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Abstract. Sediment trap experiments have been carried outarbon and calcium carbonate into the deep sea and the re-
in order to study processes controlling shifts from diatom tosulting net effect on the atmospheric €@oncentration is
non-diatom dominated systems in the western Arabian Sealefined as the biological pump (Volk and Hoffert, 1985). The
One of our major problems was to link sediment trap recordsbiological pump is driven by nutrients such as phosphate and
to surface ocean processes. Satellite-derived observations amorganic nitrogen (N = nitrate + nitrite + ammonia), which
upper ocean parameters were helpful to reduce this probare, in addition to carbon, required to build up organic mat-
lem in the past and gain a new quality by combining it with ter (Heinze et al., 1991; Maier-Reimer et al., 1996; Tyrrell,
results obtained during the Joint Global Ocean Flux Study1999; Hedges et al., 2002). The efficiency of the biolog-
(JGOFS) in the Arabian Sea. The new results imply that in-ical pump can be enhanced by raising the uptake ratio of
tense grazing can decline orimpede the development of largearbon to nutrients (C/N/P Redfield ratio) during the pro-
diatom blooms in a silicon-enriched near shore upwellingduction of organic matter and by a reduction of the calcium
system off Oman. In the open western Arabian Sea diatontarbonate precipitation, because the latter process increases
blooms recover within the offshore advecting upwelled wa-the CQ concentration in sea water (Redfield et al., 1963;
ter and lead to peak organic fluxes into the deep sea but onlerger and Keir, 1984; Heinze et al., 1991). Depending on
during the later phase of the upwelling season. During on-the species and on environmental conditions the C/P ratio
set of the upwelling season grazing favoured by eolian ironof marine organisms varies between 40 ar200 (Goldman
inputs causing the formation of thinner diatom shells seemset al., 1979; Burkhardt et al., 1999; Geider and La Roche,
to prevent the development of a large diatom bloom within 2002; Klausmeier et al., 2004). Nevertheless, despite such
the silicon-enriched offshore advecting upwelled water. Anvariations, a global analysis suggests a mean Redfield ratio
increased relevance of diatoms and diatom-grazing copepodsf 1174+14/16+1/1 (Anderson and Sarmiento, 1994), which
in the planktonic community as well as oligotrophic condi- is close to the constant Redfield ratio derived by a “General
tions seem to raise the ratio between organic carbon forma€irculation Model” (GCM, 122/16/1, Maier-Reimer, 1996),
tion and calcium carbonate carbon precipitation (rain ratio)and to those found by a basin-wide analysis in the Arabian
in the surface water. The decomposition of organic matterSea (125:14:1, Millero et al., 1998).
in the water column reduces the rain ratio within in the sink-
ing matter especially in the oligotrophic region dominated by Carbonate production is often parameterised by apply-
cyanobacteria and reduces also the variation of the carbon tmg a fixed ratio between the organic carbon production and
nutrient uptake ratios seen in the surface water. the precipitation of calcium carbonate carbon (rain ratio,
Sarmiento et al., 2002). Data-based estimates of rain ratios
are scarce and deviate between 3.3 and 12.5 (Sarmiento et
al., 2002 and references therein). A new estimate even sug-
gests a mean global rain ratio of 16 (Sarmiento et al., 2002).
All these estimates fall within the range of global mean rain
ratios (2.3 to 26.6), which can be obtained by dividing the
lobal mean organic carbon export derived from satellite data
2 to 16 13°g Cyr1; Falkowski et al., 2000; Rixen et al.,
Correspondence tof. Rixen 2002) by estimates of the global mean carbonate carbon ex-
(trixen@uni-bremen.de) port (Table 1).

1 Introduction

Marine organisms influence ocean/atmospheric, G-
change by photosynthesising organic matter and by precip
itating carbonate shells. The subsequent export of organi
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Table 1. Contribution of carbonate-producing organism to the pelagic marine carbonate production.

% 10%gC  References

Total carbonate production 100 0.60-0.86  Milliman and Droxler (1996)

Foraminifera 23-56 0.14-0.48 Schiebel (2002)
Pteropods ~10 0.06-0.09 Schiebel (2002)*
Coccolithophorids 4-38 0.02-0.33 Schiebel (2002)*

* and references therein.

Possible effects of changing Redfield and rain ratios on The total fluxes of calcium carbonate and organic car-
the atmospheric C®concentration were quantified using bon measured by deep moored sediment traps in the Ara-
GCMs. It was estimated that an increase of the C/P ratidbian Sea (Lee et al., 1998; Honjo et al., 1999; Rixen et al.,
by 30% (122:1 to 158.6:1) could lower the atmospherioCO 2002) and ratios between calcium carbonate dissolution and
concentration by~72 ppm (Heinze et al., 1991). A doubling organic carbon remineralization in the water column (Hupe
of the global mean rain ratio from 4 to 8 could reduce the and Karstensen, 2000) have been used to calculate rain ratios
atmospheric C@concentration by 28.5 ppm (Heinze et al., (Rixen et al., 2005). In this study these calculated rain ratios
1991), and raising the rain ratio from 5 to 16.6 could, how- ranging between 2 and 3.5 will be compared with rain ratios
ever, reduce the atmospheric €€oncentration by 70 ppm derived form total dissolved inorganic carbon concentrations
(Archer et al., 2000). These changes explaining a major pro{DIC), total alkalinity (TA), and CQ partial pressure differ-
portion of the glacial/interglacial variation of the atmospheric ences ApCQO,) between the atmosphere and surface water
COy concentration were achieved by assuming that diatomgGoyet et al., 1998b, 1999; Millero et al., 1998). Furthermore
outcompete the carbonate-producing coccolithophorids anglankton counts (Garrison et al., 2000; Schiebel et al., 2004)
drive the export production. Due to such a competition thewill be evaluated in conjunction with nutrient (Morrison et
rain ratio is directly linked to biogenic opal production in al., 1998) and iron concentrations (Measures and Vink, 1999)
some models used to study the feedback impact of the carin order to study factors influencing shifts in the planktonic
bonate production in the ocean on increasingp@0@ncen-  community structure and associated changes of the composi-
trations in the atmosphere (Heinze, 2004). tion of sinking particles.

Since diatom growth is believed to be limited by the avail-
ability of silicon at lower latitudes (Dugdale and Wilkerson,
1998; Rixen et al., 2000), changes of the global silicon cy-5 Study area
cle and re-organisation of the marine silicon cycle were pro-
posed as being possible mechanisms to fertilise lower lati- . . . . i
tudes with silicon during glacial times (Froelich et al., 1992; The Arabian Sea is strongly influenced by the Asian mon

Harrison, 2000: Conley, 2002; Ridgwell et al., 2002). The soon. This climatic feature_ is driven by the sea-level_pressure
P . . : difference between the Asian landmass and the Indian Ocean
re-organisation of the marine silicon cycle is suggested to b

triggered by an enhanced eolian iron input lowering the Si/NefRamage, 1971, 1987). During the boreal winter the sea level

. . ) ressure over Asia exceeds that over the Indian Ocean due to
uptake ratio of diatoms in the Southern Ocean and, subse- . .
: . . a stronger cooling of the landmass. Following the pressure
quently, enhancing the silicon export from higher to lower

: ) gradient and deflected by the Coriolis force, the wind blows
latitudes (Matsumoto and Sarmiento, 2002). from the NE (NE monsoon) over the Arabian Sea. This sit-

In addition to coccolithophorids competing with di- uation reverses when the summer heating of the Asian land-
atoms, there are also carbonate-producing heterotrophs likaass leads to the formation of one of the strongest atmo-
foraminifera and pteropods which feed on diatoms. In thespheric lows on Earth. This low attracts the SE trade winds,
Arabian Sea sediment trap experiments showed that cocand after crossing the equator the former SE winds blow as
colithophorids contribute only15% to the carbonate ex- SW winds over the Arabian Sea due to associated changes of
port into the deep sea and that the peak flux of foraminiferathe Coriolis force. The SW winds (SW monsoon) form a tro-
into the deep sea coincides with that of diatoms during thepospheric jet (Findlater Jet) extending almost parallel to the
highly productive upwelling season (Haake et al., 1993b,Arabian coast (Fig. 1, Findlater, 1977; Rixen et al., 1996).
1993a; Zeltner, 2000). This suggests strongly that effects ofThe monsoon winds and the deserts surrounding the western
foraminifera and pteropods on the rain ratio should be takerand northern parts of the Arabian Sea lead to dust inputs into
into consideration, as these organisms are important or evethe Arabian Sea, which are among the highest in the world
the main carbonate producer in the ocean (Table 1). ocean (Tegen and Fung, 1994, 1995).
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Fig. 1. Mean SW monsoon wind speeds over the Arabian Sea dur- £ 241
ing the SW monsoon. Data are obtained from Rixen et al. (1996). & 231 -36.0
Red squares indicate the U.S. JGOFS (Honjo et al., 1999) and theé 22
red circles the long-term Indo/German sediment trap sites in the & »;
western and central Arabian Sea (Rixen et al., 2002). The white cir- 20] : : : :
cle indicate the central Arabian Sea surface mooring location (ONR, 0 300 600 900 1200
Dickey et al., 1998), and the black circles show the U.S. JOGFS wa- Distance to the coast [km]

ter sampling sites (Morrison et al., 1998).

Surface salinity

35.8

35.6

Fig. 2. Upper panel: Mean satellite-derived sea surface temper-
atures during the cruise ttn49. Data are obtained from Physical
Oceanography Distributed Active Archive Center at Jet Propulsion

Biological productivity within the Arabian Sea is deter- o ; .
mined by the interplay between the euphotic zone and mixe¢aboratory, California Institute of Technology). Lower panel: Sur-
ace temperatures and salinity averaged for the depth of the mixed

layer depth (MLD), whose deepening is caused by Winterlayer (data are from the U.S. JGOFS databdwt:/usjgofs.whoi.

cooling and wind mixing (Rixen et al., 2002). The inter- eqy/jg/dir/jgofs/arabiap/at each sampling site (S1 to S15).
play between the euphotic zone and the MLD regulating the

availability of light and nutrients is well known from the tem-

perate ocean. In the Arabian Sea this leads to early and latFl’ ble 2). Th i ixed | ¢ i q
NE monsoon blooms. During the SW monsoon the Findlater av'e )'. € resufting mean mixed fayer lemperatures an
alinities increase generally from the coastal upwelling zone

Jet creates one of the most productive upwelling areas in th@ ’ . ) .
ocean (Antoine et al., 1996) and a hot spot for,@mission towards the open ocean (Fig. 2). During both cruises slightly
along the Arabian C(;ast gttzinger et al., 1997; Goyet et reduced temperatures and salinities occurred between sta-
al., 1998b, 1998a; Sabine et al., 2000). ,Diatorr'1 blooms ar?gons S5 and S7, approximately 500 km offshore. As shown

common during the later phases of the NE and SW monsoo y sat_eltht:-dgtrrl]v?g Sf.SITS chta;ths t(Flgi 2)& tf;s Ianon:aly Wﬁsl
(Haake et al., 1993b; Rixen et al., 2000). associated wi € flament that extended aimost parafle

to the transect, perpendicular to the coast towards the open
Arabian Sea. Filaments are cold water structures caused by
3 Data base, methods and results an accelerated advection of upwelled water. While mov-
ing offshore the upwelled water get mixed with the warmer

Nutrients, DIC, TA, temperature, and salinity profiles mea- and saltier surface water that was formed during the preced-
sured at the sampling sites S1-S15 during the U.S. JGOF#g oligotrophic intermonsoon season (Fischer et al., 2002;
cruises ttn49 (18 July 1995-13 August 1995) and ttn50 (14Weller et al., 2002). Mixing of two water masses is indicated
August 1995-13 September 1995) were obtained from théoy a linear correlation between temperature (T) and salin-
U.S. JGOFS database (Figs. 1, 2). The mixed layer deptlity (S) if latent and sensible heat fluxes between ocean and
was defined as the depth at which a pronounced temperaturmospheres are negligible. Temperature und salinity (T/S)
decrease and nutrient increase occurred within profiles. Subdata derived from the sampling sites along the Oman tran-
sequently all data were averaged for the mixed layer deptlsect are not correlated (Fig. 3) and T/S data obtained from

www.biogeosciences.net/bg/3/1/ Biogeosciences, 8312006
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Fig. 3. Salinity versus temperature. Salinities and temperatures

were measured during cruise ttn49 (open (_:ircles) and un50 (blale:ig. 4. (a) Phosphate concentration measured during cruise ttn49
fﬁ?laséagggvg ;agggafgéz)e d‘?ﬁtehJ;?kelmz(i?):]iyee(:tgdﬁrrz Zzgrzro?_nd averaged for the depth of the mixed layer versus the distance
Iectec:i a.t the sites S1 and Sé 0 the coast (data are from the US JGOFS data_be_(ba)l\_/lean
) phosphate concentration (black circles) and the mixing line (black
line) versus the proportion of oligotrophic water. Bars reveal the
difference between the measured phosphate concentration and the
the sites S2-S14 deviate from the line (mixing line) that phosphate concentration indicated by the mixing line. This differ-
connects T/S data obtained from the sampling site S1 an@nce is regarded as biological consumption.
S15. In order to calculate energy fluxes required to explain
these deviations from the mixing lin&EST) the time dur-
ing which the surface water was in contact with the atmo-mixed layer depth in “m”, “cp” is the specific heat of the wa-
sphere must be known. The ages of the surface water cafer (~3980Jkg? K1), ASST and the age of the water are
be calculated at each sampling site by dividing the distancaiven in “°C” and seconds, respectively. The calculated data
to the coast by the mean advection velocity and consideringhow that a heat flux of 90 to 584 Wthcould have caused
that the upwelled water was already a few days old prior tothe ASST at sampling site S7 (Table 3). Energy fluxes of 150
it left the coast. Since the lower temperatures and the reto 200 W nT2 determined at the U.S. JGOFS surface moor-
duced salinity indicate an accelerated advection of upwellednd site which is close to S7 (Weller et al., 1998) fall within
water within the filament an age correction has been appliedthis range implying that heat fluxes could have caus&&T
The distance from the coast towards the most offshore statioft station S7 and most probably also at the other water sam-
(S13) and the station closest to the coast (S1y1400km  pling sites for which no data on heat fluxes are available.
and~26 km, respectively. At these two stations the salinity Latent heat fluxes do not affect the relationship be-
was 36.6 and 35.7 (Table 2). Based on these two points detween salinity and nutrient concentrations as changes in
fined by the distance to the coast and the salinity a linear rethe amount of water in the mixed layer increase both
gression was developed which allowed us to derive correctethe salinity and the nutrient concentration. Since in ad-
distances from the salinity measured at each sampling sitelition to that salinity and nutrient concentration are un-
(distance [km]=1135.4 Salinity—40451.8). The time since affected by sensible heat flux, salinity instead of tem-
the water mass was in contact with the atmosphere was olperature was used to define the end-members and to
tained by dividing the corrected distance by the mean ad<calculate the mixing ratios “a” and “b” within the
vection velocity ranging between 0.2 and 0.8 §Rixen two-end-member mixing analysis at sampling sites S1-
et al., 2000). Additionally it was assumed that coastally up-S13 (Salinity1_s13=8s1-s13%x Salinityupwelled watetPs1-s13
welled water was already 4 days old prior to it left the coast. Salinitysiigotrophic water Whereas &.siztbsi—s13=1). Sta-
The energy fluxes required to explak8ST have been calcu- tion S1 was defined as the upwelling and station S13 as
lated as follows: § x MLD x Cpx ASST )/(age of the water), the oligotrophic end-member because there are hardly any

whereas $” is the sea water density in “kgn3”, MLD is the discernible variations in the salinity between stations S13,

Biogeosciences, 3, 13, 2006 www.biogeosciences.net/bg/3/1/
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Table 2. Station number, position, distance between the station and the coast, mixed layer depth, mean mixed layer temperature, salinity,
phosphate, total inorganic nitrogen , silicon and total inorganic carbon concentration, mean total alkalinity and partial pressure difference
between the atmosphere and the ocean. Missing data are indicate@®§0. The position was obtained by averaging the position of all
available hydrographic casts at one sampling sites.

St. Lon. Lat. Distance MLD Temp. Sal. RO TN Si DIC TA ApCO
[CEl  [°N]  [km] [m] [C]  [psu] ——{umol/kgl—— neq./kg  patm
Cruise ttn49

S1 57.32 18.52 25.73 10.00 20.84 35.66 1.55 17.40 9.23 2146.50 2338:99.09
S2 58.03 18.16 93.01 18.00 2298 35.71 1.32 1540 7.64 2111.43 2329:P22.65
S3 5886 17.67 193.58 53.00 25.99 36.00 0.69 558 313 2046.65 2349:289.37
S4 5987 17.17 313.98 42.00 26.65 36.10 0.53 412 273 2044.78 2348-683.25
S5 6051 16.79 392.79 48.00 25.90 36.02 0.60 4.81 2,51 2042.92 2348:880.41
S6 61.25 16.43  482.12 40.00 2455 35.82 1.13 1216 559 2091.47 2340-269.56
S7 62.00 16.03 573.55 34.00 25.74 36.05 0.79 7.25 355 2056.73 2350-836.40
S8 62.81 15.64 669.95 75.00 26.89 36.3799.00 1.52 1.80 2030.58 2369.00-57.44
S9 6351 1523 757.38 82.00 26.66 36.29 0.44 2.01 125 2035.04 2362-734.62
S10 64.25 14.82  849.37 83.00 26.73 36.32 0.39 0.96 116 2028.16 2366-630.80
S11 65.00 14.44 940.11 75.00 27.28 36.47 0.32 051 0.99 202441 2375237.76
S12 65.00 13.24 1010.75 84.00 27.19 36.43 0.27 0.04 054 2020.13 2373:477.38
S13 65.01 12.05 1092.72 108.00 27.71 36.60 0.24 0.17 0.69 2018.74 2382:80.72
S14 65.00 10.81 1186.65 104.00 27.72 36.57 0.27 0.29 110 2020.96 2381=28.93
S15 6491 997 124793 95.00 27.88 36.58 0.25 0.40 119 2017.80 2381-40r.45

Cruise ttn50

S1 57.30 18.50 23.26 14.00 20.95 35.66 1.66 19.42 11.189.00 -99.00 —99.00
S2 58.04 18.09 96.34 10.00 23.93 35.69 1.32 15.09 5.7499.00 —-99.00 —99.00
S3 58.85 17.67 192.68 20.00 23.82 35.74 1.07 11.50 1.9999.00 -99.00 —99.00
S4 59.77 17.18 303.75 25.00 24.89 35.79 0.96 9.62 1.5399.00 -99.00 —99.00
S5 6050 16.80 392.48 52.00 25.64 35.84 0.85 8.38 1.1299.00 —-99.00 —99.00
S6 61.25 16.43  481.32 52.00 26.65 36.11 0.53 3.15 0.9499.00 -99.00 —99.00
S7 6198 16.01 573.00 50.00 26.52 36.04 0.59 3.84 1.4999.00 -99.00 —99.00
S8 62.77 15.64 666.57 48.00 26.10 35.95 0.76 6.52 1.7699.00 —99.00 —99.00
S9 6350 1525 756.05 74.00 26.54 36.07 0.57 3.84 2.4299.00 —-99.00 —99.00
S11 65.00 14.44  940.20 75.00 26.93 36.23 0.41 122 0.7399.00 -99.00 —-99.00
S13 65.00 12.05 109155 102.00 27.42 36.51 0.34 0.31 0.5999.00 —-99.00 —99.00
S14 65.00 10.80 1186.62 100.00 27.64 36.51 0.32 0.09 0.4299.00 —-99.00 —99.00
S15 6490 9.97 124766 84.00 27.85 36.57 0.30 0.13  0.2499.00 —-99.00 —99.00

14 and 15 (Table 2). A mixing ratio “b” of zero indicates and salinity data (U.S. JGOFS data base documentation) was
pure upwelled water whereas a mixing ratio “b” of one im- considered. Within these error ranges random errors were
plies that no upwelled water is present. The mixing ratiosproduced by applying the standard fortran 77 random num-
“a” and “b” determined for each station and the mean nu-ber generator (F77-RNG). Subsequently, the mixing analysis
trient concentration calculated at the station S1 and S13vas performed 500 times by using the produced errors. The
(see Table 2) were subsequently used to calculate a mixinghean ratios of inorganic nitrogen and phosphate consump-
line (Phosphatg_s13mixing=as1-s13x Phosphatg+bsi_s13 tions (N/P ratios) vary between7 and 24 (Fig. 5b) and fall
Phosphatg 3; Fig. 4b). The mixing line represents the con- within the range of N/P ratios determined in marine particu-
centration that could be expected if mixing were the only late matter and phytoplanktor8-34, Geider and La Roche,
factor controlling the nutrient concentration. Deviations of 2002; Klausmeier et al., 2004). The resulting standard devi-
measured phosphate, inorganic nitrogen, and silicon concerations of the N/P ratios range between 0.1 and 0.4.

trations from the mixing line can be attributed to biological  The DIC and TA data were treated in the same way as
consumption. In order to determine error ranges of the de,rient data, but prior to calculating the biological con-
rived biological consumption caused by analytical methOdS’sumption the DIC concentrations were corrected for,CO
a relative percentage error of 0.5% and 0.012% of nutrientymission. The C® emission into the atmosphere have

www.biogeosciences.net/bg/3/1/ Biogeosciences, 8312006
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Table 3. Sampling site, the mean mixed layer temperature (deter- A 500
mined), the temperature as suggested by the mixing line indicate cip
in Fig. 4 (expected), the difference between the mixed layer tem- _ 150
perature and the expected temperatux&%T), and energy fluxes § 160 - { }
required to explain the temperature deviation. The energy flux has E E H E
been calculated by assuming a mean advection velocity of 0.8 and 50
02ms1
b) 4.
N/P
Sampling Temperaturé ] Energy fluxes [W 2] 8 204 o *
site determined expected deviaton 0.2ms 0.8ms? ¢ . e , ¢
ttn 49 10 -
S12 27.19 26.86 0.32 76.700 23.298 c)
S11 27.28 27.20 0.08 16.303 4.909 157 223 | POC/PIC
S10 26.73 26.02 0.70 183.139 57.077
S9 26.66 25.84 0.82 214.771 67.379 o 107 E
S8 26.88 26.39 0.49 109.286  33.650 g . } ' : {
S7 25.74 23.97 1.76 261.963 90.695 ¢
S6 24.55 22.22 2.33 623.791 271.435 oL $ ‘ ‘ ‘ ‘ ‘
S5 25.89 23.73 2.16 477.645 168.688 0.0 0.2 0.4 0.6 0.8 1.0
S4 26.65 24.37 2.27 386.403 130.107 Proportion of oligotrophic water
S3 25.98 23.56 2.42 612.288 219.543
S2 22.91 2137 1.60 259.434 151.544 Fig. 5. (a) C/P,(b) N/P and(c) rain (POC/PIC) ratios versus the
ttn50 proportion of oligotrophic water. Error bars are calculated as de-
S11 26.93 25,37 155 399.021 127.506 scribed in thg tex_t. The number in panel (c) indi_cgtes the rain ratio
s9 26.53 24.09 244 772361 265.124  atthe sampling site S11 which is not plotted as it is out of scale.
S8 26.10 23.18 291 725.146 270.388
S7 26.52 23.89 2.63 584.430 203.671
S6 26.64 24.40 2.24 468.718 157517  carbonate (Plgecipitation, according to the equations:
S5 25.64 22.38 3.26 1081.012 454.687
S4 24.88 21.95 2.93 534.635 249.007 D|Cconsumption_'Pocproduction+ F)|Cprecipitati0n (1)
S3 23.82 21.59 2.23 369.189 194.683
S2 23.92 2121 2.7 261.293 168.481 I:’|Cprecipitatior'l:(TAcons + I:’Ocproductionx 0.15/2 (2)

The factor 0.15 accounts for the increase of TA during the
production of organic matter, and the factor 2 due to the
fact that for each mole of carbonate precipitated from the

been derived from the\pCO;, data published for each wa- S€& water TA decreases by two units (Broegker and Peng,
ter sampling site in the U.S. JGOFS database (Table 2)1982; Zeebe and Wolf-Gladrow, 2001). With two equa-
The required wind-dependent gas transfer velocity “k” was tions and two unknowns the_ production of organic carbon
calculated using eight different formulations (Liss and Mer- (POGproduction can be determined as follows:

livat, 1986; Wanninkhof, 1992; Wanninkhof and McGillis, o

1999; Nightingale et al., 2000; Feely et al., 2001). Satellite—Poqmmmcmn_(DlCcorreme"_TAcons/z)/1"08 3
derived wind speeds (see Fig. 1) were taken from Rixen e€&rror ranges were determined by producing “analytical” er-
al. (1996). The standard deviation and the resulting meanors artificially by applying the F77-RNG within the range
CO, emission at each sampling site along the transect aref the standard deviation given for the determination of
given in Fig. 6. In order to estimate the amount of {Bat DIC concentrations £1.2 10 8molkg™1) and TA &3.2
escaped from the surface water, thes@@nissions have been 10-%eq. kg1 Millero et al., 1998; U.S. JGOFS data base
multiplied by the age of the water which has been was calcu-documentation). Subsequently the errors were used to re-
lated by using a mean advection velocity of 0.6ThsThe  calculate the POC and PIC production 500 times for each
resulting mean C®loss was subtracted from the amount of of the different gas transfer velocity coefficients cited above.
DIC held in the mixed layer. A further correction for the pen- The resulting mean C/P and rain ratios and their standard de-
etration of anthropogenic CQwas neglected because of the viations are given in Fig. 5a. The mean C/P uptake ratios
short time scale covered by the cruises. The@@rected vary between 80 and 150 and are well within the range of
DIC and the TA consumption (DlGnsumption TAcons) have published C/P ratios observed in marine particulate matter
been used for differentiating between the net organic carbormnd phytoplankton. The same holds true for the rain ratios
production (POGroduction and the precipitation of calcium which vary between-2.3 and~8.1 except at station S11
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Fig. 6. Mean CQ emission derived from\pCO, data obtained ey from 234Th measurements (open diamonds; Buesseler et al.,

from the U.S. JGOFS data, satellite-derived wind speeds and thqggg), and sediment trap data (grey diamonds; Rixen et al., 2003).

different gas transfer velocity coefficients “k” versus the distance Organic carbon (new) production calculated from the DIC and TA
to the coast. Error bars indicate the standard variation of resultqutake is indicated by black circles.

derived from the different wind speed data sets and the different
methods to calculate “k”.

4 Discussion
4.1 Diatom blooms

where the rain ratio is 22.3 (Fig. 5¢). However, due to the The shoaling of the mixed layer and enhanced organic car-
low carbon consumption the standard deviation at the sambon flux measured in the deep sea reveal that the cruise ttn49
pling sites S10-S12 (proportion of oligotrophic wated.7)  and the cruise German JGOFS cruise M32/5 took place at
are so high that these data have to be treated with cautiothe beginning of the upwelling season in the open western
within the following discussion. Arabian Sea (Fig. 8). On month later during the cruise ttn50
the high organic carbon fluxes indicate the peak upwelling
season. At this time plankton counts (Garrison et al., 2000)
show that diatoms dominate the planktonic community from

dale and Goering, 1967; Eppley and Peterson, 1979) the<f;1pproxim(':1tely 100 to 400 km offshore (Fig. 9b). Flagellates

POCPF.OdUC“O” (see Eq. 3) was mtegr(_alt_e d over the depth c’fsucceed diatoms in the central Arabian Sea after silicon con-
the mixed layer and subsequently divided by the age of the

upwelled water. The comparison with primary and export centrations in the surface water reach their oligotrophic in-
P . ) b P! y PO e rmonsoon value of-2 umol kg1, (compare Figs. 9b and
production rates measured at the same time and at the sa

nﬁ Plankton growth rates generally decrease with decreasing

stations (Buesseler et al., 1998) show that the resulting NeWutrient concentrations after the latter falls below a certain

qarbon production rates are lower t_han the primary p.rOduc'threshoId (Lalli and Parsons, 1993). Assuming that such a
tion rates, as expected (Fig. 7). Since new production ex-

ceeds export production rates it is assumed that the b'omaéhreSh0|d is close to a silicon concentrationaf zmol kg—*
) >Xport producti It Ume : thatom growth rates falling below the high grazing rates
is growing in the mixed layer but under different environ-

mental conditions _(Smith etal., 1998) could _explain the declir_ﬁng d_iatom bloom

' in the open western Arabian Sea where silicon in the surface
water is not consumed. This observation confirms experi-

New production rates which are consistent with publishedmental data suggesting a silicon-threshold@ . mol kg~

data on primary and export production rates and reliable rairfor the dominance of diatoms within the planktonic commu-
and Redfield ratios suggest that our approach is suitable fonity (Egge and Aksnes, 1992). Near the coast, at silicon
studying biogeochemical processes in the Arabian Sea duroncentration of~11umolkg ! the relatively low contri-
ing the upwelling season. In the following discussion the re-bution of diatoms to the planktonic community (Fig. 9b, d)
sults obtained by our mixing analysis will, furthermore, be has been attributed to intense grazing by copepods slowing
linked to plankton counts and sediment trap data in orderdown the development of diatom blooms in the coastal re-
to investigate factors influencing changes in the planktonicgion off Oman (Smith, 2001). During the early phase of the
community structure and associated impacts on the rain raupwelling season the abundance of diatoms decreased dras-
tio. tically close to the Oman coast as shown by plankton counts

In order to calculate the new production rates (Dug-
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Fig. 8. Depth of the mixed layer (MLD black line) and of the eu- 14 -
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lower than at the surface. The organic carbon fluxes (black line) &2 4
and carbonate/biogenic opal ratios (red line) measured in the west- 5’
ern Arabian Sea at the long-term Indo/German sediment trap site 0 300 600 900 1200
(WAST) at 3000 m water-depth. The horizontal black lines show Distance [km]

the time during which the cruises M32/5 have been carried out and
the cruises ttn49 and 50 have been performed along the transect offig. 9. (a) Number of diatom valves and coccolithophorid cells
Oman in the western Arabian Sea. The other horizontal lined indi-(Schiebel et al., 2004{b) contribution of nanoplankton (green),
cate the time at which the measured surface data could be reflectediatoms (red), flagellates (blue) and cyanobacteria (black) to the
in the deep ocean. A delay of 14 days has been added to originddiomass of photoautotrophic plankton (Garrison et al., 20Q1)),
dates. Carbonate biogenic opal ratios (blue — peak upwelling season; red —
onset of the upwelling season) derived from deepest sediment traps
deployed at the U.S., JGOFS and Indo/German sediment trap site
(see Figs. 1 and 2d) silicon concentrations (blue — ttn50, red —
ttn49) versus the distance to the coast. The sediment traps have
(Fig. 9a, Schiebel et al., 2004). This decline is accompanied@©en deployed at water-depth ranging approximately between 2500
with a transition from eChaetocerosiominated diatom as- and 3500 m except near the coast the sediment trap was deployed at
. - o a water-depth of~1000 m.
semblage near the coast to one dominateNitgchia bicap-
itata further offshore. The decline and the associated tran-
sition of the diatom assemblage has been linked to decreas-
ing nutrient concentrations and intense grazing (Smith, 20014.2 The role of iron for the development of diatom blooms
Schiebel et al., 2004).
Iron enrichment experiments in the coastal upwelling sys-
The results obtained by the plankton counts agree withtem off California revealed that iron fertilization favours the
those derived from deep moored sediment traps and ougrowths rates ofChaetocerosand other diatoms but leads
mixing analysis showing silicon consumption and carbonateto the formation of thinner shells as indicated by a low up-
biogenic opal ratios which are lower and higher, respectivelytake of silicon relative to nitrogen (Hutchins and Bruland,
during the early than during the later phase of the upwelling1998). The iron concentration in the diatom dominated open
season in the open western Arabian Sea (Figs. 9¢, 10a). Vicerestern Arabian Sea range between 0.5 and 1 nmaliir-
versa, near the coast carbonate biogenic opal ratios revealiag the cruise ttn50 and reach values=a2 nmol -1 during
higher contribution of diatoms to the exported matter duringthe cruise ttn49 near the coast (Fig. 10b). Off California
the early than during the later phase of the upwelling seasomn increase in the iron concentration from 0.5 to 2.5 halves
(Fig. 9¢). This seems to be caused by the export of the deSi/N uptake ratio (Hutchins and Bruland, 1998). Assuming
clining diatom bloom during the early phase of the upwelling a similar impact of iron on the Si/N uptake off Oman sug-
season (Fig. 9a) and the delayed development of the diatorgests thaChaetoceroblooming during the onset of the up-
bloom one month later (Fig. 9b). welling season near the coast off Oman might built thinner
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shells than diatoms growing a month later in same region butig. 11. (a)Rain ratios and silicon consumption derived from the
in water revealing lower iron concentrations. The extremelymixing analysis versus the proportion of oligotrophic water (same
strong diatom shell is an important protection against predadata as shown in Figs. 5 and 10&)) Rain (black circles) and C/N
tors (Hamm et al., 2003). Since enhanced iron concentrationgatios (open circles) derived from sediment traps versus the pro-
lead to the formation of thinner shells it is suggested thatportion of oligotrophic water data. The rain ratios are mean SW
copepode grazing is favoured in iron-enriched environmentsmonsoon values and have been derived from trap data (Rixen et
An iron-favoured grazing could explain the decline of the al., 2005). _The _C/N ratios obtained from deepest t_rap deployed _at
near shore diatom bloom during the onset of the upwellingeaCh mooring site have been averaged for the period of the cruise

- - .~ttn4. The proportion of oligotrophic water was determined by ad-
season (Fig. 9a). On the other hand a less efficient graZInﬂ)ining to them the closest water-sampling site during the cruise

due to lower iron concentrations (Fig. 10b) and thicker SheIISttn49. Since lateral advection has to be considered additionally, not
could slow down but do not prevent the development of aye ¢losest station was used but its neighbour station to the west
large diatom bloom during the later phase of the upwelling(coast). The grey circles indicate long-term mean rain and C/N ra-

season (Fig. 9b) at which the silicon concentrations are altio obtained from the Indo/German sediment trap site in the central

most equal to those during early phase of the upwelling seaArabian Sea (CAST), but it does not include data from the SW mon-

son (Fig. 10d). soon 1995, due to an instrumental error.

4.3 Rainratios

Apart from one exception as discussed before the rain ratio&egion characterized by a proportion of oligotrophic water
derived from mixing analysis range betweet2.3 and 8.1  (pow) <0.6 (Fig. 11). Near the upwelling centres (pow
and are generally higher than those obtained from sediment0-35) the rain ratios increase with an increasing proportion
trap data (2-3.5, Fig. 11). The rain ratios derived from theOf oligotrophic water until they reach a maximum at a pow
sediment trap data have been adjusted to a water-depth 6f ~0.35. This increase is accompanied with an enhanced
100 m whereas the mixed layer depthd$00 m in the west- ~ Silicon consumption (Fig. 10a) indicating a slight recovery of
ern Arabian Sea (Table 1). POC/PIC ratios tend to decreaste diatom Nitzchia bicapitatajploom after the dramatic de-
within increasing water depth because the decomposition ofi'ine of Chaetoceroslominated diatom bloom near the coast
organic matter is faster than the dissolution of carbonates irfluring the early upwelling season (Fig. 9a). At the tran-
the upper water column. Consequently, the difference besition between the upwelling dominated area and the more
tween rain ratios derived from sediment trap data and thedligotrophic sites the rain ratios decrease-80 (sediment
mixing analysis could be caused by differences in the waterirap data) and 45% (mixing analysis). This decline is accom-
depth. Moreover, one should consider that sediment trap datBanied with decreasing silicon consumption (Fig. 10a) and
represent a larger area and a longer time interval than data déluring the later phase of the upwelling season also with de-
rived form nutrient profiles obtained at a specific site within creasing contribution of diatoms to the plantonic community
a relatively short period of time. structure (Fig. 9b).

However, rain ratios obtained from sediment trap data and The high abundance of coccolithophorids at approxi-
the mixing analysis reveal a similar trend in the upwelling mately 450 km offshore (Fig. 9a) occurred in a water mass
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25 1 enriched material in the upwelling area (Fig. 12). Such
carbon-enriched organic matter could be transparent ex-
opolymers (TEP) which are produced by diatoms and fos-
ter the formation of fast-sinking marine snow (Passow et al.,
1994, 2001). The formation of TEP raises the C/P ratios
151 @ especially at the end of diatom blooms (Engel et al., 2002)
and along the transect at the transition from the upwelling
towards the oligotrophic system the CP ratios reveal a drop

from values>108 to 78 (Fig. 5a). The huge decrease of the

ﬁl C/P and C/N ratios is not reflected in the C/N ratios of the

§ é §§ exported matter in the deep sea which show only7a6 de-

crease at the transition from the upwelling towards the olig-

otrophic system (Fig. 11b). This implies that the preferential

‘ ‘ ‘ ‘ ‘ decomposition of TEP-like organic matter in the upper wa-

0.0 0.2 0.4 0.6 0.8 1.0 . .

Proportion of oligotrophic water ter cqlumn rec_iuces the impact of the TI_EP fo_rma’uon on the

Redfield ratio in the exported matter during diatom blooms.

20

CIN ratio

10

[EE—

Fig. 12. C/N ratios derived from the mixing analysis (black circles)
and sediments traps (grey circles, same data as in Fig. 11b) versus .
the proportion of oligotrophic water. 5 Conclusions

The evaluation of data collected during the U.S. and German

which is characterized by a pow 60.2. The associated rain JGOFS expedition in 1995 suggest that an intense grazing
ratio of ~5 is relatively high (Fig. 11a) and implies in line fjeclln_g and |mpede the development o_f large diatom blooms
with sediment trap results that coccolithophorids are onlyin & Silicon-enriched near shore upwelling system off Oman.
of minor importance for the carbonate export in the Ara- Within the offshore advecting upwelled water mass a large
bian Sea. This in turn implies that changes of the rain ra-diatom blooms enhancmg_the organic carbon export into t_he
tios as discussed before are mainly caused by variations if€€p Sea develop only during the later phase of the upwelling
the growth and export rates of foraminifera. Enhanced rainP€riod. During the onset of the upwelling season no large
ratios associated with even a slightly increased contributiorfiatoms blooms occurs in the open western Arabian Sea, de-
of diatoms in the planktonic community structure could for spite increased concentrations of dissolved silicon in the sur-

example results from predators such as copepods competirf§ce water. Enhanced iron concentration due to eolian dust
with foraminifera for diatoms. inputs into the offshore advecting upwelled water might have

High rain ratios seem to characterize the oligotrophic re-favoured grazing at this time because it leads to the formation
gion, in which cyanobacteria dominate the planktonic com-Of thinner diatom shells. The decrease of the rain ratios dur-

munity (Figs. 11, 9b). These high rain ratios derived from iNg transition from upwelling towards the oligotrophic off-
mixing analysis are not mirrored by the sediment trap dataS10re region seems to be caused by foraminifera competing
which reveal the lowest values in this region (Fig. 11). SinceWith diatom-grazing copepods for food. The large variabil-
it is generally assumed that cyanobacteria are rapidly remity of Redfield ratios and also of the rain ratios in the olig-
ineralized in the upper water column and hardly sink into Otrophic region is not reflected in the sediment trap record.
the deep sea (Karl et al., 1996, 1997) a preferential decom] NiS suggests that the decomposition of organic matter in
position of cyanobacterial biomass could explain the differ- the water columns contributes to the relative uniform global
ence between the rain ratios derived from the mixing anal-mean Redfield ratio and leads to an underestimation of rain
ysis and the those obtained from the sediment trap data. A&tios derived from sediment traps records in oligotrophic re-
preferential decomposition of more labile nitrogen contain-9ions dominated by cyanobacteria.
ing compounds in the water column (Lee and Cronin, 1982; ) o
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