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Abstract. The Arabian Sea plays an important role in the 1 Introduction

marine nitrogen cycle because of its pronounced mid-water

oxygen minimum zone (OMZ) in which bio-available nitrate The marine nitrogen cycle, which strongly influences the

(NO3) is reduced to dinitrogen gas ¢N As the nitrogen fertility of the ocean and the sequestration of £fbom

cycle can respond fast to climate-induced changes in prothe atmosphere, is mainly controlled by nitrogen fixation

ductivity and circulation, the Arabian Sea sediments are arfN2 — NHg) and the reduction of ND to dinitrogen gas

important palaeoclimatic archive. In order to understand sea{NO3; — N2; Brandes and Devol, 2002; Deutsch et al., 2007;

sonal and interannual variations in the nitrogen cycle, nutri-Dugdale and Goering, 1967; McElroy, 1983). The reduction

ent data were obtained from the literature published prior toof NO; — Ny, referred to as denitrification (Egs. 1-3), is

1993, evaluated, and compared with data measured during combination of different microbial processes such as the

five expeditions carried out in the framework of the Joint NO3 (Eq. 1) and NQ reduction (Eq. 2), which can be ex-

Global Ocean Flux Study (JGOFS) in the Arabian Sea inpressed stoichiometrically as follows:

1995 and during a research cruise of RAéteorin 2007. (1) nitrate reduction:

The data comparison showed that the area characterized by a

pronounced secondary nitrite maximum (SNM) was by 63 96 (CH20)106(NH3)16(H3POs) + 260HNG; 1)

larger in 1995 than a similarly determined estimate based on— 106CQ + 276HNG + HaPOy 4+ 122H,0;

pre-JGOFS data. This area, referred to as the core of the )

denitrifying zone, showed strong seasonal and interannug{2) nitrite reduction:

variations driven by the monsoon. During the SW monsoon,

the SNM retreated eastward due to the inflow of oxygen-l'75(CH20)106(NH3)16(H3PO4) + 276HNG, 2)

enriched Indian Ocean Central Water (ICW). During the NE — 18316CQ; 4 15023N; 4 1.75N,0

monsoon, the SNM expanded westward because of the re4 1.75H;sPO; + 365.1H,0;

versal of the current regime. On an interannual timescale,

a weaker SW monsoon decreased the inflow of ICW from(1 + 2) denitrification:

the equatorial Indian Ocean and increased the accumulation

of denitrification tracers by extending the residence time of% 1(CH20)106(NH3)16(H3PCy) + 260HNGs ®)

water in the SNM. This is supported by palaeoclimatic stud- = 29117CQ; + 15023N; + 1.75N0

ies showing an enhanced preservation of accumulative de=+ 2. 75H;P0Oy + 487.1H,0.

nitrification tracers in marine sediments in conjunction with

a weakening of the SW monsoon during the late Holocene.  Approximately 30 % of the global oceanic water-column
denitrification occurs in the oxygen minimum zone (OMZ)
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of the central and eastern Arabian Sea (Bange et al., 200C so 55° 60’ 65' 70 75°
Bulow et al., 2010; Codispoti et al., 2001a; Devol et al., ] P
2006; Naqvi, 1987; Nicholls et al., 2007; Ward et al., 2009). ; o MD-04 2676
In the western Arabian Sea on the highly productive Oman? — - ;
shelf, the co-occurrence of denitrification, the dissimilatory
NO, reduction (DNRA), and anaerobic ammonium oxi-
dation (anammox) were assumed to be the pathways throug,,,
which NGy was reduced to N(Jensen et al., 2011).

Nitrogen budgets of the Arabian Sea show that todag NO
losses from the OMZ are mainly balanced by inputs of;NO

through the northward propagating Indian Ocean Centra ® g

Water (ICW; Bange et al., 2000). As documented in the sed- Js

imentary record, this ventilation has fluctuated at millennial

timescales in the Pleistocene and determined the position ar 1o ks 10°
extent of the OMZ and denitrification (Pichevin et al., 2007). BT T e T

In order to study recent changes of the nitrogen cycle in the P 5Win:sp;d [:‘ 5_1;’ i) iR SR

Arabian Sea, we evaluated and compared nutrient data ob-

tained from the literature published prior to 1993 (Naqgvi and Figure 1. Mean SW monsoon winds speeds over the Arabian Sea.
Shailaja, 1993; Naqvi, 1991) during five expeditions carried The area of enhanced wind speeds indicates the Findlater Jet. The
out within the framework of US Joint Global Ocean Flux black lines were redrawn from Naqvi and Shailaja (1996) and show
Study (JGOFS) in 1995 (Morrison et al., 1998) and a re-the expansion of the area in which §Cconcentrations within
search cruise of RWeteorin 2007 (M74/1b; Fig. 1). The the SNM were> 0.5umolkg? (broken line) and> 2 pmol kg™t
results were furthermore compared to sedimentary recordésolid line). Circles represent the stations covered during the US

from the Arabian Sea covering the last 11 700 years (Altabe/ GOFS expeditions in 1995 (red and black) and the NRsteor
etal., 2002; Pichevin et al., 2007). cruise M74/1b in 2007 (white). The M74 stations are indicated by

the numbers 944-958 and the US JGOFS station numbers are A,
M1, S(1-13), and N(1-11). The station at which nitrite concen-
trations> 2 umol kg1 were observed outside the area marked by
Naqvi and Shailaja (1996) in 1995 are indicated by the black cir-

. . . . cles. Based on these stations and the former 0.5 pndi kige,
The Arabian Sea is strongly influenced by the Asian mon-,e expansion of the area in which §Q@oncentrations within the

S?Or?’ VXhI.Ch IIS d(rjlven by SF;Jmmer helgtér;g ?/T/d winter (i_OOImQSNM were> 2 umol kg~1 in 1995 was drawn (red broken line). The
of the Asian land mass (Ramage, ). Winter cooling INplue stars indicate the location of the sediment cores MD-04 2876

creases productivity and organic carbon export by deepening:ichevin etal., 2007) and RC-2723 (Altabet et al., 2002).
the mixed layer and thereby entraining nutrients into the eu-

photic zone (Rixen et al., 2005, 2009; Wiggert et al., 2000,

2002). In summer (SW monsoon), the strong heating formset al., 1942) and mixes with the Indonesian Throughflow
an atmospherlc low Oyer Asia that attraCtS- the SE trade Wlnd%nd Subtropica| Subsurface Water (SSW) prior to its entry
of the Southern Hemisphere. After crossing the Equator, thento the Arabian Sea (Schott and McCreary, 2001). Over-
SE winds turn to SW winds forming a low-level, cross- a|| the ICW contributes approximately 25 % to the thermo-
equatorial jet stream, which is indicated by enhanced windcline waters in the upper OMZ (water depth500) of the
speeds over the Arabian Sea (Fig. 1; Findlater, 1977). Thisarabian Sea (Rixen and Ittekkot, 2005). In addition to the
so-called Findlater Jet causes upwelling off Somalia, Yemen|c\w, Red Sea and Arabian Sea High Salinity Water also con-
and Oman, which is the main process controlling biologi- tribute to the formation of the thermocline water referred to
cal productivity and the associated export of organic mattefas the North Indian High Salinity Intermediate Water (NIH-
from the sunlit surface ocean into the deep sea during the|w; Morrison et al., 1998; Schott and McCreary, 2001; You,
SW monsoon (Brock et al., 1991, 1992; Rixen et al., 2000,1997). During winter, the prevailing NE winds (NE mon-
2009). Contrary to expectations, the OMZ is spatially sep-soon) reverse the surface ocean circulation in the Arabian

arated from the highly productive zones in the western andsea and the Somali Current (Fischer et al., 1996a; Schott and
northern Arabian Sea and is most pronounced in the northpicCreary, 2001).

eastern Arabian Sea (Nagvi, 1991). This spatial separation is

caused by the oceanographic conditions characterized by a

strong propagation of ICW via the Somali Current through3 Methods

the Strait of Socotra into the western Arabian Sea (Fischer

et al., 1996b; Stramma et al., 1996). The ICW originates byDuring the RV Meteor cruise M74/1b from 18 September
convective mixing in the southern Indian Ocean (Sverdrupto 4 October 2007 in the Arabian Sea, water samples for

2 Study area
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a) Nitrogen [umol kg']  b) 515N-NO, are reported in per mill using the delta notation:
0 10 20 30 40 4 8 12 16 20

! L L | | )

0
= 515Nsample= ((15N/14N)sample/(15N/14N)reference— 1 (4)
x 100Q

N S
250 0, denitrification

with air N, being the reference fdPN / 1“N. Pseudomonas

' NO, chlororaphis (ATCC#13985, formerly known a®seudo-

N monas aureofaciefsvas used to transform NOand NG,

750 to N2O, which is subsequently analysed for its nitrogen iso-

tope values using a Delta Plus XP mass spectrometer. Iso-
\ tope values were calibrated using IAEA-N3 and USGS-34

&
=}
S
.
oMz

Depth [m]

-1000 -

with assigneds'®N values of+4.7 and—1.8 %o (Bohlke et
al., 2003). An internal KN@ standard was used for further
0 70 140 210 quality assurance. Nitrogen isotope values were corrected us-
Oxygen [umol kg'’] ing a single-point correction referring to IAEA-N3. Since
Figure 2. (a) Vertical profiles of nitrite, NG and N* and(b) of ~ NOp was not removed from the OMZ samples prior to iso-
tope analysis, and sinohlororaphisused for the “denitrifier
method” converts NQ and NG, to N»O, §1°Nno, values
from 125 to 400 m water depth have to be considered com-
bined N isotope values for NDand NG, . N isotope val-

the determination of nutrients (NO NO;, P(fl_) were  Ues of pure NQ from these water depths are higher than

obtained from a General Oceanics rosette water samplej€ir N isotope values from mixed NOplus NG, , because
equipped with 18 sample bottles. Out of the total 14 sta-NO, N isotope values from OMZs are negative (Casciotti
tions, 5 (949, 950, 953, 955, and 957) were sampled witn@nd Mcllvin, 2007; Gaye et al., 2013). The standard devia-
a high vertical resolution (25m) down to a water depth of 10N for IAEA-N3 was 0.3 %, which is in the same range for
1200 m (Figs. 1, 2). The rosette water sampler was attachefl "NNos for at least duplicate measurements of the samples.
to a Sea-Bird CTD, which was additionally equipped with
a fluorescence and an oxygen sensor (SBE 43). In addizL Results and discussion
tion to the SBE43, a microsensor and, at a selected depth,
a STOX (Switchable Trace amount OXygen) sensor were4 1 The secondary nitrite maximum (SNM)
also used by Jensen et al. (2011). The STOX sensor revealed
a detection limit of 90 nmol @L~! during the in situ de-  In the central and eastern Arabian Sea, increasegl bioh-
ployments. The STOX data were used to calibrate the mi-centrations occurred within the upper part of the OMZ cor-
crosensor, and the calibrated microsensor data correlate wittesponding to oxygen concentratioas uM (Fig. 2). This
SBE43 data. However, at oxygen concentratier3.4 uM, NO, accumulation was first reported in 1933/1934 (Gilson,
SBE43 remained constant, showing that lower oxygen con41937) and is referred to as the secondary nitrite maximum
centrations could not be resolved. The Winkler method wagSNM). NG, is an intermediate product, formed during ni-
used to calibrate the SBE43 data, and the resulting regressiaification and NG reduction (see Egs. 1-3). Due to the
equation ¢ = 1.03x) was forced to the zero intercept. lack of oxygen required for nitrification, the formation of the
Nutrients were analysed on board with a SKALAR auto- SNM was assumed to be caused primarily by denitrification
analyser according to the methods described by Grasshoff gNaqvi, 1991). This view was furthermore supported by nu-
al. (1999). Grasshoff et al. (1999) and US JGOFS programmerient profiles showing that the SNM was associated with a
(Morrison et al., 1999) followed the standard procedure forpronounced N@ deficit. As mentioned before, this deficit
the determination of N as introduced by Bendschneider can be calculated ag* (Gruber and Sarmiento, 1997). The
and Robinson (1952). After reducing i§Qo NO, by using  highest NG deficit coincided with a pronounced positive
a copperized cadmium column, §Qvas analysed using the deviation of thes'°N values of NQ@, which was observed
same method. To quantify NOdeficits, we used the tracer by Naqvi et al. (1998) and Naqvi (1991) as well as during
N* (N =(INO3] — 16x [poi—] + 2.9)x 0.87), accord-  our cruise i|_1 2007 (Fig. 2). The enrighmeqt of thg hegvier
ing to which NO] deficits are represented as negative values'SOtope N in NOj is caused by the isotopic fractionation
(Gruber and Sarmiento, 1997). In order to avoid negative val-during NG reduction, in the course of which the lighter
ues, we multipliedV* by —1. Accordingly, increasing ND isotope !N is preferentially transformed into NP(Cline
deficits are expressed as increasing positivevalues. and Kaplan, 1975; Mariotti et al., 1981). However, Bulow
315N of NO3 (8%°Nno,) was determined using the “den- et al. (2010) found that ND concentrations increase in con-
itrifier method” developed by Sigman et al. (2001). Resultsjunction with rising denitrification rates. ConsequentyO,

oxygen and N of NO3 and nitrite (d°No,) at station 953 (see
Fig. 1 for location).

www.biogeosciences.net/11/5733/2014/ Biogeosciences, 11, 57332014
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concentrations close to zero indicate very low denitrificational., 2013; Howell et al., 1997) and even reaching values of
rates, implying that denitrification was mainly restricted to 60 TgNyr-1 (4.28x 10 molNyr-1). While the lower es-
the SNM in the upper part of the OMZ during the cruises timates were mainly derived from NOlosses obtained and
(Fig. 2). interpolated through different methods and nitrogen isotopic
Recently developetPN incubation experiments indicated mass balance calculations, the high rate of 60 TgN yvas
that other processes could also produce and consumg NO based on the excess Noncentrations derived fromz\ Ar
such as N@ reduction decoupled from denitrification, ljH  ratios (Codispoti, 2007; Codispoti et al., 2001b). However,
oxidation, NG, oxidation, and anammox (Jensen et al., this comparison indicates that, considering the uncertain-
2011; Lam et al., 2011) According to these experimentsties, the denitrification rate measured by Devol et al. (2006)
the NG; reduction rate had a maximum of 29.7nmofi. ~ and Bulow et al. (2010) could explain NOdeficits in the
da)fl and the Nq oxidation rates reached values of up OMZ of the Arabian Sea. The formation of I\ICliuring de-
to 22nmol -t day . These two processes were consid- Nitrification (Bulow etal., 2010) could furthermore be the ad-
ered the main sources and sinks, respectively, of, N® ditional NQ, source required to explain the lower residence

the SNM. N"Er oxidation (up to 3.6 nmol 1 day’l) and times of water in the OMZ. This, in addition to low anam-

NO, reduction by anammox (up to 2-4 nmol Nt day?) mox rates in the SNM, supports the original assumption of

were a minor source and sink. Integrated over the water coI{\:quVI giﬁ;))( ,t(l,/\r/:t]c())futsr;\eed dtehr?i t(r)i?;lrj]rrezr(])%ee of the SNM to map
umn, these sources slightly exceeded the sinks, suggesting a P 9 '
net NQ production of 0.06 mmol N mé day. Due to this

low net production, the N© mass balance calculations in-

dicated a mean residence time of 49 years of water withingg, mapping the spatial extent of the SNM, data from ap-
the OMZ. Such a long residence time, in addition to high yroximately 674 stations north of 161 were available in
anammox rates (up to 39 nmol N'Lday*) measured along 1991 (Naqvi, 1991). These data included also those which
the Oman shelf, leads to the conclusion that processes at thgere obtained almost 50 years ago during the Interna-
basin’s boundaries were mainly responsible for the severgiona Indian Ocean Expeditions (IIOE). Stations with SNM
NO, deficits seen in the SNM of the whole Arabian Sea - 2;mol kg1 were considered to be part of the core denitri-
(Lam et al., 2011): The residence time of nltrlte—enrlchedfying zone. The resulting map (see Fig. 1) indicates the max-
OMZ waters resulting from these rate measurements of 49,um expansion of the core of the denitrifying zone prior to
years is within the upper range of earlier estimates, whichjgg1.However, uneven data coverage in space and time was
vary between 1 and 50 years (Naqvi and Shailaja, 1993; Olyssumed to bias the mapped extent of the denitrifying zone
son etal., 1993; Sen Gupta and Naqvi, 1984). The only studynaqvi, 1991). The main problems were that the data density
using trichlorofluoromethane for calculating the residence, 55 higher during the NE monsoon than during the SW mon-
time suggested a mean residence time of 10 years for Wasoon and that more data were collected in the northwestern
ters in the OMZ (Olson et al., 1993). Such a residence timearapian Sea than in the remaining parts.
is too short to explain the occurrence of the SNM by just T4 reduce problems associated with the spatial coverage,
considering NQ reduction, NH oxidation, NG oxidation, g data were collected along a pre-defined station grid during
and anammox, and consequently calls for additiona, NO the five US JGOFS cruises in 1995 (Figs. 1, 3). The five data
sources. sets revealed a pronounced seasonality of the denitrification
Low anammox rates<{4.23nmolNL! days?) in the  zone, with the least expansion during the early phase of the
central Arabian Sea have also been confirmed in other exsw monsoon (Figs. 3, 4; Codispoti, 2000; Morrison et al.,
periments (Bulow et al., 2010; Nicholls et al., 2007; Ward et 1998). During the NE monsoon, the denitrification zone ex-
al., 2009). However, in contrast to Jensen et al. (2011) anghanded westward. However, in 1995 an SNM was observed
Lam et al. (2011), these studies obtained substantially higheat stations (e.g. N4, S6 and S13) where no SNM was ob-
denitrification rates, with averages between 8:48.(8) and  served prior to 1991 (Fig. 1). In the northern and western
9.1 1) nmol Lt day* (Bulow et al., 2010; Devol et al., Arabian Sea, it seems that the area which was characterized
2006; Ward et al., 2009). Such rates suggest, in conjunchy NO, concentrations between 0.5 and 2 umotkgrior
tion with an area of active denitrification of 1.3710m? 3 1991 revealed N concentration- 2 pmol kgL in 1995
(Naqvi, 1991) and a vertical extension of the SNM of (see red broken line in Fig. 1). This represents an expansion
250m (Fig. 2), a NQ loss rate ranging from 0.71 10 of the area known to be characterized by N@oncentra-
1.40x 10?molNyr* (~9.9-19.7TgNyr?). The result-  {jgn ~ 2 pumol kg by 63 % from 0.56 to 0.9% 102 m?. In
ing average NQ loss of 15.4+4.3 TgNyr * is within the yjiew of the data limitation and the fact that these stations
medium range of previously published denitrification rates;,, the north and west were characterized by an SNM with
ranging from approximately 2 to 4 TgNyt (Deuser etal.,  NO, concentrations- 0.5 umol kg™t even prior to 1991, we
1978; Naqvi et al., 1982; Somasundar et al., 1990) to valyyo|d not call it a trend but rather an indication of consider-
ues of 10 and 30 TgN y* (e.g. Bange et al.,, 2000; Gaye et gpje seasonal and interannual variation in denitrification.

4.2 Spatial expansion of the SNM

Biogeosciences, 11, 5733#47 2014 www.biogeosciences.net/11/5733/2014/
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Figure 3. Cruise tracks and stations of the US JGOFS cruises in {8Pand the RVMeteor cruise M74/1b in 2007b), as well as the
transects used to produce the cross sections in K&, &ig. 5(b), and Fig. 6(c, d).

4.3 Seasonal variability in the SNM ganic matter reduced oxygen concentrations and induced de-
nitrification as reflected in highv* values (Table 1, Fig. 5a).
In order to study processes controlling the seasonal variThe second pronounced drop of oxygen occurred between
ability of denitrification, we compared the stations within November and December, when the organic carbon flux was
the SNM in the eastern and northeastern part of the Arabianelatively low (Fig. 5b). This decrease could have been asso-
Sea with the western stations which were in the upwellingciated with a reversing current regime, in the course of which
area and had no pronounced SNM (Fig. 4). All nutrient data,the westward flowing water lead to the westward expansion
oxygen concentrations, and densities of water masses withinf the SNM (Fig. 4, cruise ttn53). After the spring reversal
the SNM were averaged (Table 1). The obtained data shovwef the current regime around March/April, the oxygen con-
a negative correlation between mean oxygen concentrationeentrations in the SNM continued to rise (Fig. 5b) and the
and the mean ND deficit, expressed a8*, indicating that ~ SNM retreated eastward between the late NE monsoon and
decreasing oxygen concentrations favoured denitrification irthe early SW monsoon (Fig. 4).
the SNM (Fig. 5a). The correlation between oxygen con-
centrations andv* (which was not found at the western 4.4 The role of the shelf and slope
stations) confirms that denitrification was significant below
an oxygen concentration of approximately 1 uM. Since de-The Indian shelf has low oxygen concentrations, especially
nitrification does not utilize oxygen, the decreasing oxygenduring and after the SW monsoon (Nagvi et al., 2000),
concentrations associated with increasivif) indicates that and denitrification rates measured during this time north of
denitrification was also coupled to processes using up oxy414.5 N at water depth between 20 and 80 m reveal a mean
gen such as nitrite oxidation and/or aerobic respiration (Gayelenitrification rate of 52.7 nmolNt!day ! (Devol et al.,
etal., 2013). 2006). This rate is approximately 6 times higher than de-
In 1995 the lowest mean oxygen concentrations in thenitrification rates within the SNM and even exceeds the
SNM occurred during the peak of the SW monsoon (Au- high anammox rates on the Oman continental margin (De-
gust/September; Fig. 5b), when the enhanced supply of orvol et al., 2006; Jensen et al., 2011). In order to estimate

www.biogeosciences.net/11/5733/2014/ Biogeosciences, 11, 57332014
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Figure 4. Cross sections showing the seasonal nitrite concentrations along the JGOFS transects from the Oman coast (station A, S1) toward:
the central and eastern Arabian Sea (stations M1) and the northern part of the eastern Arabian Sea (M1 — N2; compare Fig. 3a, Table 1). The
vertical black line shows the maximum expansion of the core of the denitrifying zone in 1993.

the NG; loss in the water column on the shelf, the “1-arc- between June and October results in a more conservative
minute global relief model” (ETOPOO01; Amante and Eakins, estimate of 0.73TgNyrt. The sedimentary denitrification
2009) was used to calculate the volume of water within theon the Indian shelf was estimated to be 1.3 Tg NiygNaik,
depth range of 20-100 m on the Indian shelf between 14.2006), and thus the total NOloss on the shelf was between
and 22 N. The resulting volume of 6.4% 10'2m3 and the 2 and 3 Tg NyrL. This represents approximately 13 to 20 %
mean denitrification rate of 52.7 nmol Niday ! suggesta  ofthe previously estimated I\g(]oss rate of 15.36 Tg N yrt

mean NQ loss of 1.74 TgNyr. The assumption that de- within the SNM. The SNM in the open ocean is spatially
nitrification occurs only during and after the SW monsoon

Biogeosciences, 11, 5733#47 2014 www.biogeosciences.net/11/5733/2014/
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Table 1. Cruises, dates, phases of the monsoon, nutrient and oxygen concentrations, temperatures, salinities, and sigma-t, averaged for th
core of the denitrifying zone SNM indicated by yGconcentrations- 2 pmol kg‘l at oxygen concentrations 5 pmol kg‘1 and within

almost the same density range in the western Arabian Sea west 8f62Z8ly samples for which both NDand P(ﬁ‘ were measured
were considered.

Cruise  Date Phasesofthe NO  N* PQ}‘ NOg O, Temp. Salinity Sigma-t
monsoon pmol kg °C
SNM
Ttn49 18 Jul-13 Aug 1995 SW — early 3.11 14.56 248 1998 092 1577 35.86 26.48
Ttn50 14 Aug-13 Sep 1995  SW —late 3.19 15.29 253 19.98 0.72 17.06 35.89 26.30
M74 18 Sep—-4 Oct 2007 SW - late 3.80 14.45 240 1894 143 15.68 35.76 26.43
Ttn53 29 Oct-25 Nov 1995 Inter 3.48 13.78 227 1754 1.12 18.49 35.84 26.18
Ttn54 30 Nov—26 Dez 1995 NE — early 3.36 1591 257 19.98 0.69 16.25 35.85 26.48
Ttn43 8 Jan-11 Feb 1995 NE — peak 3.12 15.89 257 19.88 0.65 15.66 35.82 26.48
Ttn45 14 Mar-08 Apr 1995  NE - late 3.25 15.08 253 2023 0.76 16.44 35.81 26.30
WEST
Ttn49 18 Jul-13 Aug 1995 SW — early 0.00 8.57 240 2568 349 1534 35.81 26.55
Ttn50 14 Aug-13 Sep 1995  SW - late 0.01 7.74 240 2556 857 15.12 35.74 26.55
M74 18 Sep—4 Oct 2007 SW - late 0.04 10.06 236 2325 2.07 1595 36.00 26.57
Ttn53 29 Oct-25 Nov 1995 Inter 0.03 10.23 247 2490 141 1555 35.84 26.53
Ttn54 30 Nov—26 Dez 1995 NE —early 0.01 10.00 244 2464 326 15.97 35.94 26.51
Ttn43 8 Jan-11 Feb 1995 NE — peak 0.01 7.36 239 26.88 9.84 15.26 35.76 26.53
Ttn45 14 Mar-8 Apr 1995 NE — late 0.07 9.51 243 2513 471 15.79 35.87 26.49

separated from the area of active denitrification on the shelsediments of 0.83 TgNyf* on the Pakistan margin thus
due the inflow of the West India Undercurrent (WIUC) car- represents only 5% of the estimated N@ss of 15.36 Tg
rying slightly oxygen-enriched waters of equatorial origin Nyr—1 within the SNM. This indicates that boundary pro-
northwards during the SW monsoon (Naqvi et al., 2006).cesses along continental margin are of minor importance for
Since the high denitrification rates were furthermore mea-the NG; deficits in the Arabian Sea and cannot significantly
sured at water depths between 20 and 80 m, it is assumed thahpact the SNM.
NOj loss on the Indian shelf hardly affect the SNM, which
is at water depths between 125 and 375 m in the open ocead.5 Interaction between the SNM in the central and

N losses measured by means of incubation experi- eastern Arabian Sea and the upwelling region in the
ments off Pakistan in surface sediment at water depth western Arabian Sea
of 360m revealed denitrification and anammox rates of
2.7 and 0.21mmolNm?day!, respectively (Sokoll et Mixing in the ocean’s interior occurs along isopycnal sur-
al., 2012). This is within the range of those measured byfaces and likely varies seasonally between the western Ara-
Schwartz et al. (2009) at the Pakistan continental margirPian Sea upwelling area and the eastern SNM. We aver-
(0.07-3.78 mmolNm?2 day!) and exceeds those mea- aged all seawater properties in the western Arabian Sea
sured on the Indian shelf of 0.17-1.33 mmol N+aay within the density range (sigma-t: 26.3-26.6) in which the
(Naik, 2006; Schwartz et al., 2009). According to the SNM was located in the eastern Arabian Sea (Table 1). The
ETOPOO01 model, the area with water depths between 124n€an oxygen concentrations in the western Arabian Sea
and 375m along the Indian continental margin amountsShowed highest values during the peak of the NE monsoon
to 2.2x 10°°m2. The volume of water above that area N January/February (Fig. 5d). At this time, winter convec-
and below a water depth of 125m was estimated to bdion driven by wintertime cooling of sea surface deepens the
1.84x 102m3. Assuming the same NDloss rates within mixed layer. Since the depth of the mixed layer exceeds the
the depth range as off Pakistan at a water depth of 360 nflepth of the euphotic zone, light limitation reduces photo-
suggests a sedimentary ijQoss rate of 0.33TgNyr* synthesis and the resulting export of organic carbon in Jan-
([2.7+0.21 mmol N T2 day 1] x 2.2 x 1010 m? x uary/February (Fig. 5d; Ri>$en etal., 2005)_. R_educed organic
365x 14.01). Furthermore, considering denitrification Carbon export fluxes and increased ventilation due to deep
rates in the overlying water column as on the MXINg could ex_plaln the high mid-water oxygen concen-
shelf results in a NQ loss of 05Tg Nyrl trat!ons and the interrupted Wgstward expansion 'of the SNM
(1.84x 1012 x 365x 1401 1P x 52.7nmoIN L day™d). during the peak NE monsoon in 1995 (Fig. 4, cruise ttn43).

The resulting total NQ loss in the water column and
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between 200 and 400 m). Compared to the western Arabian
Sea off the southeastern coast of Oman, where the oxygen
concentrations were 10 pmol @ kg1, the ICW is oxygen-
enriched. Since the ICW was probably oxygen-saturated dur-
ing its formation in the southern Indian Ocean and lost oxy-
gen on its way through the Indian Ocean, it is considered
08 08 10 12 12 6 O TeenVar Rer ey G Ju g Sep O Naw'Dec 0 oxygen-depleted with respect to its potential ventilation im-
Oxygen [umol kg] pacts resulting from its original oxygen concentrations. How-
ever, as long as oxygen concentrations of ICW in the Strait
20 ? of Socotra are higher than those in the Arabian Sea, its in-
flow increases the oxygen concentrations in the Arabian Sea,
and therefore the ICW is considered oxygen-enriched in the
following discussion.
During the peak of the NE and the SW monsoons when
; o Tk A ek e ke oxygen concentrations in the western Arabian Sea reached
R R their maxima, oxygen concentrations in the SNM were ex-
tremely low (Fig. 5b, d). The difference between the oxy-
Figure 5. NO3 deficits expressed a8* versus oxygen concen- gen concentrations in the west and the SNM was highest
trations in the SNMa). Monthly mean organic carbon fluxes meas- during these two phases. Conversely, the lowest difference
ured by sediment traps at a water depth of 3000m in the centrajn the oxygen concentrations occurred during the intermon-
(b_old line) and eastern Arabian Sea (thin line) (Haake et gl., 1_993'soon, suggesting that, in the absence of high organic car-
Rixen et al., 2005), as well as the mean oxygen concentratlonsmt_hgon export fluxes and inputs of ICW, isopycnal mixing re-
SNM me.asured du“n.g the US JGOFS cruises in 1995 and the CUSGuced the gradient between these two regions (Fig. 5b, d).
M74/1b in 2007(b). Differences between oxygen concentrations in . . ’
The lower gradient of oxygen concentrations between these

the SNM and the western Arabian Sea veraifsin the western . . . . o
Arabian Sedc). Monthly mean organic carbon fluxes measured by WO régions was associated with higher N@eficits in the

sediment traps at a water depth of 3000 m in the western ArabiafVestern Arabian Sea (Fig. 5¢), suggesting that denitrification

Sea (bold line; Haake et al., 1993; Rixen et al., 2005) and the meagignals from the SNM propagate by isopycnal mixing into

oxygen concentrations in the western Arabian Sea measured durintj]e upwelling region.

the U.S. JGOFS cruises in 1995 and the cruise M74/1b in 2007

(d). Black circles indicate the US JGOFS data and the red circle4.6 |Interannual variability

indicates the one derived from the cruise M74/1b. The oxygen and

N* data are given in Table 1. In order to investigate changes between the SW monsoon
1995 and that in 2007, 10 JGOFS sites were revisited dur-
ing a research cruise with RWleteor (M74/1b; Figs. 1,

In March enhanced fluxes seem to have reduced oxygeB). During sampling off Oman in September 2007, up-
concentrations, which remained low until the SW monsoonwelling was still active, as indicated by enhanced phosphate
(Fig. 5d). At the same time as the peak in organic carbon flux> 1 umolkg?) and chlorophyll concentrations in surface
at the end of the SW monsoon in September, the oxygen conwaters (Fig. 6).
centrations reached their second maximum (Fig. 5d). In line The spatial expansion of the denitrifying zone was much
with model studies (Anderson et al., 2007), this implies that,larger during the late SW monsoon in 2007 than during a sim-
despite high organic carbon fluxes, a reinforced propagationlar period in 1995 (Fig. 7). The denitrifying zone revealed a
of oxygen-enriched ICW through the Strait of Socotra into pronounced westward expansion with a weak SNM at sta-
the region off southeastern Oman increased the oxygen cortion 949/S6, where no SNM was observed during the late
centration in the western Arabian Sea and inhibited the westSW monsoon in 1995 (Fig. 8b, d). Furthermore, enhanced
ward expansion of SNM during the SW monsoon (Fig. 4). N* values associated with the SNM support the occurrence

“Oxygen-enriched” is a relative term in this context. In of denitrification in 2007 (Fig. 8a, b). The mean K@on-
mass balance calculations, the ICW was considered oxygereentrations in the SNM were higher in 2007 than observed at
poor and its preformed oxygen depletion is a crucial factorany time in 1995 (Figs. 7, 8c, Table 1). In line with the linear
for maintaining the OMZ in the Arabian Sea (Pichevin et correlation between denitrification rates and J;NGoncen-
al., 2007; Rixen and Ittekkot, 2005; Sen Gupta et al., 1975rations (Bulow et al., 2010), this implies that denitrification
Warren, 1994). According to the World Ocean Atlas 2009 rates were on average higher in 2007 than in 1995.

(Garcia et al., 2010), the water masses in the Strait of Soco- Despite higher denitrification rates as indicated by the
tra are undersaturated with respect to oxygen and have coriigher NG, concentrations, the NDdeficit was lower and

centrations of approximately 52 umop®g ! (averaged be- the oxygen concentrations were higher during the SW mon-
tween 10 and 1IN and 51 and 53E and at a water depth soon in 2007 than in 1995 (Table 1, Figs. 5a, b, 8a). Unlike
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Figure 6. Transects from the western (944) towards the central (950) and eastern Arabian Sea (951-958) obtained duriMgteerRV
cruise M74/1b in 2007 (see Table 1). The transect is given in Fig. 3b.

NO; , which is constantly formed and consumed, the;NO SNM (Fig. 7), the enhanced* value, and the decreased
deficit is an accumulative water mass tracer which is stronglyoxygen concentrations in the upwelling region as seen in
influenced by the residence time of water in the SNM. This2007 (Fig. 5c, d). The low oxygen concentration might have
holds true also for oxygen as long as air—sea fluxes and vertialso favoured the high anammox rates measured by Jensen et
cal mixing do not influence it. Accordingly, a stronger SW al. (2011) during September 2007 on the continental margin
monsoon could have enhanced denitrification rates by in-off Oman, which in turn might have limited westward expan-
creasing upwelling-driven organic carbon exports into thesion of the SNM. But was the SW monsoon in 2007 stronger
SNM while the stronger inflow of ICW reduced the resi- than the one in 1995?

dence time of water within the SNM and thus the concen- Sea surface temperatures (SSTs) were used as an indi-
trations of oxygen and nitrate as seen in 2007 compareaator of upwelling strength (Rixen et al., 1996). However,
to 1995 (Fig. 5b). Associated accelerated mixing could, onits use is problematic since the impact of global warming,
the other hand, also explain the westward expansion of théhrough mixing and deep water formation, penetrates into the
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Figure 7. Cross sections showing the seasonal distribution of nitrite during the US JGOFS cruises in 1995 and the late SW monsoon 2007
(see Fig. 1 and Table 1). The transects are given in Fig. 3c and d.

ocean’s interior and warms the subsurface water that upwellinfluenced western Arabian Sea between 13 arfd\28nd
along the coasts (Levitus et al., 2000). In order to reduce thi$5 and 68 E. For each year of the resulting time series, the
global-warming-induced problem, we decided to calculatemean intermonsoon and SW monsoon SSTs were calculated
the cooling caused by upwelling as the SST difference beby averaging the SSTs between April and May as well as
tween the spring intermonsoon and the following SW mon-June and September. Between 1982 and 2007, the SSTs were
soon (Fig. 9). Satellite-derived records of SST from 1982 toon average 1.82C lower during the SW monsoon than dur-
2007 (Smith et al., 2008) were averaged for the upwelling-ing the spring intermonsoon. The decade between 1997 and
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Figure 9. The cooling index calculated as SST difference between
d) Nitrite [umol kg-'] the spring intermonsoon and the SW monsoon. Data were obtained
o : ‘ ; 1 2 3 4 from Smith et al. (2008) and averaged for the upwelling-influenced
JF‘ western Arabian Sea between 13 and®28and 55 and 65E. The
b dotted line shows the mean upwelling-driven cooling of £.82the
250 4 % i black circles indicate the SW monsoons of 1995 and 2007, and open
}' circles the SW monsoons of 1997 and 2004. The arrow indicates
the periods during which Goes et al. (2005) obtained the data which
-500 1 ] lead to the assumption that global warming enhances the upwelling-
driven productivity in the Arabian Sea.
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. | Thus the expansion of the SNM, the enhanced denitrification

rates, the lower NQ deficit, and the higher oxygen concen-
tration in the SNM during the SW monsoon in 2007 could
have been a cumulative effect of a series of stronger mon-
Figure 8. Profiles of NG deficits expresses @8* (a, b)yand NG, soons occurring after 1995.

(c, d) obtained during the JGOFS late SW monsoon 1995 cruise
ttn50 in the eastern (N9) and central (S6) Arabian Sea (black circles
and the M74/1b cruise at the same stations (red circles, stations 95
and 949).

.7 Holocene records

As discussed abové!°N of NOj is a useful tracer of de-
nitrification (Fig. 2). Since phytoplankton utilizes NCand
2007 was in general characterized by SW monsoons with afiorms organic matter that is exported into the deep sea, the
upwelling-induced cooling above this average (Fig. 9). 815N signatures preserved in sediments can be used as in-
Between 1997 and 2004, decreasing SSTs and increasingjcators of past changes in denitrification rates in the Ara-
chlorophyll concentrations off Somalia were linked to the bian Sea (Altabet et al., 1999, 2002; Suthhof et al., 2001).
shrinking Eurasian snow cover, and it was suggested thaThe only Holocene sedimentary recordsséiN that are al-
global warming started to increase the monsoon-driven up#most complete are from the upwelling region off Oman (RC-
welling (Goes et al., 2005). In the western Arabian Sea off2723; Altabet et al., 2002) and from the Makran coast (Pak-
Oman, chlorophyll concentrations did not reveal such a cleaistan) close to the SNM (MD-04 2876; Pichevin et al., 2007,
trend but were enhanced during the SW monsoons betweehigs. 1, 10). These two cores show increasifN values
1998 and 2005 compared to those determined during the SWetween 6 and 7 kyr BP and the present, which were assumed
monsoons from 2006 to 2009 (Naqvi et al., 2010). How- to be caused by increasing denitrification rates. Since sedi-
ever, according to the cooling indicator, the SW monsoon ofmentary proxies point towards reduced productivity, the in-
2007 seemed to be part of a series of monsoons which werereasing Holocene denitrification was explained by reduced
stronger than the one in 1995 (Fig. 9). ventilation in conjunction with a reorganization of the ICW
and the NIHSIW during the Holocene sea level rise (Pichevin
et al., 2007). A decreasing productivity is also in line with
palaeoclimatic records on moisture conditions derived from
central Asian terrestrial archives, indicating a weakening of
the monsoon from the middle to late Holocene (Fig. 10b;
Herzschuh, 2006). The Holocene weakening of the monsoon
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a) mixed-layer deepening may entrain nutrients fremi00 m

| 500 depth (Rao et al., 1989) with'°Nno, values around 9 %o,
upwelling water originates at water depths of approximately
300 m with81°Nyo, values> 14 %o (see Fig. 2; Brock et al.,
1992; Rixen et al., 2000). Moreover, isotopic fractionation
during nutrient uptake and during the decomposition of or-
ganic matter in surface sediments influence the sedimentary
815N signals and require careful evaluation when different
archives are compared (Gaye-Haake et al., 2005).
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Based on the JGOFS data from 1995, the area of the SNM
characterized by ND concentrations> 2 umol kgl was
63 % larger than a similarly determined estimate based on
all pre-JGOFS data. However, the database is still too small
o L 14 in order to be able distinguish between trends and the pro-
[ 42 nounced seasonal and interannual variability of the spatial
3 [ 10 expansion of the core of the denitrifying zone. Seasonal vari-
I ations mainly followed the monsoon-driven seasonal rever-
01 2 3 4 5 6 7 8 9 10 11 i )

Age (kyr) sal of the current regime. During the NE monsoon, the SNM

expanded westward as a result of the reversal of the current

Figure 10. (a)Holocene sea level changes obtained from Sidall etregime. During the SW monsoon the SNM retreated eastward
al. (2003, black squares), Fairbanks (1989, blue squares), Bard gjue to the inflow of oxygen-enriched ICW.
a_ll. (2_000, red squares), and Arz et al. (2007, rgd squares). The black on an interannual timescale, a stronger SW monsoon en-
line is the mean calculated from all data points. The blue curvep,ncaq denitrification rates by increasing organic carbon ex-
shows the solar insolation at 3N obtained from Berger and Loutre port production. The associated enhanced;NﬁBses could

(1991).(b) The red curve reveals the central Asian effective mois- - .
ture index, representing monsoon strength (Herzschuh, 2006). Th e compensated for by the increased inflow of ICW and the

black line shows thé1°N record from the core RC27-23 (Altabet result]ng enhanced '\EOSUPP'V' which in turn could .have
et al., 2002) and the blue curve reveals 8N records from the ~ Sustained enhanced organic carbon export production. Fur-
core MD-04 2876 (Pichevin et al., 2007). thermore, the stronger inflow of ICW lowered the accumu-

lation of denitrification tracers by reducing the residence time
of water in the SNM. This finding is supported by palaeo-
climatic studies showing that the enhanced preservation of

follows the decreasing solar insolation at®30 The inso- . o o . . .
. 4 L ) , - accumulative denitrification tracers in marine sediments of
lation changes were driven by variations in Earth’s orbital pa- : . :
. the Arabian Sea was accompanied by a weakening of the
rameters (Berger and Loutre, 1991), which were assumed tg : .
\ . monsoon during the Holocene (and vice versa).
be the main factors controlling monsoon strength (Kutzbach,
1981; Ruddiman, 2006). However, the current sea level was
reached at about 6 kyr BP (Arz et al., 2007; Bard et al., 1990;acknowledgementsive thank M. Birkicht for his help on board
Falrt_)anks, 19_89; Siddall et al._, 2003) and teN values Ry Meteor and Udo Hiibner for operating the CTD and rosette
continued to rise thereafter (Fig. 10). Based on our resultSsampler and processing the CTD data. The excellent support by
we suggest that the enhanced accumulation of denitrificationthe captain and crew dfleteor 74/1b and the financial support
signals reflect an increasing mid-water residence time causefiom DFG grant Rl 1194/3-1 and GA 755/4-1 are gratefully

by the Weakening of the monsoon and the reduced inflow oficknowledged. P. Wessels, W. H. F. Smith and Rainer Schlitzer are
ICW. acknowledged for providing the Generic Mapping Tools (GMT)

A further consequence of weaker monsoons should be re2nd Ocean Data View.

duced isopycnal mixing and thus a larger gradient of de-
nitrification signals between the upwelling region in the
western Arabian Sea and the eastern SNM. However, a direct
comparison o#°N data obtained from the coast of Oman
and Pakistan is difficult for several reasons. First of all, the
water depth from which supplied nutrients originate differs
between the upwelling and the non-upwelling regions off
Oman and Pakistan. Whereas thermohaline or wind-induced

315N [%.]
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1
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