
ODP722B 16.6167N 59.8E 2028 Mobius et al. 2011 SN
EAST 15.5917N 68.5817E 3820 Mobius et al. 2011 SN
MD76-131 15.53N 72.5683E 1230 Ganeshram et al. 2000 SN
SK117-GC08 15.4833N 71.0E 2500 Banakar et al. 2005 SN
MC2-GOA6 14.9800N 53.767333E 2416 Isaji et al., 2015 SN
CR-2 14.9N 74E 45 Agnihotri et al., 2008 SN
S042-74KL 14.3210N 57.3470E 3212 Suthhof et al. 2001 SN
SS4018G 13.2133N 53.2567E 2830 Tiwari et al. 2010 SN
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Figure Caption:

Figure 1: Stations of sediment cores 8N (a) and for SST (b) reconstructions with colors
indicating: surface sediment samples (purple); £drem the Oman Upwelling (dark blue);

Somali Upwelling (light blue); the western (greemprthern (yellow), eastern (red), and
southeastern (orange) Arabian Sea.

Figure 2: SST in °C from Jan-Mar (NE-monsoon) éjd Jul-Sep (SW-monsoon) (b) from
the World Ocean Atlas (Locarnini et al., 2013).i&arrows indicate major wind directions
and broken arrows indicate surface general curr@itSC = West Indian Coastal Current.

Fig. 3: Millennial regional averages of SST [°Cldatilo standard deviation in the northern,
eastern, and western Arabian Sea, in the Oman amdalS upwelling areas and the
southeastern Arabian Sea of the last 25 ka. Regimnéndicated in Figure 1. Times of high
interstadial 2 (1S2), and low Heinrich Event 1 (HYpunger Dryas (YD) are indicated by
grey bars. The last glacial maximum (LGM), earlylbétene (EH), mid-Holocene (MH), and
late Holocene (LH) are also marked. Lines markiiginning of MH and LH.

Fig: 4: Annual SST distribution in °C from the WabDcean Atlas (Locarnini et al., 2013) (a),
alkenone and Mg/Ca derived SST reconstructionHertime slice from 17-18 ka BP (b) from
cores shown in Figure 1.

Fig: 5: 5N in %o in recent surface sediments @)N in sediments at 17-18 ka BP (b) from
surface and core locations shown in Figure 1.

Fig. 6:5%0 in %o from the GISP2 ice core (Grootes and Swit697) and sea level [m
above NN] reconstruction from the Red Sea (Sidéallal., 2003) (a), compared with
millennial regional averages of normalized and agedd™N [%o] values from the northern
(b), eastern (c), and western (d) Arabian SeaCiman (e), and Somali (f) upwelling area,
and total organic carbon mass accumulation in tr#bian Sea (TOC MAR in TgC'adata
from Cartapanis et al., 2016, and T. Rixen, unghiglil) and insolation at 30°N in W?m
(Berger and Loutre, 1991) (g) during the last 25 Karor bars denote 81 Grey bars and
abbreviations as in Figure 3; interstadial 1 (IS1).

Fig. 7: Millennial regional averaged SST from therthern Arabian Sea minus Oman
Upwelling averaged SST in °C (black line) and nerth Arabian Sea minus Somali
Upwelling averaged SST (red line; regions are iaiid in Figure 1.), compared with
reconstructions of the mean effective moistureoutisern and central Asia (blue line) and the
Indian monsoon region (green line) from continem@ahives (Herzschuh, 2006). Grey bars
and abbreviations as in Figure 3.

Figure 8: Simulated volume of the Arabian Sea OMB (tmol 1* threshold, black) and
export production in the entire Arabian Sea (reegstern Arabian Sea (green) and eastern
Arabian Sea (blue) over the Holocene (a) and OMIKime and age of water masses (time
since contact with the surface) averaged over & (b). Arabian Sea defined as%575’

E, 8.5N-22.5 N, border between west and east defined af’&.5
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