Reply to the reviewers™ comments:
We have substantially modified the ms. and the majanges were:

“Study area” has become an own chapter and twa@pgvhs on glacial and Holocene
water masses and circulation changes have beed.atlde differences are later used
in order to better understand the reasons for OM&udations and to understand the
difference between the Pleistocene and Holocenditoms.

- Afew points about the N cycle were added.

- Model results are presented in the supplementtandcethods on model design has
been substantially enlarged.

Specific replies to the reviewers:
Reviewer 1:

Page 11, lines 239-247: The available data allowicgmparison of Mg/Ca and alkenone
SST are discussed and there is no discernable twarmads a bias to higher or lower SST
either of the two methods. As both methods ardid by annual average SST we have
used both.

Page 15, lines 332-335: The detailed discussiah@shift of the Findlater Jet has helped to
better explain the difference between the glaaidlldolocene SST patterns. The shift can
also explain the prevalence of Oman upwelling wBitenali upwelling was possibly shut off.
It has moreover, helped to explain the lack of medation between Holocene moisture
transport, often regarded as monsoon strengththen8ST/productivity pattern.

Differences in circulation are discussed in detsle above).

Model description has been added including supphiang Figures which show the model
performance (see above).

Minor comments

Suggested changes were done, Figures and thelis 2erked, Figures, Tables and
References changed.

The TOC MAR data compiled by Cartapanis et al. stimt the pattern in Figure 6g can be
found all over the basin. We are discussing th@uarpossible reasons for these changes and
conclude that the OMZ intensification in the latelfrand late Holocene are responsible for
the observed pattern which deviates from the glosC MAR pattern.



Reviewer 2:
Abstract

Timings have been checked and corrected througheuns.

Introduction

Sea level and atmospheric circulation mentionedriers of changes in nutrient inventories.

Materials and Methods

Two paragraphs on water masses have been addd¢deaenlarged “Study Area” is a
separate chapter. Ages of Holocene boundariesedarence are given.

Details on the hiatus identification and more dstan the age model are given.

Three comparisons of Mg/Ca and alkenone tempesaireemade (see above).

Results and Discussion
Ages and precise and consistent terminologiessed.u

The discussion of the situation in the eastern iara$ea is now more elaborate. The
differences between stadials and the normal glaciadlitions have been elucidated. Factors
influencing d15N (diagenesis, different N sourdes)e been discussed. The discussion of the
impact of ventilation is now more detailed.

Similarities and differences to the GISP recordiadécated.
Minor comments

References, figures, tables and captions were eldeid there are hopefully no more
mistakes.

A presentation of the deep circulation of the AsaibSea is beyond the scope of this paper
and would be highly speculative.

Results of Anand et al. 2008 are discussed butigvaat find data and did not receive them
from the author.



Reviewer 3

Reviewer 3 questioned whether the binning of datta 1 ka intervals is useful and also points
out that some of the records have few age tie povhile other records are very highly
resolved. Due to these differences in resolutiordeeided to bin the data in 1 ka intervals.
The idea was to use this procedure to eliminateesminthe local variations and identify the
main trends. However, we selected the highly resbhecords and now show them in the
supplement to strengthen our points. The changee inathe revised version now makes
clearer why it is worthwhile to look at the Holoeeand part of the last glacial. This
comparison shows the main driving mechanisms of Gdfization in the Arabian Sea and
highlights the unique Holocene circulation pattern.

The introduction to the N cycle and the use of ¢ slightly enlarged.

Sample collection

Line 183: Data on core SL 163 and MC680 will be madailable on Pangaea — data
repository. They are a small contribution to th&MIecords but one of only two SST records
available for the Oman upwelling region.

Line 215: The age models of the two cores are neseiibed in more detail.

The d15n data are from Banakar et al. (2005) aa®&8iIT curve was from Banakar et al.
(2010) made available by V. Banakar.

The normalization procedure was carried out in otdée able to look at changes in d15N
sources and eliminate the local biases. In theseeMersion we added a few sentences on the
possible biases. In the supplement we have indidataverage value used for normalization
for each core. Averages were in a similar range evteen cores did not cover the entire 25 ka
but when the main shift in d15N values from thecglbto Holocene conditions was covered.
In some cases the records were indeed too shosetthe average of the particular core. In
this case the average was derived from near-bysaainen the d15N values in the available
time periods were in the same range. All valuesl tisenormalization are shown in the
supplementary Tables S1.

A paragraph on water mass structure was addedfsae, reply to reviewer 2).

Fig. 4: the time slice was chosen as data avaitkaslbest for 17-18 ka and this period is
neither a stadial nor an interstadial.

TOC MAR are now discussed in more detail: the oestrend can be found across the
entire Arabian Sea and its deviation from the glqaladtern is explained with increased burial
efficiency and OMZ intensification (see review N9.



Reviewer 4:

The discussion of water mass structures, glacilHolocene circulation has now become an
important part of the ms.. Seven of ten highly hesth records are shown in the supplement to
highlight the millennial scale changes.

Reorganisation of the ms. was described above éeetion study area; more on d15N)
Terminology was checked and corrected throughautrth.

The two southern “west” cores have troubled uséme time during ms. preparation and as
the SST records are not very different from thetarasnon-upwelling records off Oman we
binned them together with the former. We checketidetided to leave it this way as they are
similar and a separation would not add more inféiona Unfortunately, there are no d15N
data from the two southern locations.

Lines 445-460: TOC MAR of Cartapanis et al. 2018enehecked and the same trend was
found in all areas of the Arabian Sea with a vemaltrend in the west and east and a strong
trend in the near coastal areas. We have theredtamed this part.

Lines 461-473: Model results and a model data coisgaare now presented in the
supplement. More information about the model ase presented. As in many earth system
models the OMZ in the Arabian Sea is not strongugho

Discussion and Conclusion

The major findings are now better presented, i@ nhajor change in ventilation at the end of
the glacial from an unstable to a more stable OMd the changes within the Holocene

which are evidently not related to productivity ngas but mainly to changes in the age of the
OMZ water mass. This is supported by data and medeilts.



Manuscript with changes marked.
Figures changed according to reviewer 1 (no majorianges)
Table corrected

Supplement has 5 new Figures: Figure 3-5 on modeédormance, Figure 6 and 7 show
individual SST and 8N records of high resolution.
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Abstract

At present the Arabian Sea has a permanent oxygeimom zone (OMZ) at water depths

water column denitrificatiom the Eastern Tropical North and South Paci\fe calculated

composite sea surface temperature (SST)3AM 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 system3"°N values of 4-7 %during the - { Geléscht: Pleistocene stadial ]
last glacial maximum (LGM) anstadials (Younger Dryas ardinrich Eventssuggest that - - { Geléscht: 9 )

R {Gelﬁscht: and supply of pre-formed J
Antarctic were responsible for thestrong millennial scale variations during the ¢hc nutrients

During the entire Holocen&°N values 5 %. indicate a relatively stable OMZ with enhanced

denitrification. The OMZ develops parallel with te&engthening of the SW _monsoon and

monsoonal upwelling after the LGN\Despite the relatively stable climatic conditiorfstite - - Geléscht: Due to the stable thermohalie
”””””””””””””””””””””””” circulation of the Holocene millennial scale
15 . i i . oscillations were only weak a®éfN values
Holocene thé™N records show regionally different trends in thafian Sea. In the western | of > 7 % indicate enhanced denitrificatio
and a stronger OMZ. Monsoonal upwellin
increased parallel with the strengthening pf

part of the basi™N are lower during mid¢4.2-8.2 ka BPcompared to laté<4.2 ka BP) SW monsoon after the LGM.

Holocene due to stronger ventilation of the OMZidgithe period of most intense southwest

monsoonal upwelling. In contrast°N in the northern and eastern Arabian $ese during

productivity in the western Arabian Sea to its pregosition in the northeast was established

to enhanced northeast monsoon driven
biological productivity, in combination wit

during the mid- and late Holocene. This was propablsed by (i) reduced ventilation due to- -| Geléscht: rising oxygen consumption dT
a longer residence time of OMZ watéii$ augmented by rising oxygen consumption due to | (i

enhanced northeast monsoon driven biological priddtyc This concurs with esults of the - { Geléscht: R ]




Kiel Climate Modelwhich show an increase in OMZ volume during the last @ekated to an

increasing age of the OMZ water mass.



1 Introduction

The marine nitrogen (N) cycle is highly dynamic doethe many chemical compounds of
reactive N and their rapid transformation proces§€asciotti, 2016). Its feed-back
mechanisms are able to respond to external petionisa possibly stabilizing the marine
inventory of fixed N (Deutsch et al., 2004; Gruk2008; 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 therwadss ages. The estimates of total N
sources and sinks vary by factors of up to four @rtths been debated whether the recent
marine N cycle is in balance (Brandes and Devol22@odispoti, 2007; Codispoti et al.,
2001; Gruber, 2008; Gruber and Sarmiento, 1997)ddé¥o have constrained the major

oceanic N sinks (total water column and benthicitdépation) to 120-240 Tg N & and

brought them close to equilibrium with estimatesiiazotrophicdinitrogen () fixation, the - { Geléscht:

h [ Formatiert: Tiefgestellt

main oceanic N sourd®eutsch et al., 2004; DeVries et al., 2013). Negasurements have

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

A period of fundamental change of oceanic N cyclimmong other element cycles) occurred

during the transition from the last glactal the, Holocene due to adjustment to change;s/in{aelascht: deglaciation

o [ Geldscht: early to mid-

wind forcing,ocean circulationsea leveland nutrient as well as trace metal supply frond la

(Deutsch et al., 2004; Eugster et al., 2013). Tresgnt equilibrium was probably attained

only a few thousand years afioeutsch et al., 2004; Eugster et al., 201H)derstanding the _ - { Geléscht: (Deutsch et al., 2004; Eugste

etal., 2013)

response of the N cycle to this complex reorgaitinais important to facilitate our present

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

Geldscht: allow a reconstruction of

Sedimentary$*N values jntegrate signals derived gfl sources and the fractionatpn/{changesm

‘[Geliischt: N cycling

processes occurring during N cycling so tB&N 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 sediment@endall et al., 2007; Voss et al., 2008)t generally,
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sedimentary5°N reflect the role of denitrification vs. ,Mixation in ocean basins.

Denitrification in_the water column OMZ reduces nitrate in_sevestelps to N These - { Formatiert: Tiefgestellt
| ‘[ Formatiert: Nicht Hochgestellt/
reactionsstrongly discriminate against the heatiN isotopesso thaithe residual nitratgs Tiefgestell
\\\1\ ‘[ Geldscht: fractionates
isotopically enriched t6**N valuesabove the oceanic average of 5 %o (Brandes et@98;1 “@C\{ Formatiert: Hochgestellt
" { Getéscht:
Cline and Kaplan, 1975). Convective mixing and esply upwelling force nitrate-deficient \\{Ge.ﬁscht: and

_ 15, _ _ _  Getoscht: has
water masses to the surface, so that gheiched 5N signal of nitrate is effectively { Gelbscht: high

o A A L

transported into the euphotic zone. After assinaifainto biomass by phytoplanktoffN-
enriched particulate matter sinks through the wedéumn to the seafloor where the signal of
denitrification and OMZ intensity is preserved hetsediments (Altabet et al., 1995; Gaye-

Haake et al., 2005; Naqvi et al., 1998; Suthhaflet2001). The nitrogen deficit produced by

 { Geloscht: ) ]
nitrogen with a™N only slightly lower than the atmospheric valueOdo, as the process is

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

_ {Gelﬁscht: last glacial maximum (LGM ]

******************************* - { Geléscht: ; 26-19 ka BP) ]
today (Galbraith et al., 2013). Models suggesbeitlwith many uncertainties and unknowns
- that both denitrification and Afixation were lower during thglacial (Deutsch et al., 2004; - - { Gelgscht: ]
| Geléscht: Lom ]
Eugster et al., 2013; Galbraith et al., 2013; Stim@i and Somes, 2016; Somes et al., 2017).
However, due to a stronger reduction of denitrifima than of N-fixation, total export - { Geléscht: )
production was higher and increased the glaciadwmiceN inventory by 10-50 % over that of
the Holocenegnhancingalso the carbon storage in the ocean (Deutsch, €Qfl4; Eugster et - - { Geléscht: affecting )

al., 2013; Schmittner and Somes, 2016; Somes,&l7), Distinct changes of sedimentary- | Geléscht: (Deutsch et al., 2004; Eugster,
””””””””””” N et al., 2013; Schmittner et al., 2007(Somes

. .. . i . i S | etal, 2017))
8"N values during deglaciation are interpreted tteotfthe major changes in the N inventory gy

"~ { Gelbscht: (Galbraith et al., 2013)
”””””””””””””””””””””””” < {Gelﬁscht:

et al., 2009)may have significantly reduced{fixation, leading to a rise df"°N (Eugster et  { Gelbsent: at the end of the

< -

~ 7| Geloscht:
al.,, 2013). Enhanced upwelling at about 15 ka BdP tke abrupt onsets or increases of\{Gelascht: even during the LGM

I A A =S
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denitrification in the eastern tropical north aralth Pacific as well as in the Arabian Sea

(Altabet et al., 1995; Ganeshram et al., 2002; Glarzan et al., 2000; Ganeshram et al., 1995;

Geldscht: (Altabet et al., 1995; Deutsch
et al., 2004; Ganeshram et al., 2000;
Ganeshram et al., 1995; Suthhof et al.,

registered in many parts of the global ocean frben glacial to early Holocene and was | 2001).

o [ Gelbscht: late ]
followed by a smooth decreasedfN from enhanced Mfixation stimulated by the delayed _ { gelssch: )
. ) L ) " { Formatiert: Nicht Hochgestellt/
increase of benthic denitrification caused by ss@llrise (Deutsch et al., 2004; Galbraith et | Tiefgestellt
al., 2013; Ren et al., 2012). This sequence of tsvisnvery well recorded in cores from the /{Gelﬁscht: (Deutsch et al., 2004; Galbraiﬂh

77777777777777777777777777777777777 etal., 2013; Ren et al., 2012)

east Pacific upwelling areas, but differs from tiw@poral pattern seen in sedimentary records

Galbraith et al., 2013).

In order to (i) discern why N cycling in the Arabi&ea differs from the global trend and to
(i) better understand the response of the OMZhtanges in the monsoon system we present

a summary o6'°*N-records from the Arabian Sea including two newores from the Oman

areas and trace the regional history of mid-wakggenation 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&®&T records from the literature and

generated a new temperature reconstruction foOuman upwelling area (Tald; Fig. 1b - { Geléscht: le ]
supplementary material $2Based on these integratdtfN-_and SSTrecords for different - { Geléscht: SST- and ]
regions of the Arabian Sea we examine contrastseeetglacial and Holocene conditions - - { Gelsscht: Last Glacial )

over the entire basin, and contrasting regionalugiom within the basin during the Holocene.
Finally, we discuss our conclusions with results the global climate and ocean

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

'2 Study Area - '{Gelﬁscht: 2 Material and MethodsT ]
****************************************************************** ~ - { Geléscht: .1 ]




The Arabian Sea hosts one of the most pronouncdednaier OMZ of the world’s ocean and

is a major oceanic N sink due to denitrificatiamdanammox-(Bulow-et-al., 2010; Codispoti - { cettscht: )

. " ~ -1 Geloscht: or dissimilat itrat
et al., 2001; Gaye et al., 2013a; Jensen et all;20/ard et al., 2009). Suboxic conditions ™ | raguction o ammonium (ONRA) i the
OMZ (Bulow et al., 2010; Codispoti et al.,

. . . . . 2001; G tal., 2013a; J tal.,
between the thermocline and 1200 m are maintailyethé balanced interaction of oxygen | 011 ward otal. 2000 -

demand (organic matter degradation) and oxygenlg\(pentilation; e.g., Olson et al., 1993;

= {Gelﬁscht: ) ]

Sarma, 2002).- The-degradation-of organic -mattekirginout- of the -surface- mixed layer
consumes oxygen in the upper sub-thermocline weddsrmn. Primary productivity and
particle flux in the Arabian Sea are highly seas@mal more than 50 % of annual particle

fluxes occur during the summer season (Haake e1893; Nair et al., 1989; Rixen et al.,

1996) when-strong SW monsoon-winds-induee -upwellingad cnutrient-rich-water masses { Capo ot (Haake Fagg;, oo Naret a'}

along the coastof Somalia and Oman (Fig. 2&)pwelling ceases as changing wind patterns

reverse surface circulation from clockwise duritg tSW monsoon (June-September) to

. . . . _ { Geléscht: The northeaster Arabian S
anticlockwise during the NE_monsoon (December-Mp(Sthott et al., 2002)During the - - Wof?ﬁslﬁstan h:S“i?gt;i‘;;;“m,;am'f;?m:ﬁ

and productivity maximum d

NE monsoonthe temperature _minimum and the productivity maximunmcuscin the

northeastern Arabian Sea off Pakisiig- 2b) caused-by -deep convection due-to- winter { Getbschts sanuary to March: )
cooling (Rixen et al., 2005; Wiggertetal.,, 2@05) -~ ~ {je'gggg‘,t F (Rixen et . 2005; Wiggert eﬂ

) ‘[ Formatiert: Englisch (USA) ]
Upper water masses (< 1500m_ water depth) in_théadn@®cean have a net westward

circulation while deep waters follow an eastwardteoas part of the Great Ocean Conveyer

Belt connecting the Pacific and Atlantic Oce@roecker, 1991) However, this general

direction comprises rather complicated routes aathvygays(Durgadoo et al., 2017)}our

water masses contribute to the subsurface watetheo©DMZ: Arabian Sea High-Salinity

Water (ASHSW), Persian Gulf Water (PGW), Red SeaeWéRSW), and Indian Ocean

Central Water (ICW). The ASHSW forms during the Ninsoon due to enhanced

evaporative cooling driven by dry air from the Hima (Prasad and Ikeda, 2002)uring

September/October the core of the ASHSW at a ali86.5 psu and, = 23.9 kg nt is

12



found in the upper 100 m in the northern and easieabian SegKumar and Prasad, 1999)

denitrification zone (100 to 350m) and undergoeenst isopycnal mixing(Prasad et al.,

2001)so that its proportion of the salinity maximum the 26.6c, surface is less than 40 %

(Morrison et al., 1998)During the SW-monsoon PGW core salinity is addilly reduced

2001; You, 1998)The RSW forms an intermediate salinity maximunween 600 and 900

m and is characterised by salinities between a6d 356 psu ands, of 27.2 kg nt (Kumar

and Prasad, 1999PGW and RSW are saturated with oxygen from atimesp contact

shortly before their passage into the Arabian $®augh the Strait of Hormuz (50 m sill

depth) and Strait of Bab-el-Mandeb (137 m sill @i¢ptespectivelfRohling and Zachariasse,

1996; Sarma, 2002)CW combines, Subantarctic Mode Water (SAMW) andolmeSian _ - -| Geléscht: The main sources of oxygen
””””””””””””” A for intermediate waters in the northern
. i . \ Arabian Sea are the outflows from the
Intermediate Water (IIW) and is entering the Arabfea from the southwest as part of the | marginal seas (Red Sea, Persian Gulf) in
\ north and Indian Ocean Central Water

}
Somali current (Resplandy et al., 2012; You, 1998jermediate water from the southern | Persian Gulf water (PGW; 200-400 m
- i water depth) and Red Sea Water (RSW;

\

sources is originally rich in oxygen, but becomesréasingly oxygen depleted and nutrient | and are saturated with oxygen from
y atmospheric contact shortly before their

rich on its path to the Arabian Sea owing to oxytess during the mineralization of sinking ! | Strait of Hormuz (50 m sill depth) and

. ) . i i \\ \\'| respectively (Rohling and Zachariasse,
organic matter. Progressive oxygen loss is reftedig the observed pattern with higher. | 1996; sarma, 2002).
X!

\
\

oxygen concentrations in the NW basin than in tlkelidsin of the Arabian S¢Morrison et

\
\

al., 1999; Pichevin et al., 2007; Rixen et al.,£0The deep water below about 1500 m is fed 11993).

by circumpolar deep water (CDW) with of 27.8 kg 1 and a salinity of 34.8 ps@indoff

(I0CW) from the south (Olson et al., 1993).

|| passage into the Arabian Sea through the

. | Strait of Bab-el-Mandeb (137 m sill depth),

the

600-800 m water depth) have high salinities

/[ @eléscht: 0 ]
(Gelﬁscht: Antarctic Intermediate Water,]

Geldscht: (Resplandy et al., 2012, You,}

| Geléscht: 1 ]

o ‘[ Formatiert: Englisch (GroBbritannien) ]

The intensity of the OMZ and denitrification is seaally variable. Oxygen concentrations in

its core and its volume vary in response to theaeaity of ventilation probably related to

al., 2014).

the seasonality of isopycnal mixing (Banse et2014; Rixen et al., 2014Models produce /‘{Gelﬁscht: (Banse et al., 2014; Rixen et}

similar patterns with major ventilation from theuslo during the SW monsoon while
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reversing currents, progressive oxygen consumpdiash isopycnal mixing reduce oxygen

concentrations in the entire basin during the wimensoon (Resplandy et al., 2012; Rixen et

al., 2014) Reoxygenation during the SW monsoon occurs vidrivigorated SomalCurrent - { Gelbscht: (Resplandy et al., 2012; Rixei
’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ 1 etal., 2014).

~
~

in the western Arabian Sea and a northward flowindercurrent below 150 m water depth { Getoscht: c )

along the SW coast of India (Resplandy et al., 200#ich was found up to 20°fShetye et

al., 1990).This undercurrent reverses its direction semiarnwgposing the direction of the

Geldscht: Vertical as well as horizontal
eddy advection, are additional important
drivers of OMZ ventilation (Resplandy et
al., 2012).

strongest denitrification prevails in the NE Arabi&ea although productivity and particle

fluxes are highest in the western part of the béSaye-Haake et al., 2005; Nair et al., 1989).- { Geliischt:l (Gaye—)Haake etal., 2005, J
- Nagqvi et al., 1990

Denitrification, that reduces nitrate to nitritedagaseous dinitrogen, is triggered when oxygen

oxygen deficient conditions enable denitrificatioelow 100 m water depth in the Arabian

Seaand active denitrification indicated by the accuatioln of nitrite(Naqvi et al., 2008)vas

found between about 100-400 m water dé@aye et al., 2013a; Martin and Casciotti, 2017). { Gelsscht: (Gaye et al., 2013a) ]

The intrusion of PGW that flows in a southward diien along the coast of Oman can

occasionally supply oxygen and suppress denittiica(Morrison et al., 1998), as was the

case during the late SW monsoon 2007 between 280480 m water depth (Gaye et a/l.,/{Gelﬁscht: (Gaye et al., 2013b; Morrison}
T etal., 1998).

2013a)

Paleoceanographic studies from the Arabian Seatrép® existence of a pronounced OMZ

\ )
~ { Geléscht: ) ]
)

et al., 1995; Higginson et al., 2004; Mobius et 2011; Pichevin et al., 20Q7). Many studies- -| Geléscht: (Younger Dryas and Heinrich
- Events) and glacial stages (Altabet et al.,
L. . . . i . . o . 1995; Higginson et al., 2004; Mdbius et al.,
used productivity proxies and SST reconstructioitsnoin combination with denitrification 2011; Pichevin et al., 2007)

proxies such as sedimenta¥’N values to show that warm perio@l$ and interglacials)

were characterized by a stronger SW monsoon indugpwelling and higher productivity
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than cold periodso that denitrification was switched on in the OAdtabet et al., 1999;

Altabet et al., 2002; Pichevin et al., 2007; Reitlea al., 1997; Schulte et al., 1999b; Suthhof

Geldscht: (Altabet et al., 1999, 2002;

Pichevin et al., 2007; Reichart et al., 1997;

Schulte et al., 1999; Suthhof et al., 2001

\

respectivelythe Holocene was evidently a more stable periogesfmanent upwelling and\\

\

denitrification (Boll et al., 2015; Overpeck et,dl996; Pichevin et al., 2007; Tierney et al.,

Geldscht: Many studies showed that
monsoon fluctuations drove the past

changes in ocean biogeochemistry (Béning

and Bard, 2009; Clemens, 1998; Clemen

Pourmand et al., 2004).

{Gelﬁscht: , respectively,

and Prell, 2003; Deplazes et al., 2014;

-1 Geldscht: (Boll et al., 2015; Overpeck et|

al., 1996; Pichevin et al., 2007; Tierney e
al., 2016)

intensity of the mid-water OMZ appear to have datEd related to SW monsoon strength,

intensity of winter cooling by the NE monsoon adlwe changes in OMZ ventilation (Boll et

Geloscht: (Boll et al., 2015; Das et al.,
2017; Pichevin et al., 2007)

|

dynamics is indispensable to evaluate the recesitlserved OMZ intensification in the

=

Geldscht: (Banse et al., 2014; Rixen et
al., 2014)

|

Indian Ocean water masses and circulation were gliffterent at glacial conditions as proxy

studies of benthic foraminifera indicate. Deep watas evidently less oxygenated than at

present(Duplessy, 1982; Kallel et al., 1988; Schmied! amdischner, 2005; Waelbroeck et

Geldscht: producing less North Atlantic
Deep Water (NADW)

water ventilation from the Antarcti{Rickaby and Elderfield, 2005)ith reduced oxygen

contents due to the increase in sea ice c(®achanan et al., 2016; Somes et al., 2027)

better ventilation of the upper water column in thacial ocean was explained by the better

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

15
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Heinrich Events This glacial AAIW (GAAIW) would ventilate intermediateaters (~1600

m) in the Arabian Seahere AAIW is not detectable tod§jung et al., 2009)

3 Material and Methods

| Geléscht: 2

’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ ~ {Gelﬁscht: 2

- {Geliischt: cores

Arabian Seaarethe gravity core SL163nerged with the multicore MC681 taken at the same

location(21°55.97' N, 59°48.15’ E, 650 m water depth) andtivore MC680 (22°37.16" N,

59°41.50’ E, 789 m water depttfjoreswere retrieved in 2007 during Meteor cruise M74/1b- { Geléscht: Botn

intervals anghe first 400 cm of corg SI63weresampled in continuous 3 cm interyals. We - { Geléscht: T

S~

NS {Gelﬁscht: 163

analyzed alkenones in all sediment samples1C681 and SL1635N was analyzed in all \\\{Gelﬁscht: were

Gelbscht:
samples of MC681 and SL163 andevery second samptg MC68Q All sediment samples Lm intervals

and MC 680 was analyzed i

o {Gelﬁscht: of MC680 was analyzed in

)
]
)
]
]

__{ Geléscht: 2

*’/\’\" {Gelﬁscht: 3

* { Geléscht: 163

o

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 atmasdiN, (5°N = 0 %o):
815N = [(RSampleRStandara/ RStandarl*looo (1)

where Rampleis the®N/*N ratio of the sample andsRngardis the™N/*N ratio of atmospheric
N,. "N values were determined using a Finnigan MAT 2&Rdpe ratio mass spectrometer
after high-temperature flash combustion at 1100ACaiCarlo Erba NA-2500 elemental

analyzer. Pure tank N\calibrated against the International Atomic Enefgency reference
16
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standards IAEA-N-1 and IAEA-N-2, which were, in @éth to an internal sediment standard,
also used as working standards. Replicate measuotsmea 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 proeethuralkenone 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@fleeconcentrations using an Agilent
6850 gas chromatograph (GC) equipped with a splitiess inlet system, a silica column (30
m X 0.25 um film thickness x 0.32 mm ID; HP-1; Agit) and a flame ionization detector
(310°C). Alkenone unsaturation ratios were traesldahto sea surface temperature using the

core top calibration for the Indian Ocean of Somiag al. (1997b):
SST = U¥, -0.043)/0.033 withUX, = Cy7.4(Car2+ Cara). 2

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

working sediment standard is 0.5°C.

| Geléscht: A

Sediment corege moded )

mass_spectrometry (AMSY'C datings In this study the upper 50 cm were taken from

multicore MC681. Four additional datings and visuahtching of variations in_element

concentrations were used to correlate SL163 and84@6 their overlapping parts (TaB3 _ _ - { Geléscht: le

and Fig F1 in supplementary material). | - {Gelascht: ure




The age model of core MC680 is based on four amtelemass spectrometry (AMSJC

datings from different core depths, measured aa Betalytics, Miami/FL (see Taks4and -~ {[zz:zzz:: '; %
Figr£2 of supplementary information). Calibration and ree@ age correction were done-in - {{Ge:‘*“:‘: ure %
| Geloscht: F1

the same way as for 363 (Munz et al., 2017). Both cores have a conspicisedimentation - - { Gelscht: 163 ]

hiatus around 5700 years BP. In c&el63 the hiatus was positioned at 57 cmMi@680

the hiatus was-at-37 chased on-a change-in facies from olive foramialfeanofossil-coze: - %2::::::: :"Si"""ed %

below to olive brown organic richnanefessil-sitay abeve the hiatus--------------- - { Geoscht: n )

3.3 Integration and averaging of SST &ftN reconstructions | E:o:: : %
| Geléscht: le )

Temperature and™N curves of most cores used here were taken frenfitérature (Tapl)

- le

~ { celoscht:

time in this paper (see above). All original datal all calculations are presented assT&h, - { Geloscht
. . ) o ‘[Gelﬁscht:

and & in the supplementary informaton. ... -~ { Geloscht:

O L )

In our compilation temperature reconstructions fitbm easterand southeastewrabian Sea

are based on Mg/Ca ratios of planktonic foramigifésee methods in e.g. Govil and Naidu,/{Gelﬁscht:

and Naidu,

(Govil and Naidu, 2008)Govil
2010

=)

2010; Mahesh and Banakar, 2014; Saraswat et &3;2Dwari et al., 2015kxcept core - { Geléscht: ;

Geldscht:

MD90963 which has alkenone temperatu(Bestek et al., 1997)All other records are {Safaswa‘e‘a'-vzm? Tiwari et al., 2015)

Mahesh and Banakar, 2014;

o [ Geloscht:

N~

alkenone temperatures calculated with the corectdjpration of Sonzogni et al. (1997b).
Using the published age modeilve averaged the temperature records available fre
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 &mhdndividual 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 thigtiah precision of 0.5°C of alkenone

Jpased temperature reconstruction. | Gelsscht:




. ) : : _ { Geldscht:
Temperature reconstructions based on_different odstimay differ as proxies may be- 1Weegfgawaﬂeofthefamhata|kenonea+d

7777777777777777777777777777777777777777777777777777777777 Mg/Ca derived SST

seasonally biased or impacted by dissolution agetiasis (Huguet et al., 2006; Regenberg et

al., 2014) “TEXse and -alkenone based-SST-reconstructions of -core#>805-and -S042- {Sjggi‘;,';ﬁg e oy 2% J

. . . . ) Geldscht: Comparisons of different
KL74 were shown to differ in magnitude and phaselBXgs temperature reconstructions | temperature proxies applied on the same

core produced considerably different
temperature estimates

seem to have a SW monsoon Hidaguet et al., 2006Munz et al.(20153howed that winter- - { Gelbscht: : (Munz, 2015 #2621} )
temperatures derived from planktic foraminiferasemblagediad stronger amplitudeian

the alkenone based annual average SST reconstsiGtieSO130-275KL -ofBoll-et ak.; -~ " Formatiert: Englisch (Usa) J
2014) Two of the records used in this study have balkenone and Mg/Ca temperatuie e e o e

W annual average temperatures from the

. f | R by t al., 2014;
core P178-15P from the Gulf of Adetkenone and Mg/Ca temperatures have uniform treﬁ\c\is Ssirnif,zn?ﬁ;(,igg‘;';aersgof,zf,gm etal.,

W\ | 1997b) and may thus be comparable.

and-aresignificantly correlated (P < 0.05) with-a slopeledndVig/Ca are, on average, 0.5°C \\\\\{ Gelbscht: Estimates of
b \\{ Geldscht: s
lower than alkenone temperaturéSierney-et -al;-2016)A- eomparison- of -alkerene '\ { Geloscht:

\
R \\{ Gelbscht: were

\
N {Gelﬁscht: an intercept of 0.5°C
\

temperatures aiHuguet et al., 2006dnd Mg/Ca temperatures nand et al., 2008)f core

NIOP905 also shows that Mg/Ca temperatures are rlowe contrast, the alkenone " Geltscht: and had unform rends

o A U L

( Geléscht:
temperatures of core MD909¢Rostek et al., 1997@re about 1°C lower than the two Mg/Ca
temperature records of near-by cores SK129-C{Mahesh and Banakar, 201d)d SK157-
4 (Saraswat et al., 2005h the southeastern AS. As both, Mg/Ca and alkenbased
temperature reconstructions are calibrated withuahaverage surface layer temperatures
(Regenberg et al., 2014; Sonzogni et al., 1997aiz&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 fmetnods.
The averagé™™ values were calculated per time slice in a simiay as SST curves and ~ -S#s:1 )
averaged for the same areas (Fig. Bafore averaging the results of all curves of #lected - { Geléscht: )
areas$"N values were normalized jbe averages™N valueof the respective core (TaB1 - ‘{{Gelﬁscht: an %
~ 1 Geléscht: le

of supplementary material). Some records were hootgo use their averadge N values as

they did not cover the mai&°N shift from the glacial to Holocene. In these casiee

19



normalization was done with the average value méar-by core witl'°N in the same range

This procedure was carried out &SN in sediments are impacted by several factors in

addition to thes*®N of nitrate upwelled or mixed from subsurface watdlitrogen fixation or

allochthonous supply of nitrogen from rivers or #tmosphere can redusEN in particulate

matter (Agnihotri et al., 201; Agnihotri et al., 208, Agnihotri et al., 2009; Lickge et al.,

2012: Montoya and Voss, 2006). Upwelling from diffiet 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 (Nagviakt 2003). Diagenesis

increase$™N values in the deep Arabian Sea by up to 3 %. statlsediments (Gaye-Haake

et al., 2005; Mdbius et al., 201TMhe normalization procedure makes the relative gharin

8N comparable within each area despite differennethé diagenetic imprint and Bt°N
sources so that relative changes may be interpreitbdrespect to the relative intensity of
denitrification. Averagé™N curves of normalized values have a standard temiaf up to
1.5 %0 with most values far below 1 %.. The standdegiiation is, generally, largest during

deglaciation whers®N changed rapidly. The curves represent averageswfto seven

o ‘[Gelﬁscht: curves

found. For the construction of the preséniN chart results from surface samp@//{gmscht: were included )

ublished byGaye-Haake et al., 20Q&re included (Fig. 1. | Geléscht: (Fig. 1a; ]

. { Geléscht: ) ]

\{Gelﬁscht: . ]

3.4 Climate and biogeochemistry model - {Formatiert: Abstand Vor: 0 Pt., Nach:}
6 Pt., Zeilenabstand: Doppelt

We use results from an experiment with a globalpted atmosphere-ocean-sea ice_ modet {Formatiert: Abstand Nach: 6 Pt., }

Zeilenabstand: Doppelt

(the Kiel Climate Model, KCM, Park and Latif, 2008ark et al., 2008) consisting of

ECHAMS5 (Roéckner et al., 2003) and NEMO (Madeclet2008), to force a global model of

the marine biogeochemistry (PISCES, Aumont et28l03) in off-line mode. KCM has been

used for time-slice simulations of the preindustaiad the mid-Holocene climate (Schneider

20



et al., 2010, Khon et al., 2010, 2012, Salau e@l2, Jin et al., 2014). Here, ten times

accelerated orbital parameters (eccentricity, oftjggand precession) were varied transiently

as forcing according to the equations of Bergei789The greenhouse gas concentrations

follow the standard Paleo Modelling Intercomparigémject Phase Il (PMIP3) protocol

(Braconnot et al., 2012) based on Indermihle ef18199). Changes in the ice sheets are

neglected.

The ocean component (OPA9) uses a tripolar grid @itzonal resolution, and a meridional

resolution varying from 0%at the equator t0°% cos (latitude) polewards of 20The water

column is divided into 31 layers, with 20 layerstie upper 500 m (known as ORCA?2

configuration). ECHAMS5, the atmospheric componeflKCM, is run in T31 resolution with

19 layerscorresponding to a grid cell size of about 400 & K. PISCES (Aumont et _ - - Formatiert: Englisch (USA)

al., 2003) simulates the marine biogeochemistrjutging processes that determine dissolved

oxygen concentrations based on the oceanic ciionlas provided by NEMO (Madec et al.,

2008) and a NPZD-type (Nutrient Phytoplankton Zaogton Detritus) description of the

marine ecosystem. NEMO/PISCES in the ORCA2 conditions has been used to study

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

Here we restrict the description of PISCES to thecesses relevant for the oxygen

concentration. Sources of oxygen are gas exchaiithetive atmosphere at the surface, and

biological production in the euphotic zone The pwitbn of two phytoplankton groups

(representing _nanophytoplankton and diatoms) isulsitad based on temperature, the

availability of light and the nutrients P, N (baihk nitrate and ammonium), Si (for diatoms),

and the micronutrient Fe. There are three nondivoomponents 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 seto@ll POC sinks to the sea floor with a

21



calcite and opal ballast effect following Gehlenaét (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 reduceck rir G-

concentrations below 6 umot.IWe also use an idealized age tracer that isose¢ro in the

surface layer and increases with time elsewhergeglibn and mixing are also applied to the

age tracer. This tracer gives an indication ofgtilesurface circulation strength. Here we use

it to analyze the change of the average age ofvéiter masses in Arabian Sea OMZ over

time.

We do not attempt to provide a full model analydishe Arabian Sea OMZ in this paper, Hut- ‘[Formatiert: p1, Abstand Vor: 0 Pt., J
Nach: 6 Pt.

will mainly use it as an additional tool to estimadlhe most likely causes for the sediment core

analyses of OMZ intensity changes. Some basic ffiestof the simulated OMZ can be found

in the supplementary material (Bi¢r3 to F5 in supplementary material). -~ { Geléscht: ures ]
4.Resulls ] | Geléscht: 3 )
- {Gelﬁscht: 3 ]

| southeastern region rise at about 20 ka
) in response to rising summer insolation

. . .. - . . )
Termination 1, (Stern and Lisiecki, 201jcept for the southeastern region where SSTatise. | over the northem hemisphere (Berger an
7777777777777777777777777777777777777777 . “\\ | Loutre, 1991),

Holocene (Fig. 3)Warming started at abolit6-17 ka BP,during the period defined QS// Gelbscht: Whereas SST in the BL’

\ W
about 2 ka BP in response to rising summer insolation dlwemorthern hemisphe(Berger |+ [ Getbscht: w

\ ~ - -
| \\\ Geldscht: in the northern Arabian Sea
\\ | and the upwelling areas

and Loutre, 1991). The largest SST increases froenglacial to the Holocene can be'
*********************** [ Geléscht: 17-16

\ \
\ \

ﬁ
)
observed in the northern (4°C) and the eastern)(8f@bian Sea. The increageabout 2.5°C [ Geléscht: ie. close to %
)
)

N { Geldscht: (

== ‘[Gelﬁscht: is about 2.5°C
upwelling, and the southeastern Arabian Sea southdia. Some small scale temperature

variabilities exceeding the analytical error of “@bare visible. There is an increase of
22



o ‘[Geliischt: (Rahmstorf, 2003)

the YD in the available records of higher resolnt{&ig. F6 in supplementary material). In

the average curves (Fig. 3) the YD is visible dnlfhe east and wegf. _ - 1 Geléscht: in most regions except in the
”””””””” o upwelling areas and the eastern equatori
Arabian Sea. SST minima during the

In order to compare the modern and glacial SSTibigtons (Fig. 4a, b) we plotted the SST'. B el aoout9 ka B and 49

\

L. . . Geldscht: The former is most prominent
map from the World Ocean Atlgkocarnini et al., 2013and the time slice at 17-18 ka BP | inthe Oman and Somali upwelling areas
and the latter in the northern and eastern

Arabian Sea.
from the core records (Fig. 4b). This time slic@ésther an IS nor a Heinrich Event and has
the best data density of the glacial (see suppleanematerial S2)There is a change in the
SST pattern in the basin between glacial conditam the Holocene. During the lagacial, - { Geléscht: G

SST pattern deviates from this north-south incrg&$g. 3; 4a): (i) SST in the Oman and
Somali upwelling areas are lower than northern falsea temperatures, and (ii) SST in the

eastern and southeastern Arabian Seahaye andin the same rang&mall drops in SST

occur in some of the curves at about 9 ka BP abdd-BP, respectively (Fig. 3).

__{ Geléscht: 3

and 7 %o (Fig. 5a, b). Holocet®N values are highest in the central part of thérbasd in
the Oman upwelling area and lower in most shelfgade sediments outside upwelling areas

(Fig. 5aand 6. Glacial shelf and slope sediments hal®l values below 6 %cSimilar to the

\

8N records from the deepest part of the central iaraBea (Fig. 1a; 5b). S

situation,

I« = ‘[Gelﬁscht: , similar to the present
N

{ Geldscht: but

Thed™N values increase between 16 and 14 ka BP in etbseexcept in the eastern Arabian
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increase 0B8N values by about 3.5 %o is observed in the northabian Sea. All other

normalizeds™ N curves increase by 2%.. Most integrated curves show a relative minimum

\\\\\\ ‘[ Formatiert: Schriftart: Symbol

deglaciations (Fig. 6). The thrée’N curves of high resolution (Fig. F7 in supplementa | Formatiert: Hochgestellt

J
)
J

material) follow the GISP core with distinct minirdaring Heinrich Event 1 (H1) and the YD

and a maximum during IS1, whereas 1S2 maxima aitberefound in the Somali upwelling

area nor in the eastern Arabian Sea (Fig.The Holocenes'*N patterns differ across the

western Arabian Semcluding the upwelling areasvhereas a late Holocerie 4,2 ka BP;

Walker et al., 2012jnaximum is visible in the northern and eastern pathe Arabian Sea.

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

- {Gelﬁscht: 4

_ { Geléscht: 4

The temperature rise from the LGM to the Holocemehie northern and eastern coastal

regions of the Arabian Sea of 3-4°C is by 1-2°f@éa than modelled for the tropical ocean

(Annan and Hargreaves, 2013; Hopcroft and Vald@ss2Jansen et al., 2007)his may be

induced by the much lower glacial land temperatofesentral AsiglAnnan and Hargreaves,

2013)which weakened the SW and strengthened the NE esnonsompared to the Holocene

(Duplessy, 1982)Changes in annual average temperatures in tlibenorArabian Sea were

shown to be determined mainly by the intensity @fter cooling and the resultingeeper

thermohaline mixing and thus added to the coolmduced by lower insolation during the

glacial (Bdll et al., 2014; Boll et al., 2015; Reichartadt 2004)
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The observed regional differences in temperatwe friom the LGM to the Holocene (Fig. 3)

led to a change in the general SST pattern (Figb¥d he SW monsoorSST pattern in the

/{ Geldscht: in the western part of the basﬂ1

modern Arabian Sewith its NW-SE oriented gradient (Fig. 4is) strongly modulated by -

/s

upwellingoff Oman and-Semaland inflow- of warm-and low saline surface-water-frone-th

Geldscht: during the SW monsoon (Fig.
2a) and winter cooling in the northern
Arabian Sea during the NE monsoon (Fig.
2b) as well as

_ -1 Geloscht: North East Monsoon Current

Bay of Bengal via the WIGC-(Vijith-et-al.,-2016}ig.-2a) The WICCinflow is fed by 4he< ENMC) and the West India Coastal Current

North Equatorial Current arstarts in the post SW-monsoon peripcobably forced by local \\{Ge'ﬁsc"“‘

Geldscht: This

winds around the southern tip of India (Suresh.eR816) It is related-to-prevailing-sealevel - { Gelascht:

and

/{ Geloscht:

B

J
)
J
)
)

height difference between the Arabian Sea and Ba@3eogal which is due to the enhanced//{Gemscht: (Shankar and Shetye, 2001)

17
v

precipitation and river discharge to they (Shankar-and Shetye; 2004)reason fothe more -

latitudinal gradient of glacial isotherniBig. 4b)was a strengthened NE and a weakened éW

\
\

SST pattern is thus characterized by NW-
SE oriented gradient (Fig. 4a). During th
Glacial the isotherms had a stronger
latitudinal gradient indicating that the
pattern was more insolation and less

Geldscht: The present annual average
circulation driven (Fig. 4b). The main

monsoon so thawinter cooling in the northern Arabian Sea was msithnger(Reichart et

\
{Gelﬁscht: this difference

.

Geldscht: G

al., 2004)andupwelling was reduced or even inactive duringdlaeialse-thatthe eold-water-_

- { Geléscht:

and

source in the western Arabian Sea wasngly reducefBoll et-al:,-2015; Duplessy,; 1982) - -

'[ Geldscht: shutdown

A

Geldscht: (

addition, salinity reconstructions indicate thagrthwas less advection of low salinity, warm {

J
)
J
J
)
)

Geloscht: Duplessy, 1982)

surface watergy the WICCinto the eastern Arabian Sea from the Bay of Bepgabably

!

due to the low glacial precipitation and river roifi{Mahesh and Banakar, 2014). ’y"
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 tipwelling off Somalia was Weakq/r

1

positive wind stress curl induced by the Findldtetr- a low level, cross equatorial jet stream,

\

recurring during each SW monsoon over eastern Afaied the western Indian Ocean (Broé\k

\

et al., 1991; Findlater, 197/Jhe strength of the Findlater Jet is directly cedplvith the

\
\ \

\

moisture transport to the Indian monsoon redi@allah et al., 2016)Brecipitation on land'.

'l last Glacial to the Holocene in the near

Geldscht: The temperature rise from the,

coastal regions of the Arabian Sea of 3-4
is by 1-2°C larger than modelled for the
tropical ocean (Annan and Hargreaves,
2013; Hopcroft and Valdes, 2015; Jansen
al., 2007). This may reflect much lower
glacial land temperatures of central Asia
(Annan and Hargreaves, 2013) which
weakened the SW and strengthened the
monsoon compared to the Holocene
(Duplessy, 1982). Changes in annual
average temperatures in the northern
Arabian Sea were shown to be modulated
mainly by the intensity of winter cooling
and the resulting thermohaline mixing an
thus added to the cooling induced by lowe
insolation during the Glacial (Boll et al.,
2014; Boll et al., 2015; Reichart et al.,
2004). A counter-clockwise surface
circulation driven by a stronger NE
monsoon advected these colder water
masses to the northwestern part of the
basin, adding to the cooling effect of
convective winter cooling (Fig. 3b). Glacia
SST is very similar off Somalia, in the ope

=

************* -\ \
o
\

western and eastern Arabian Sea. U

Geldscht: off Somalia and Oman is

such as the All-India Rain Fall is thus used aseasure for SW monsoon strenghfooley \\\\ I

Geldscht: (Brock et al., 1991; Findlater,
1977).

[1] verschoben

and Parthasarathy, 1984)lowever, even at present there is no straighticiwcoupling \\\\{

\
\

{Gelﬁscht: .

(

Geldscht:

o A~
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between high rainfall on land and low S@®vine and Turner, 2012)nd thus also no direct

correlation with productivity, Further, sedimentopies indicate and modelling studies - | Geléscht: Therefore, the strength of the
’’’’’’’’’’’’’’’’’’’’’’’’’’’’ SW monsoon is reflected by the index of
. ) i . . . effective moisture calculated from a large|
suggest that the position of the Findlater Jet ghdnwith monsoon intensity and this could | number of lake, peat, loess, and river
records from the Asian continent by
. . Herzschuh (2006). We assume that SW
decouple SST, productivity and monsoon streifatiderson and Prell, 1992; Le Mézo et al., | monsoonal upwelling was strongly reduced
or inactive during cold phases of the Glagial
. i X . . . . and that the low temperatures off Oman are
2017; Sirocko et al., 1991)The Himalayan ice shield during glacial condigaot only led entirely related to convective overturn an
””””””””””””””””””””””””””””” NN advection of cold surface waters by the

. ) \d strong NE monsoon circulation.
to a reduced temperature gradient between landseadso that the Findlater Jet weakene { Geloschts (anderson and Prol, 1692, Lﬁ

Mézo et al., 2017; Sirocko et al., 1991)

but also to an eastward shift of the continental fiwessure cell so that the Jet had a more

(Sirocko et al., 1991)
. {Gelﬁscht: 1
7 /

1 )/ {Gelﬁscht: temperature gradients
7/

latitudinal orientation(Le Mézo et al., 2017; Sirocko et al., 1990ur data suggest that its ( Gelasch:

glacial position was not favorable of upwelling Sdmalia.,

‘s
/7

The SST_differencébetween the northern Arabian Sea on the one hashdhemore southern”

Yo D —
/

Gelodscht: are a reflection of upwelling
intensities and thus indicators of SW
monsoon intensity

- A

/| Geléscht: ure
!

/

show deviations from the insolation driven, souttdvéemperature increag@®oll et al., /| [1]nach oben: The strength of the
/ // Findlater Jet is directly coupled with the
) o . . L . . ,* 1, | moisture transport to the Indian monsoon
2015), Enhanced upwelling is indicated by a positive ising index as it shows lower |/ | region (Fallah et al., 2016). Therefore, the
’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ o /’ strength of the SW monsoon is reflected by
. . . ;| the index of effective moisture calculated
temperatures in the more southern upwelling areamared to the northern Arabian Sea. Jn | from alarge number of lake, peat, loess,
0 and river records from the Asian continent

by Herzschuh (2006).
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [2] nach unten: The increase of the

7 . N . . o
»~ | moisture index coincides with strong

I, . . N
lake, peat, loess, and river records from the Asiamtinent byHerzschuh (2006)Peaks of + | Fieeases b e (prieiing ncses betwes

_ {Gelﬁscht: show that

******** /| Geldscht: interglacial interval SST
warmed and

/

=]

s

shortwarm intervalthe upwelling was enhancedf Omanang becameactive for about tWO- " Gasscht: , especively

_ {Gelﬁscht: Oman and
**************************************************** Sy ‘[ [2] verschoben

. . L : B Geloscht: increase of the moisture inde
reflect a shift of the Findlater Jet to a positimore parallel to the western margin of the | 7 ues with strong increases in the

upwelling indices between about 16 and
ka

1

— s x U L

~ 7 7| Geldscht: (Fig. 7). We do not observe a
minimum during therD which is quite pronounced BST records of high resolutipn (Boll et - { Geléscht: Younger Dryas
oo

=

N Geldscht: (13-11.7 ka BP) in our
al., 2015; Saraswat et al., 2013; Schulte and Mul@01; Tierney et al., 2018ee Fig. F6 in'. | &eaed oot reconsucone (0 o &
" + | indices at 12-13 ka BP (Fig. 7)
supplementary materjais reflected as a minimum of the upwelling indiegsl1-13 ka BP \\\\\{Gelﬁscht: and
\\\{ Geléscht: in
(Fig. 7)..Both, the Oman and Somali upwelling irdiencreased during further warming after {Gelascht: (B5l et al., 2015; Huguet et
al., 2006; Tierney et al., 2016

h { Geldscht: .

it

— o
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the YD at 11 ka BP. The moisture index drops atfier early Holocene to the present in

parallel with temperature records from the contir(gterzschuh, 2006; Marcott et al., 2013;

Peterse et al., 2014hut upwelling inicesremain on about the same level or even increase

during the mid-Holocene (Fig. 7). We surmise tlig 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.e2017). In the mid-Holocene the

Findlater Jet shifted offshore and upwelling reredimigh covering a larger area so t8&T

minima prevailed androductivity was enhanced (Le Mézo et al., 2017). /

/
/

Geldscht: Due to the coarse resolution of
most of our temperature curves this short
cold excursion is obliterated during the
steep temperature increase of deglaciatio
A

n.

-

Geloscht: um

A

Geldscht:

Gelodscht: indicates strongest upwelling
during

Holocene climatic optimumould indicate enhanced upwellif@oll et al., 2015). The second {

Geldscht: cannot be observed

Geldscht: central and southern

Holocene temperature minimum at around 4-5 ka BiRégasterrpart of the baslpoincidesﬂ,?f

Geldscht: . It

q

colder climaten

Geloscht:

W

W\

Geldscht: indications of climatic
deterioration

other terrestrial climate records from Central Ad@&rkelhammer et al., 2012; Hong et al

r\{
\
\

Geldscht: (Prasad et al., 2014)

2003; Ponton et al., 2012)he SST minimum nyathus be due toooling by a strengthengd (

Geldscht: as well as

W

NN
W

Geldscht: (Berkelhammer et al., 2012;
Hong et al., 2003; Ponton et al., 2012)
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WA

Geldscht: and ma
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W
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Geldscht: due to a warming event
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‘ 52 Nitrogen cycling in thelacial, :

b

|
At present, nitrate reduction between 100-400 mewaepths leaves residual nitrate with

8N values up to > 20 %o and upwelling can transporicled nitrate from 250-300 m watet,
depth into surface waters in the western Arabiaa Qewelling areas (Gaye et al., 2013a’

I\
W\

Geldscht: The upwelling index follows
the drop of the moisture index of the late
Holocene with some delay (Fig. 7) while
temperature records from the continent d
in parallel with the Asian moisture index
(Herzschuh, 2006; Marcott et al., 2013;
Peterse et al., 2014). We surmise that thi
either reflects a delayed response of the
ocean or that higher summer temperature
due to reduced upwelling can to a certain|
extent, be compensated by lower winter
temperatures.

(Le Mézo et al., 2017; Sirocko et al., 1991

)

\ i\
\ \

Geloscht: 4 j

upwelling area off Oman haw#N elevated to > 10 %o (Fig. 5a3:°N values in all other \

\
\

[Gelﬁscht: and Holocene

Gelbscht: G ]
)

recent sediments collected at water depths < 1Qd@nat depths where the diagenetic effect {

Geldscht: (Gaye et al., 2013a; Yoshinari
etal., 1997)
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on sedimentary®®N is small or negligible (Altabet and Francois, 49%aye-Haake et al.,

2005), are betwee®and 8 %o. This is identicab the signal of sub-thermocline nitrate which - ‘[Gelﬁscht: (Altabet and Francois, 1994;}
”””””””””””””” N Gaye-Haake et al., 2005),

A5
NES

feeds productivity primarily via seasonal deep mixoutside the upwelling areas (Gaye e\t\\?‘;e"isc“t:7 ]
Geldscht: with

al., 2013a; Gaye et al., 2013b). THEN values >11 %o in the central part of the basinaare
result of (i) offshore advection ¢fN enriched nitrate from upwelling areas where tétria
not completely utilized (Naqyi et al., 2003), adlves (ii) early diagenetic increase &N in

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

The salient millennial scale oscillation of the iPlecenesN records call for a strong

1000 m water depth are between 4 and 6
15 . . (Fig. 5b). This suggests that denitrificatio
8N values between 4 and 6 %o from < 1000 m watertdeptthe time slice 17-18 ka BP | was very much reduced or absent, thus
stronger

mechanisms linking OMZ intensity with northern heptiere climate oscillations. The Iow. - -| Geléscht: Glacial5**N values from < {
9/00

”””””””””””””””””” values were elevated

denitrification was very much reduced or absgt\N values up to 7 %o during I1S1 and IS2 in - ‘[Gelﬁscht: except during the IS WheﬁFNJ

Fig. F7 in supplementary material) indicate thatitidication was enhanced but restricted to- -| Geldscht: to almost Holocene levels
”””””””””””””””””” (Altabet et al., 2002; Mdbius et al., 2011)|

the northern and northwestern part of the basimduhe 1S. Theé*N minima of the YD and

H1 are found in all records of high resolution dhd average curves (Fig. 6 and Fig. F7 in

supplementary material). The oscillations of &N recordsthus follow the primary - { Geléscht: OMZ sediments from the
77777777777777777777777777777 - northern Arabian Sea were clearly
L. ) ) . bioturbated only during the stadials, i.e. the
Droductivity which was enhanced during the warmseisadue to stronger upwelling and | Younger Dryas and Heinrich Event, while
| they were indistinctly laminated during
. o i i \ most of the last Glacial (Suthhof et al.,
reduced during the LGM, YD and Heinrich Eve(iteuschner and Sirocko, 2003; Reichart'et | 2001). This indicates that suboxic
\ conditions prevailed during the Glacial in

. . o the northern Arabian Sea so that
al.,, 1997; Schulte et al., 1999a; Suthhof et &0013 Exceptions from this productivity ' | bioturbation was reduced.(Jung et al., 2009;
\ | Naidu et al., 2014; Schmied| and

\\ Leuschner, 2005)

©

pattern _were reported from the eastern Arabian $#bare the LGM had enhance "
777777777777777777777777 N Gelodscht: of the last 60 ka suggest that

\\ the A(a}biap Sea ljapidly oscillated'between
productivity at some location@Naik et al., 2017)and from the NE monsoon dominated | denitification during the short IS time
\ intervals and no denitrification under

normal glacial conditions and during

\
i i i inri \ | Heinrich events and stadials (Altabet et aJ.,
northern Arabian Sea where productivity was enhdrthging the YD and Heinrich Events | TR ST ot el 2000)

 Getoscht: (Naik et al.) ]

\

\

due to the strong winter coolirfReichart et al., 2004).
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The OMZ sediments from the northern Arabian Seaeviedistinctly laminated during most

of the last glacial indicating suboxic conditions bvere clearly bioturbated indicating fully

oxic_conditions only during the YD andeinrich Bvents (Suthhof et al., 2001). Aragonite

preservations and-’C of benthic -foraminifera further suggest that-edesl formation -of-~ { Formatiert: chvifart: Symbol

a ‘[ Formatiert: Hochgestellt

GAAIW ventilated the lower OMZ from about 800 m 1800 m especially during stadials

(Béning and Bard, 2009; Jung et al., 2009; Naidwalgt2014; Schmiedl and Leuschner,

2005) A similar increase of GAAIW formation was obsethia the Atlantic and Pacific and

was explained with the strong reduction BADW formation and a simultaneous

strengthening of SAMW and GAAIW formation due talueed salinity and density of North

Atlantic surface watefRickaby and Elderfield, 2005; Ronge et al., 20¥5yomplete break-

down of AMOC during the stadials led to strongesdABN production (Rickaby and

Elderfield, 2005)and thus to the observed complete OMZ ventilagwan in the northern

Arabian SegSuthhof et al., 2001) The planktonic nitrate source is &02300 m depths in

upwelling areas and at even shallower subtherm®digpths outside upwelling areas. The

water masses feeding nitrate to the surface asetll®uUASHSW and ICW. ASHSW formation

was possibly stronger when the NE-monsoon was groand the climate was more arid so

that it better ventilated the OMZ from abovEhe enhanced formation of SAMVdlso

contributed to better ventilation. At present SAMS\themajoroxygen source to the Arabian

Sea OMZwhile PGW, RSW and IIW are only small contributors ofosn(Fine et al., 2008;

- {Gelﬁscht: ,

You, 1998) *During -glacial- eonditions; the -increased - SAMW-qarction- eccurred -further ~

north due to the northward shift of the subpolanfrsimilar to the GAAIW(Rickaby and

Elderfield, 2005)and better ventilated the upper ONB6ning and Bard, 2009)t carried

more oxygen due to less mixing with IIW and RSW amdaccelerated circulatiqBoning

and Bard, 2009)ead to a lower residence time in the Arabian $éareover, it is quite

possible that glacial SAMW carried less preformedrients due to the better nutrient

utilization related to increased eolian supply bbgphate and trace metals to the region of
29




SAMW formation (Somes et al., 2017 he lower amount of preformed nutrients further

reduced productivity in the Arabian Sea. Bettertiaiion and reduced upwelling of nutrient

poorer water thus coincided during stadials andlagxpthe complete oxygenation. The

observed suboxic conditions discernible from lar@dasediments in the OMZ during normal

glacial conditions(Suthhof et al., 2001Yid not produce enhance#t®N signals in the

sediments. It is feasible that the oxygen concéotra did not drop below the threshold of

those in the present Bay of Bengal, where nitratiiction and denitrification occur locally at

a low level, but the enriched nitrate is not trawggd into surface watersie to stratification

(Bristow et al., 2017)Enhanced N fixation has been suggested as analtermeason for the

low "N found especially during stadials in the ArabisafAltabet et al., 1995; Emeis et

al., 1995; Suthhof et al., 2001}t could have beerstimulated by the supply of excess

phosphate and iron from the more arid continéRtins, 1999; Sirocko et al., 2000) this

case, N fixation in surface waters provided N wittv 3*°N that may have masked the high

3N signal from denitrification,.

5.3 Nitrogen cycling in the Holocene

During the Holocene the good coherence with thePG380 record ceases. The global \\

oceanic circulation of the Holocene is stabilizeg the permanent salinity and density

gradient between NADW and AAIW so that dramaticaotevide ventilation changes as in

the Pleistocene cannot occur (Keeling and Steph20®l). In the Holocene the SAMW

production is reduced so that ICW flowing into #@bian Sea has a stronger contribution of

existing changes of productivity and circulatiomcstill lead to a pronounced Holocene

reorganization of the nitrogen cycle within the iba3he different regional patterns (Fig. 6)
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o ‘[Gelﬁscht: thus may have been

—

Geldscht: The glacial Arabian Sea
quickly switched to enhanced
denitrification when the SW-monsoon
strengthened, so that upwelling induced
productivity rose and oxygen
concentrations in the OMZ sank below th
threshold for denitrification of 4-5 uMO
Upwelling was, furthermore, an effective
process to transport the denitrification
signal into the surface waters, so that it
could be recorded in the underlying
sediments.

{Gelﬁscht: 1
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can help to constrain the driving mechanisms. Titesent pattern of the decoupling of the

/
/

productivity and denitrification _maximum evolved ithe mid- and late Holocene as//

denitrification intensified in the northern and teas part of the basin (Fig. 6b, {fjhe 815NJ//

minimum between 9 to 5 ka BP dsly found in the western part of the basin. limest

7777777777777777777777777777777777777777777777777777777777777 Ly ‘\‘
ICW from the south whicltould have betteventilated the western Arabian Sea and tHUs

e i U A N
it
iy !

but focused in the northern Arabian Sea (Fig. Bh)s trend coincides with Holocene coolihg‘l‘“j\‘\

[
LR
Ly

and a strengthening of the NE monsoon. Only inothenwestern Arabian Sea outside dire‘q:l;‘

Geldscht: Enhanced N fixation has been
suggested as an alternative reason for the
low 5*°N in glacial sediment intervals from
the Arabian Sea (Altabet et al., 1995; Emei
et al., 1995; Suthhof et al., 2001),
stimulated by the supply of excess
phosphate and iron from the more arid
continents via dust supply (Prins, 1999;
Sirocko et al., 2000). In this case, N fixation
in surface waters provided N with IG#°N
that may have masked the higifiN signal
from denitrification. Glacial OMZ
ventilation was more dominated by the
inflow of IOCW which could prograde
deeper into the northern part of the basin
the lower sea level severely reduced the
inflow of PGW and RSW (Pichevin et al.,
2007, Rixen and Ittekkot, 2005). Deep
mixing probably added to ventilation of the
upper OMZ during stadials in the northerr
Arabian Sea (Reichart et al., 2004) so that
denitrification was significant only when
productivity became enhanced and
ventilation reduced during IS (Pichevin et
al., 2007).

The steep increase 8N values starts at
14-15 ka BP, almost simultaneously with
the SST increase in most parts of the basin
except for the eastern Arabian Sea (Fig.
This shows that denitrification was
enhanced immediately when the SW
monsoon and thus monsoonal upwelling
strengthened. This implies that enhanced
productivity and particle flux triggered
denitrification in the OMZ almost in the
entire basin. A short return to glacial
conditions without denitrification {17 )e

S

<

[Gelﬁscht: is probably

upwelling influences™N values decrease in the late Holocene (Fig..Blis may be related \g ! Getdscht: (Das et al., 2017)

\ 0

to a shift of the Findlater Jet in offshore direntias modelled by Le Mézo et al. (2017) whi\ch\\ 4

\

\

may have led tgoetternutrient availability in the western Arabian Seat Bs there are onljk

\
)\

\
\
\ b

\
|

\

\

\
\
\
|

\
\
,,,,,,,,,,,,,,,, \
AR

very few late Holocene datfiom this region(supplementary TgpbS1) this record has to ‘'

|

\

\
|

\
\
\
\
\
\

interpreted with caution.
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\
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Circulation probably changed after the sea leveha Persian Gulf and Red Sea reached its'

Gelodscht: enhanced upwelling as
indicated by the low SST (see above) an

Geldscht: (Das et al., 2017)

[
(
[
[

Geldscht: O

Geloscht: 1
D

)
!
)
Gelodscht: Evidently, t ]
J
|
)

\ AR
a \[ Geldscht: , but t

Gelbscht: to the reduced advection BN
enriched nitrate from the adjacent
upwelling areas

N \\[ Geldscht: . stronger fractionation due to

=

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \\\ {Gelﬁscht: le ]

i X i . . \\\ IGelﬁscht: Pichevin et al. (2007) pointed}
strongingression of,ICW to the north-eastern part ofAnabianSeq (Naidu and Govil, 2010; | outthatc

\\1\ {Gelﬁscht:e ]

Pichevin et al., 2007). The ventilation of the OMZ PGW and RSW today is restricted to. { gelsscht: 0 ]

{ Geléscht: sea ]

N
N
N

and enhanced NE monsoon productivity are likelysoea for the relocation of the OMZ and 1
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- - { Gelodscht: of the basin where at present

h ‘[Geliischt: eastern and

Geldscht: basin (Gaye et al.,
2013a(Morrison, 1997))

Geldscht: PGW and RSW are,
furthermore, more depleted in oxygen th
the inflowing IOCW.
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Arabian Seasince the mid-Holocenas reconstructed from sediment cores (Agnihotelet

”””””””””””””””” Kessarkar et al., 2013; Kessarkar et al.,

2003; Kessarkar et al., 2013; Kessarkar et al.0p0duld haveadded to this relocatiofit is W Gelbscht: (Agnihotri et al., 2003;
2010)

likely that the inflow of low density surface wateuppressed primary productivity in the

eastern Arabian Sea in the early HoloceAfter precipitation declined and the sea Ie\:/el/{[sl verschoben ]

N Gelﬁsch_t: Itis likely that this inflow of
difference between the Bay of Bengal and Arabiaa @epped at about 8 ka Blfe inflow of low density surface water suppressed

primary productivity in the eastern Arabia
Sea in the early Holocene.

warm low saline water with the northeast monsoamesii and WICC to the eastern Arabian

water with the northeast monsoon curren
and WICC to the eastern Arabian Sea
declined.

777777777777777777777777777777777777777777777777777 [
\ N

AN

northward undercurrent which leads to oxygenatidnsubsurface water during the SW

\

o “ Geloscht: the inflow of warm low saline

inflow of low density surface water
suppressed primary productivity in the
eastern Arabian Sea in the early Holocen|

{Gelﬁscht: . ]

\

monsoon(Resplandy et al., 2012nd its upwelling and convective transport intofesee

[3] nach oben: It is likely that this L

waters along the coast is likely to explain the BN in the sediments off the west coast of

India (Fig.5¢9 __ - Geléscht: Today, the OMZ is,

constrained to the SE by a northward
undercurrent which leads to oxygenation of

. . . . bsurf: ter (R landy et al., 2012
Results from the global climate and ocean biogemistey model (KCM/PISCES; section | e ngvgﬁ‘ng'g.o‘i;"t;‘;‘ const is likely o

explain the lows™N in the sediments off
the SE coast of India (Fig. 5a)

2.5) driven by astronomical forcing over the Holoeesuggest that ventilation changes were

important drivers of the late Holocene Arabian 8247 intensification (Fig. 8). The model

produces a continuous increase of the OMZ volumiheénArabian Sea from 9 ka BP to the

present. This is driven mainly by an increasing (digee since contact with the surface) of the

water masses in the Arabian Sea OMZ. Arabian Sparegroduction is fairly constant in the

export_production is modelled only in a small amast of the Southern Indian coast,

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

circulation allowed more oxygen to be consumeddgineralization, and thus appears to be

the main driver of the progressive deoxygenatiomhim model (Fig. 8) and can explain the

increasing water column denitrification in the Ai@bSea in thé*N records (Fig. 6).
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~_{ Geléscht: 1 ]

Total organic carbon mass accumulation rates (TOBRMFig. 6g) reflect productivity,.

v e Mg Y e e e, e e L ety LR T 9 g e e T

organic matter preservation and burial efficienGoWie et al., 2014; Cowie and Hedges,

1993; Miiller and Suess, 1979). Similar3oN, Arabian Sea TOC MAR deviatérom the {ﬁ:&gﬁhtmg?ﬂﬁ,gﬂnj %ﬂig%‘;gﬂ’
) ‘[Gelﬁscht: s
- ‘[Gelﬁscht: compiled by ]

global pattern (Cartapanis-et-al.; -2016).- Wherbaggtobal TOC-MAR significantly-declines-

during deglaciation and remains low throughoutiisdocene, the TOC MAR of the Arabian

Seashows the decline starting-at-about20-ka BP Isesriluring the mid--and late-Helocene™ {S;!ﬁf Shts are relatively low only betwee}

" { Geléscht:
to values similar to those of the glaci@ig. 6g) This pattern -is -consistent in the -entire_ { Gelbseht: )

Arabian Sea gee data compiled by Cartapanis et al., 2016). As dised in detail in

Cartapanis et al. (2016) the drop of TOC MAR duritheglaciation may indicate (i) a

reduction of productivity, (ii) a lower transfer caburial efficiency of TOC to the sediments

due to the reduced mineral ballast and the tempatorage on the growing continental

shelves, and (iii) a reduced oxygen exposure tinne i faster burial and reduced bottom

water oxygenation of the glacial ocean. As we hdiseussed above, productivitycreased in

large parts of the basin due tataengtleningof the SW monsoon during degldorarming.

Productivity could thus not explain the reduced TRIBR after the LGM. A reducedurial

efficiency_andincreased deep watexygen content arghusthe most likely drivers othe

deglacialTOC MARdropin the basin. The Holocene rise in TOC MAR, incetesit with the

global trend, may likewise be due-to-better presgan-caused by-progressive -mid-water” { Geldscht: (Eugster et al. 201 J

deoxygenation so thaixygen exposure time again decreasE@C MAR may have been

augmented by enhanced NE monsoon productivity @ rtbrthern part of the basin and

increasing burial efficiency by rising dust supfilym the continents due to aridification after

aboutduring the mid-Holocen¢Menzel et al., 2014; Overpeck et al., 1996; Prasadl.,

2014a; Sirocko et al., 1993Jhe results of the KCM medel; however, imply thedduetivity- - :

et al., 1995)This trend is, however, curtailed
t

\

. by the large standard deviation througho!
changes are not required as the increasing adeeofater mass intensifies the Arabian Sea.

the record from the Arabian Sea (Fig. 69)
{ Gelbscht: . The

OMZ during the Holocerre.- - - - - - - - — - — - e ‘[Gelﬁscht: (Banse et al., 2014; Rixen et}

Geldscht: (Cowie et al., 2014, Paropkari\}

al., 2014)
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. 9 . \!
generally reduced compared to Holocene circulatibonsoonal upwelling along the westé{n

\ |

7777777777777777777777777 ‘\l
Bengal. Therefore, the general temperature gradiadt a stronger insolation-driven N

|
il

\
\

l I m

calculated from the temperature difference betwbemorthern Arabian Sea and the Somall
} " U‘

and Oman upwelling centers reveal depleted or @aeised upwelling during the LGM andm

il
1l
by

stadials while upwelling was enhanced during |1Shit of the Findlater Jet to a stronger Eu\
o
il
\U\

i
}
W _orientation _during the glacial could have preeentupwelling off Somalia while |t§

continued off Omap at a reduced rate. The preveleictrong upwelling during the mld-

ﬁ \‘
|
\“ ‘\\‘

H“
N”

Holocene despite a weakening of the SW monsoorddmildue to a shift of the Findlater Jetw

\ |
} )

\ i

|
)
I\
1!
1
|

in offshore direction.

i
\

The compilation of*®N data shows strong millennial scale oscillationsirduthe anC|aI

\
t

with depleteds'®N values during the LGM and stadials and enricsiéd during 1S. Thesé " “\l
oscillations are caused by changes in the OMZ latioin driven by millennial scale\ ‘,\‘

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
(l

fluctuations of the oceanic thermohaline circulaticComplete oxygenation of the OMZ

\ \
\ \
occurred during stadials when SAMW formation washasited and it was stronger !

\
\

(\

\
' |

i P .
oxygenated due to its reduced residence .tifnee relative instability in thermohaline 5 \[Ge'mht-was

circulation led to fast changes in OMZ oxygenatiath minima during the I§n analogy to

\

conditions in the recent Bay of Bengaf°N of 4-6 %o in glacial sediments may nét

denitrification may have taken place in a more @nated OMZ, but it§*°N signal was not
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” ‘\\« [Gelﬁscht: 5

(

\[ Geldscht: warm equatorial water and
‘\[ Geldscht: NE
\[ Geléscht: W

)

|

| increased in concert with the effe” 4]
\ \\[ Gelbscht: Glacial

necessarily indicate that denitrification was coebgly absent. Moderate or occasional \(Ge'ﬁsc"“ to

[Gelﬁscht: available
\[ Geloscht: 1

Geldscht: The drop during deglaciation
may indicate a reduction of both,
productivity and burial efficiency of TOC
in sediments. Both could be spawned by
reduced dust supply which may have
induced iron limitation so that N fixation
was reduced. Iron limitation has been
suggested to reduce N fixation worldwide
after the LGM and therewith the oceanic
inventory may have decreased drastically
(Eugster et al., 2013). The strong early
Holocene upwelling and late Holocene N
monsoon strengthening may have facilitaj
the higher Holocene TOC MAR compare
to deglaciation in the Arabian Sea.
However, the increase of TOC MAR from
the early to the late Holocene may as wel
be due to better preservation caused by
progressive deoxygenation (Cowie et al.,
2014; Paropkari et al., 1995). 1
Results from a global climate and ocean
biogeochemistry model (KCM/PISCES;
Aumont et al., 2003; Park and Latif, 2008
driven by astronomical forcing over the
Holocene suggest that ventilation changes
were important drivers of the late Holocene
Arabian Sea OMZ intensification (Fig. 8).
The model produces a continuous increa:
of the OMZ volume in the Arabian Sea
from 10 ka BP to the present. This is driv
mainly by an increasing age (time since
contact with the surface) of the water
masses in the Arabian Sea OMZ. Arabial
Sea export production is fairly constant in
the model (Figure 8) and can thus be rule
out as the driver for deoxygenation. An
increase in export production is modelled
only in a small area west of the Southern
Indian coast, indicating that export chang
may only have played a local role (not
shown). The decelerated circulation
allowed more oxygen to be consumed by
remineralization, and thus appears to be
main driver of the progressive
deoxygenation in the model (Fig. 8) and ¢
explain the increasing water colum

@

]

e

en

o

Geldscht: Pronounced convective mixin
caused by a strong NE monsoon added tf
the insolation-related low temperatures s
that SST in the northern Arabian Sea was
4°C colder than Holocene tempe(", | [3]

)

Geldscht: According to this index,

upwelling was active during the warm 1S
well as during the entire Holocene with a
maximum between 6-10 ka BP. Upwelling

)

Geldscht: values in slope sediments we
by 2-5 %o lower than Holocer&@&®N and
indicate that denitrification was
significantly reduced or absent inm'




recorded in the sediment because the sub-thermneowlmier mass was isolated from the

8N of 4-5 %o and compensated the enhari@d in the OMZ.

Holocenes™N fluctuations by up to 1.5 %. and different pattein the Arabian Sea show a -

strong _local reorganization of the nitrogaycle as global climate and thermohaline

circulation provides more stable conditions. Stemgpwelling in _the mid-Holocene was

accompanied by stronger ventilation of the wespari of the basin which is also ventilated

\

late Holocenés induced by a strengthened NE monsoon due toddak cooling but also du‘i\\e

\

to reduced ventilation of the northern part of basin. Results ojhe KCM/PISCES mode

\

\
|
I

\
Wy
vy
\
Iy

simulationshow a progressive intensification of the OMZ otrex entire model run of 9 ka. \\\\

Wy

Productivity is constant in the model atite main driver of increasing deoxygenation an‘d\\\
\

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \
\ W

explains increase in TOC MAR throughout the Holaxealso deviating from the global,

trend.

\\

Geldscht: The stronger NE monsoon ma
have added to a seasonal erosion of the
OMZ via deep convective overturning
(Reichart et al., 2004). We surmise that th
system could quickly respond to changes
productivity. It shifted from low to strong
denitrification during the short warm IS
interplays as upwelling and thus
productivity increased. Oxygenation
prevailed during the Younger Dryas and
Heinrich Events as the nutrient supply to
surface waters was at its glacial minimum
(Schmittner et al., 2007). Simultaneous
the indication of first upwelling at about 1
ka BP,5'°N values increased significantly
but indicate almost glacial conditions for a
short interval during the Younger Dryas.

e
in

ith

Geldscht: After this, oceanic circulation
increased ventilation especially during the
period of most vigorous upwelling in the
early to mid-Holocene (Das et al., 2017).
The mid-Holocene sea level rise and
enhanced inflow of RSW and PGW
probably obstructed the ventilation of the
northern Arabian Sea (Das et al. 2017;
Pichevin et al., 2007).

{

Geldscht: OMZ pattern with the
denitrification maximum in the

\\ \‘( Geldscht: probably

\
\ \\( Geldscht: after 4-5 ka BP and

}
)
)

by enhanced productivity in the northern
and eastern Arabian Sea due to the
strengthened NE monsoon and reduced
inflow of low saline water from the Bay of

Geldscht: may additionally be augment
Bengal after the Holocene climatic

\\\ optimum. However, t
\

\\[ Geldscht: suggests that
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Table 1: Station number, locations, water depth, [dgdta sources (references) and
variables used: SST A= alkenone sea surface tetupesad™N ratios of total N, SST

Mg/Ca= Mg/Ca sea surface temperatures.

Core Latitude Longitude Depth [m] Reference Variables
50130-275KL 24.8218N 65.9100E 782 Boll et al. 2014 SSTA, 3N
S090-93KL 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 SSTA, 3N
MD00-2354 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. 2005; 2010 SST Mg/Ca, 8N
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 SSTA, 5N
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 0.016675 46.0833E 4020 Rostek et al. 1997 SSTA
MD04-2876 24.842833N 64.008167E 828 Pichevin et al. 2007 5N
NIOP455 23.5506N 65.95E 1002 Reichart et al. 1998 3N
S090-111KL 23.0766N 66.4836E 775 Suthhof et al. 2001 5N
M74-MC680 22.6193N 59.6916E 789 this study 3N
MD04-2879 22.5483N 64.0467E 920 Jaeschke et al. 2009 3N
NIOP464 22.2506N 63.5836E 1470 Reichart et al. 1998 3N
NAST 19.999N 65.6843E 3170 Mébius et al. 2011 5N
0DP724C 18.2833N 57.4667E 600 Mébius et al. 2011 5N
RC27-14 18.25333N 57.6550E 596 Altabet et al. 2002 5N
RC27-23 17.993333N 57.5900E 820 Altabet et al. 2002 5N
ODP722B 16.6167N 59.8E 2028 Mobius et al. 2011 3N
EAST 15.5917N 68.5817E 3820 Mébius et al. 2011 5N
MD76-131 15.53N 72.5683E 1230 Ganeshram et al. 2000 5N
MC2-GOA6 14.9800N 53.767333E 2416 Isaji et al., 2015 3N
CR-2 14.9N 74E 45 Agnihotri et al., 2008 5N
S042-74KL 14.3210N 57.3470E 3212 Suthhof et al. 2001 3N
$54018G 13.2133N 53.2567E 2830 Tiwari et al. 2010 5N
5K126-39 12.63N 73.33E 1940 Kessarkar et al. 2010 5N
553268G5 12.5N 74.2E 600 Agnihotri et al., 2003 5N
NIOP-905P 10.76666N 51.9500E 1586 Ivanochko et al. 2005 3N
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Figure Caption:

Figure 1: Stations of sediment cores 3°N (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&@rrows indicate major wind directions
and broken arrows indicate surface general curr@it€C = West Indian Coastal Current.

Fig. 3: Millennial regional averages of SST [°CHatil 8 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. Regimnindicated in Figure T.imes of high
interstadial 2 (1S2), and low Heinrich Event 1 (HYpunger Dryas (YD) are indicated by
grey bars. The last glacial maximum (LGM), earlylétene (EH), mid-Holocene (MH), and
late Holocene (LH) are also marked. Lines markibginning of MH and LH.

alkenone and Mg/Ca derived SST reconstructiontfertime slice from 17-18 ka BP (b) from
cores shown in Figure 1.

Fig: 5:3"N 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% in %o from the GISP2 ice core (Grootes and Swit897) and sea level [m
above NN] reconstruction from the Red Sea (Sideéallal., 2003) (a), compared with
millennial regional averages of normalized and aged3™N [%o] values from the northern

(b), eastern (c), and western (d) Arabian SeaQiman (e), and Somali (f) upwelling area, - { Geléscht: and

and total organic carbon mass accumulation in tfebian Sea (TOC MAR in TgC'adata
from Cartapanis et al., 2016, and T. Rixen, uniielil) and insolation at 30°N in W?m

(Berger and Loutre, 1991) (g) during the last 25 Earor bars denote $1 Grey bars and - { Geloscht:

Sk

abbreviations as in Figure 3; interstadial 1 (IS1). ~ { Formatiert: schriftart: Symbol

{Gelﬁscht: 3

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 moistureomtisern and central Asia (blue line) and the
Indian monsoon region (green line) from continemtahives (Herzschuh, 2006}rey bars
and abbreviations as in Figure 3; interstadialSi )|

Figure 8: Simulated volume of the Arabian Sea OMR (1mol 1* threshold, black) and
export production in the entire Arabian Sea (reddstern Arabian Sea (green) and eastern

- { Geldscht: lower panel

E, 8.5N-22.5°N, border between west and east defined af&8.5 ~ { Gelbscht:
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Figure 2:
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Fig. 3:
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Fig. 5:
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Fig. 6:
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Fig. 7:
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Figure 8:
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| Seite 31: [1] Geléscht Birgit Gaye 13.11.2017 11:18:00 |

Enhanced N fixation has been suggested as anatitereason for the low™N in glacial
sediment intervals from the Arabian Sea (Altabedlet1995; Emeis et al., 1995; Suthhof et
al., 2001), stimulated by the supply of excess phat and iron from the more arid
continents via dust supply (Prins, 1999; Sirockoakt 2000). In this case, N fixation in
surface waters provided N with l08¢°N that may have masked the highN signal from
denitrification. Glacial OMZ ventilation was moreminated by the inflow of IOCW which
could prograde deeper into the northern part ofldagin as the lower sea level severely
reduced the inflow of PGW and RSW (Pichevin et200Q7, Rixen and Ittekkot, 2005). Deep
mixing probably added to ventilation of the uppeMD during stadials in the northern
Arabian Sea (Reichart et al., 2004) so that déwcdtion was significant only when
productivity became enhanced and ventilation redukeing IS (Pichevin et al., 2007).

The steep increase 8N values starts at 14-15 ka BP, almost simultarigomish the SST
increase in most parts of the basin except foetdstern Arabian Sea (Fig. 6). This shows that
denitrification was enhanced immediately when th& #onsoon and thus monsoonal
upwelling strengthened. This implies that enhangestluctivity and particle flux triggered
denitrification in the OMZ almost in the entire basA short return to glacial conditions
without denitrification across the basin occurrading the cold excursion of the Younger

Dryas.

| Seite 34: [2] Geléscht Birgit Gaye 13.11.2017 15:56:00 |

The drop during deglaciation may indicate a reductof both, productivity and burial
efficiency of TOC in sediments. Both could be spadiby reduced dust supply which may
have induced iron limitation so that N fixation wasduced. Iron limitation has been
suggested to reduce N fixation worldwide after tt&8M and therewith the oceanic N
inventory may have decreased drastically (Eugdted.e2013). The strong early Holocene

upwelling and late Holocene NE monsoon strengthgemray have facilitated the higher



Holocene TOC MAR compared to deglaciation in thalAan Sea. However, the increase of
TOC MAR from the early to the late Holocene mayvadl be due to better preservation

caused by progressive deoxygenation (Cowie e2@l.4; Paropkari et al., 1995).

Results from a global climate and ocean biogeocsieynmodel (KCM/PISCES; Aumont et
al., 2003; Park and Latif, 2008) driven by astrorm@ahforcing over the Holocene suggest that
ventilation changes were important drivers of tlage | Holocene Arabian Sea OMZ
intensification (Fig. 8). The model produces a cwrdus increase of the OMZ volume in the
Arabian Sea from 10 ka BP to the present. Thigiiged mainly by an increasing age (time
since contact with the surface) of the water magsake Arabian Sea OMZ. Arabian Sea
export production is fairly constant in the modeig(ure 8) and can thus be ruled out as the
driver for deoxygenation. An increase in exportduaction is modelled only in a small area
west of the Southern Indian coast, indicating #vgtort changes may only have played a
local role (not shown). The decelerated circulatdiowed more oxygen to be consumed by
remineralization, and thus appears to be the mawerdof the progressive deoxygenation in
the model (Fig. 8) and can explain the increasiatewcolumn denitrification in the Arabian

Sea in thé™N records (Fig. 6).

| Seite 34: [3] Geléscht Birgit Gaye 17.11.2017 11:30:00 |
Pronounced convective mixing caused by a strongniNiBsoon added to the insolation-

related low temperatures so that SST in the nartifaabian Sea was 4°C colder than
Holocene temperatures. The difference between @wortirabian Sea temperatures and
temperatures from the Oman and Somali upwellingsare an upwelling indicator, as SST in

the upwelling areas drop below those of the nontiAgabian Sea.

| Seite 34: [4] Geléscht Birgit Gaye 17.11.2017 11:33:00 |
According to this index, upwelling was active agrithe warm IS as well as during the entire

Holocene with a maximum between 6-10 ka BP. Upwegllincreased in concert with the



effective moisture over Asia at 16 ka BP (Herzsc¢H006) both driven by the SW monsoon

strength.

| Seite 34: [5] Geléscht Birgit Gaye 17.11.2017 11:54:00 |
values in slope sediments were by 2-5 %o lower thmocene™N and indicate that

denitrification was significantly reduced or absémtthe glacial Arabian Sea and that the

OMZ was much less intense.



