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[1] Underway measurements of the CO2 partial pressure (pCO2) and the sea surface
temperature were made in the northwestern Arabian Sea during late intermonsoon and
southwest (SW) monsoon 1997. Additionally, dissolved inorganic carbon (DIC) and total
alkalinity were analyzed from the surface and deeper waters. CO2 fluxes between
atmosphere and ocean surface were estimated. Monsoon-forced changes in the near-
surface carbonate system became clearly visible a few weeks after onset of the SW
monsoon. Because of the upwelling of CO2-rich waters along the Omani coast, DIC and
pCO2 locally increased up to 2210 mmol kg�1 and 715 matm, respectively. The Arabian
Sea thus acted as a CO2 source during SW monsoon. Highest CO2 fluxes of >150 mmol
m�2 d�1 were observed in the upwelling region off Oman, while the open Arabian
Sea revealed relatively lower CO2 fluxes but contributed more to the overall CO2 release
because of its larger area. Total CO2 emissions from the Arabian Sea from May until
August 1997 are estimated to amount 67.6 Tg C. The upwelling�induced impacts of
biological activity on the carbon cycle were estimated by tracing freshly upwelled water
along its transport way along the sea surface. The obtained CO2 uptake by enhanced
net community production (NCP) is �3.6 times higher than the CO2 emissions. In contrast
to phosphate, upwelled nitrate apparently is consumed by NCP within a timescale of some
10 days, and the upwelling thus does not directly supply the central Arabian Sea with
nitrate. INDEX TERMS: 4806 Oceanography: Biological and Chemical: Carbon cycling; 4279

Oceanography: General: Upwelling and convergences; 4845 Oceanography: Biological and Chemical:

Nutrients and nutrient cycling; KEYWORDS: Arabian Sea, carbon cycle, upwelling, CO2 air-sea exchange, net

community production
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1. Introduction

[2] Owing to the unique combination of climate, circula-
tion, and geology, the northwestern Indian Ocean is charac-
terized by several prominent features [Wyrtki, 1971;
Swallow, 1984; Zeitzschel and Gerlach, 1973]. The Arabian
Sea is subject to strong seasonal monsoon-forced oscilla-
tions in atmospheric conditions which cause substantial
physical, chemical, and biological changes in the upper
layers of the water column. The phytoplankton new produc-
tion is triggered by the upwelling of nutrient-rich waters
along the Omani coast during the southwest (SW) monsoon
period [Qasim, 1977, 1982] and by mixed layer deepening
due to winter cooling and convective mixing. Large phyto-
plankton blooms during the summer period, dominated by

diatom species [Latasa and Bidigare, 1998], lead to an
enhanced export pulse of particulate organic carbon (POC)
to the deep sea via the biological pump [Haake et al., 1993].
The particle aggregation and their consecutive export are
favored by the input of dust, which accelerates the down-
ward flux of suspended matter [Ittekkot, 1991, 1993]. On the
other hand, the biological CO2 drawdown is counteracted by
outgassing of CO2 from upwelled thermocline waters, mak-
ing the Arabian Sea a source for atmospheric CO2 [e.g.,
George et al., 1994; Körtzinger et al., 1997]. Another
characteristic feature of the Arabian Sea is an intense oxygen
minimum zone (OMZ), containing <5 mmol kg�1 O2 estab-
lished at middepth (150–1200 m) northward of 12�N and
eastward of 56�E [e.g., Naqvi, 1987;Mantoura et al., 1993].
In waters of initially low O2 content moderate oxygen
consumption by organic matter remineralization maintains
the OMZ [Olson et al., 1993].
[3] Our study focuses on monsoon-induced impacts on

the carbon cycle of the upper 500 m as observed during
the transition from late intermonsoon to SW monsoon
1997. We briefly describe the relevant observations. In
order to investigate the impact of upwelling processes,
notably of nutrient input from below the mixed layer, on
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the carbon cycle and thus the CO2 source function of the
Arabian Sea we introduce a procedure to obtain initial
conditions of the upwelled water. The reconstructed
source depths and the transport history of the upwelled
waters enable a detailed description of processes govern-
ing the carbon budget at the surface. This finally allows
estimation of the biological CO2 drawdown induced by
nutrient upwelling and the consequential impacts on the
CO2 air-sea exchange in the upwelling zone off Oman
during SW monsoon.

2. Data

[4] The data presented here were collected on R.V.
SONNE cruises SO119 (5 December to 6 October 1997)
and SO120 (6–7 December 1997) within the German
contribution to the Joint Global Ocean Flux Study
(JGOFS) (Figure 1). The CO2 partial pressure (pCO2) in
surface seawater and the atmospheric pCO2 were recorded
as one minute means using an automated system similar
to the one described by Körtzinger et al. [1996]. The
NDIR detector (LicorTM 6262) was calibrated every 12
hours using CO2 free nitrogen as zero gas and two gas
standards (CO2 in natural air; 355.81 and 450.08 ppmv,
provided by NOAA-CMDL, Boulder, CO, USA). The
accuracy of pCO2 measurements ranged between ±1 ppmv
according to the given concentrations of the standard

gases of 350 and 450 ppmv. The equilibrator of the
pCO2 system was supplied with a continuous, bubble-free
stream of seawater (2 L min�1) which was pumped from
6 m beneath the sea surface at a total flow rate of 40 L
min�1. Atmospheric pCO2 measurements were performed
every 2 hours. The clean air was sampled at the ship’s
bow mast and passed the system at a flow rate of about
1 L min�1. The pCO2 data are given for 100% humidity
at the air-sea interface. Taking into account the observed
slight warming of seawater between sample inlet and
equilibrator of 0.5 ± 0.1�C, pCO2 was corrected to in
situ seawater temperature. Temperature and salinity were
recorded from the ship’s thermosalinograph. Salinity
measurements were calibrated vs. Autosal (GUILD-
LINE2) samples and temperature vs. CTD measurements,
respectively. All calculations and corrections which were
used to convert the raw CO2 mole fraction into final pCO2

values are described in detail by Department of Energy
(DOE) [1994].
[5] Samples for total dissolved inorganic carbon (DIC)

and total alkalinity (TA) were taken from the continuous
pump system as well. Additionally, samples were taken
from the CTD-Rosette equipped with 10 L Niskin bottles
at various stations. DIC concentrations of seawater were
determined using the coulometric technique according to
Johnson et al. [1993] and are given as the average of
three replicates of each sample. TA was measured with a

Figure 1. Cruise tracks and locations of CTD stations of German JGOFS cruises (a) SO119 and
(b) SO120. The arrows indicate the direction of the ship’s track.
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potentiometric titration with a closed cell, using hydro-
chloric acid [Almgren et al., 1983; Bradshaw and Brewer,
1988a, 1988b; Dickson, 1981]. The titration alkalinity was
calculated from the titration curve using the curve fitting
procedure of Campbell and Millero [1994]. Both methods
were calibrated twice a day with certified reference
material (CRM, batch 35, DIC = 2111.62 mmol kg�1

and TA = 2354.05 mmol kg�1) provided by A. Dickson
(Scripps Institution of Oceanography, La Jolla, CA,
USA). The overall uncertainty of the DIC and the TA
measurements were derived from the comparison of the
CRM measurement with the certified values and were
±2 mmol kg�1 for DIC and ±3.5 mmol kg�1 for TA,
respectively. Nutrient concentrations were measured
according to Grasshoff et al. [1983]. To achieve better
data coverage for the whole Arabian Sea, data of two
cruises obtained during the US WOCE program (WOCE
N1, August 1995) and during the US JGOFS Arabian Sea
Process Study (TTN#49, July/August 1995) were incor-
porated in our analysis.

3. Observations

3.1. Upper Water Column Properties

[6] The distributions of normalized DIC (DIC35 = DIC/S
� 35) and TA (TA35 = TA/S � 35) within the upper
500 m of the water column are shown in Figures 2a and 2b.
Normalizing DIC and TA to a constant salinity of 35
excludes changes in their concentrations due to variations
in salinity. Thus variations in DIC35 and TA35 can be

assigned to biological processes such as photosynthetic
CO2 uptake, remineralization of organic matter, formation
of calcium carbonate, dissolution of calcium carbonate
(Aragonite) as well as to the air-sea exchange of CO2. In
order to underline the monsoon-induced changes, the
samples shown in Figure 2 are separated into two groups:
the open ocean and the coastal area samples before
upwelling and, second, the coastal area samples during
upwelling.
[7] DIC35 ranges from 1940 to 1970 mmol kg�1 in the

surface waters of the oligotrophic open Arabian Sea, then
rapidly increases by about 200 mmol kg�1 in the upper
200 m because of remineralization of organic material to a
mean value of 2235 mmol kg�1 at 500 m depth. In contrast,
near-surface values of DIC35 in the upwelling area off
Oman are elevated to an average of 2100 mmol kg�1 by the
supply of CO2-rich deeper water. Between 110 and 120 m
the DIC35 values of the upwelling samples are similar to
those of deeper open ocean waters, implying the origin of
upwelling is at this depth or below. Below 120 m, the
profiles of DIC35 both from the upwelling condition and
from the open ocean are similar. Somewhat lower DIC35

concentrations in the upper 120 m of the upwelling region
probably are because of both the lower upwelling depth at
the beginning of cruise SO120, when upwelling was not
fully evolved, and the enhanced primary production in the
euphotic zone fueled by high nutrient availability. Normal-
ized alkalinity generally ranges between 2280 and
2320 mmol kg�1 within the upper 500 m indicating that
in this depth range no processes except changes in salinity

Figure 2. Vertical distributions of (a) normalized DIC (DIC � 35/S) and (b) normalized TA (TA x 35/S)
in the upper 500 m of the water column on all stations during SO119 and SO120. Solid circles mark
samples from the open ocean and samples from the coastal zone taken before upwelling; open circles
mark samples from the coastal zone during upwelling.
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affect TA significantly. Consequently TA is barely influ-
enced by upwelling.

3.2. Surface Water Properties

[8] Hourly means of continuous sea surface temperature
(SST), wind speed and pCO2 measurements, as well as
surface DIC, TA values along the tracks of German JGOFS
cruises SO119 and SO120 are summarized in Table 1 and
Figure 3. During the first ten days of SO119, a SST between
29� and 30�C was observed in the oligotrophic Northern

and central Arabian Sea accompanied by pCO2 values
ranging from 380 to 400 matm (Figure 3a). The moderate
CO2 supersaturation with respect to the atmosphere of 40 to
60 matm (mean pCO2air = 349 matm) is mainly a result of the
general warming of the ocean surface at the end of the
intermonsoon. After passing station P1, sudden drops in
SST down to 26�C indicated initial upwelling structures a
few days after the onset of the SW monsoon (24.05.1997)
near the coast. These structures exhibited no significant
raise in pCO2. Surface DIC and TA (Figure 3b) ranged from
1960 to 2040 mmol kg�1 and from 2320 to 2405 mmol kg�1,
respectively. The low concentrations near station SAST in
the central Arabian Sea can be attributed to the low surface
salinity between 35.1 and 35.5 in this region. DIC35 and
TA35 exhibit constant values around 2040 and 2300 mmol
kg�1, respectively and indicate that the changes in DIC and
TA are due to hydrographic variations. The first days of
cruise SO120 were marked by small-scale variability in SST
and pCO2 when several upwelling structures were crossed
on various transects parallel to and toward the Omani coast.
SST locally decreased by 6�C and pCO2 shows variations of

Table 1. Mean SST, DIC, DIC35, TA, TA35, and pCO2 as

Measured on German JGOFS Cruises SO119 and SO120 During

Transition From Intermonsoon to SW Monsoon 1997

SST,
�C

DIC,
mmol
kg�1

DIC35,
mmol
kg�1

TA,
mmol
kg�1

TA35,
mmol
kg�1

pCO2,
matm

Coastal region SO119 28 2030 1940 2390 2298 400
Open ocean SO119 30 1990 1940 2380 2298 385
Coastal region SO120 23.5 2140 2090 2350 2298 580
Open ocean SO120 28.5 2010 1950 2390 2298 390

Figure 3. Hourly means of (a) sea surface temperature, seawater pCO2, and atmospheric pCO2 (pCO2air)
and (b) DIC, normalized DIC (DIC35), TA, and normalized TA (TA35) during cruises SO119 and SO120.
Main stations and remarkable cruise features are marked for better orientation (compare with Figure 1).
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more than 100 matm reaching maximum values of 500 matm
in colder water. During a drift study between 18.6. and
29.6.1997 the monsoon-forced changes in the surface CO2

system became clearly visible. The upwelling of cold (SST =
23�–24�C) CO2-rich water increased pCO2 and DIC con-
centrations to mean values of 540 matm and 2120 mmol kg�1.
Maximum values of DIC (2210 mmol kg�1) were found 40
km off the coast (25.6.1997). Here, the upward transport of
high DIC, low alkalinity water (Figure 3b) lead to a pCO2

increase up to 710 matm. Later (7 April to 7 July 1997) pCO2

and DIC were elevated to mean values of >660 matm and
2140 mmol kg�1 respectively, reflecting increased upwelling
intensity and upwelling depths as well as warming of the
upwelled water during its exposure to the atmosphere.
[9] On a transect to the open Arabian Sea (A-B-C) a

constant pCO2 of 390 matm and DIC of 2020 mmol kg�1

were observed. These results agree with the observations
during SO119 at the end of intermonsoon and show that the
early SW monsoon has no significant effect on the surface
distributions of both parameters in this region.
[10] Alkalinity concentrations in the upper 500 m are

mainly affected by variations in salinity. As a result, here the
TA35 concentrations remain nearly constant (Figure 2b) and,
taking into account an upwelling depth of 130 m as
discussed later, TA35 remains unchanged by upwelling
processes and shows constant surface concentrations of
2300 ± 5 mmol kg�1 in the entire northwestern and central
Arabian Sea.

4. Results and Discussion

4.1. Air-Sea Flux of CO2

[11] On the basis of pCO2, SST and wind speed the CO2

flux between the atmosphere and the ocean was calculated
using the transfer coefficients of Wanninkhof [1992]. The
results of the flux calculations during SO119 and SO120 are

shown in Figure 4. During the first 12 days of SO119
(15.5.–27.5.1997) a moderate CO2 supersaturation and a
mean wind speed between 5 and 10 m s�1 lead to a mean
CO2 flux of 5 mmol m�2 d�1, whereas fluxes increased up to
15 mmol m�2 d�1 between 27.5. and 4.6.1997. These higher
fluxes can be mainly attributed to higher wind speed related
to the beginning of SW monsoon because no significant
change in pCO2 was observed during this period (Figure 3a).
Near the coast enhanced CO2 fluxes of 40–50 mmol m�2

d�1 were observed from 12.6. to 27.6.1997 which are related
to increased pCO2 of >500 matm. Strong CO2 emissions
from the upwelling area located 40 km offshore are indicated
by a maximum flux to the atmosphere of 140 mmol m�2 d�1

driven by high pCO2 values of 710 matm. During the transect
to the open Arabian Sea (29.6.–3.7.1997) the CO2 fluxes
decreased to 15 mmol m�2 d�1 because of a drop in pCO2.
This value represents the background value in the open
Arabian Sea during SW monsoon. Returning to the upwell-
ing area, CO2 fluxes were elevated to a mean value 60–80
mmol m�2 d�1 related to increased pCO2 of 600 matm in
average. West of the upwelling (8.7.1997) negative fluxes of
�15 mmol m�2 d�1 imply strong oceanic CO2 uptake
because of primary production.
[12] In order to estimate the CO2 emissions from the

Arabian Sea for one SW monsoon season, the calculated
CO2 fluxes were interpolated onto a 1� � 1� grid. In order
to achieve a better data coverage for the whole Arabian
Sea, data of two cruises from 1995, one from the US
WOCE program (WOCE N1, August 1995) and one from
the US JGOFS Arabian Sea Process Study (TTN#49, July/
August 1995) were included in our estimates (Figure 5).
Our investigations of 1997 indicated that early SW mon-
soon causes no significant changes in pCO2 far from the
coastal region. Hence we suggest, that the open Arabian
Sea data from SO119 represent the pCO2 of May, June
and July. The data from US WOCE cruise N1 were used

Figure 4. Wind speed and CO2 flux between ocean and atmosphere during cruises SO119 and SO120.
Flux calculations are based on hourly means of pCO2 and wind speed. Positive values indicate CO2 flux
into the atmosphere; negative values represent CO2 uptake by the ocean.
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to calculate CO2 fluxes from the southern Arabian Sea for
May to August.
[13] The temporal development of the coastal upwelling is

shown by interpolated CO2 fluxes in Figure 6 and Table 2.
During May the distribution of CO2 flux is rather uniform
throughout the whole investigation area. CO2 fluxes from
the coastal region into the atmosphere increased in the
following month, reaching their maximum of 45 mmol
m�2 d�1 in July. The extension of the isolines to the open
Arabian Sea indicates higher CO2 fluxes during June, July
and August because of to increasing wind speed in the region
of the Findlater jet and 2. spreading of the CO2-rich
upwelling water.
[14] These results emphasize the role of the Arabian Sea

as a CO2 source during SW monsoon as reported earlier
for example by Somasundar et al. [1990], George et al.
[1994], Körtzinger et al. [1997], Sarma et al. [1998], and
Goyet et al. [1998]. The open Arabian Sea contributes
83% to the regional CO2 emissions of 67.6 Tg C because
of its large area (96% of the total area). Here, CO2

exchange is mainly forced by the higher wind speeds
during the monsoon and rather driven by the pCO2

difference between surface water and atmosphere which
did not increase significantly during the investigation time
(Figure 3). The coastal upwelling waters are marked by
mean CO2 fluxes exceeding the fluxes in the open Arabian
Sea three to four times, however because of the relatively
smaller coastal area (4% of total) these fluxes contributed
only 17% to the CO2 source effect. It should be reminded
here that in our study the upwelling areas southwest off
India have not been considered because of which our
results might be seen as lower bound or a slight underes-
timation of the CO2 release of the Arabian Sea to the

atmosphere. Our overall estimates are in reasonable agree-
ment with the results of Körtzinger et al. [1997]. If we
compare our estimate with the annual emissions of 74 Tg
C a�1 as reported by Somasundar et al. [1990] and 69–79
Tg C a�1 [George et al., 1994], about 85% of the CO2

emissions would occur during SW monsoon. However, as
mentioned by George et al. [1994] their estimate is based
only on intermonsoon data and therefore might tend to
underestimate CO2 fluxes in a highly variable region as the
Arabian Sea. The great discrepancy between the latter
investigations and the results of Goyet et al. [1998]
reporting only 7 Tg C a�1 for an area of 1,270,000 km2

remains unclear. A possible explanation might be the
different data interpolation techniques or a lack in consid-
ering biological processes in the latter work [see Sarma et
al., 1998].

4.2. Biological CO2 Drawdown

[15] Upwelling zones are known as areas of nutrient
enrichment and hence extensive primary production [e.g.,
Brock et al., 1991; Brink et al., 1998]. Brink et al. [1995]
estimated their contribution to global oceanic new produc-
tion to be 80–90%. Biological processes thus significantly
affect the CO2 properties in upwelling regions. In order to
assess the impact of primary production driven by a coastal
upwelling event on the carbon cycle, we develop a DIC
budget for an upwelled water body. The hydrochemical
properties of the water body were traced during repeated
sections (Figure 7; see also Figure 1b, section A to B) as it
moved offshore from the upwelling origin into the open
Arabian Sea. Taking into consideration first the initial
conditions for the water body at the time and location of
the upwelling event and second the time history of this

Figure 5. Maps of cruises that were used to estimate the CO2 emissions from the Arabian Sea.
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water body at the surface, the above hydrochemical prop-
erties allow assessment of the relevant carbon cycle pro-
cesses along its transport path.
[16] The depth of origin of the upwelled waters is required

in order to identify its ‘‘initial’’ hydrochemical properties
(DIC, Nutrients and T, S). To follow the carbon cycle
processes in the upwelled water body transported at the
surface, a measure of the water body’s history (life time) is
required.We estimate this life timewith reference to the water
transport velocity observed during the present investigations.
[17] The upwelling origin depth was estimated to approxi-

mately 130 m by comparing depth profiles of salinity which
were measured on the Omani shelf during cruise SO119
before the onset of upwelling and SO120 when upwelling
was fully developed (Figure 8a). The DIC upwelling con-
centration was estimated with reference to the observed

depth/DIC relationship (Figure 2a). The corresponding ‘‘ini-
tial’’ DIC (DICINI) concentration was finally derived from a
quadratic curve fit (Figure 8b) and determined to 2210 mmol
kg�1 (Table 3a). This value corresponds well with the
highest measured surface DIC (Figures 2 and 3) near the
coast which implies that freshly upwelled water was en-
countered at this location.
[18] In order to estimate the offshore transport velocity,

SST measurements of two transects (Figure 9) one from the
coast to the open ocean (transect 1, solid line) and one from
the open ocean back to the coast (transect 2, dotted line)
were compared. Figure 9 shows generally decreasing tem-
perature toward the coast and the upwelling front which
moved 38 km offshore within 76 hours lying between the
observations of the two transects. The resulting velocity of
0.14 m s�1 or 12 km d�1 is in reasonable agreement with 3D

Table 2. Means of Wind Speed, SST, �pCO2, CO2 Flux, and the Resulting CO2 Emissions in Tg C (1 Tg =

1012 g) From the Arabian Sea During the SW Monsoon Season 1997a

Region Area, km2
Mean Wind
Speed, m s�1

Mean
SST, �C

Mean
�pCO2, matm

Mean CO2 Flux,
mmol m�2 d�1

CO2 Emissions,
Tg C

Upwelling May 223,000 6.4 27.9 43 6.5 0.7
Open ocean May 4,953,000 5.6 29.8 24 4.0 7.4
Upwelling June 223,000 10.4 23.5 156 32.4 2.7
Open ocean June 4,953,000 9.4 28.4 30 8.5 15.8
Upwelling July 223,000 10.1 23.8 260 38.6 3.2
Open ocean July 97 4,953,000 9.3 28.4 29 9.0 17.5
Upwelling August 223,000 9.7 23.3 203 30.4 2.5
Open ocean August 4,953,000 9.0 27.5 38 9.6 17.8
Total 5,176,000 67.6

aCO2 fluxes were calculated according to Wanninkhof [1992] with hourly means of wind speed.

Figure 6. Interpolated CO2 fluxes from the Arabian Sea during May, June, July, and August 1997.
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circulation model results (E. Maier-Reimer, personal com-
munication). Taking into account the distance from the
upwelling area and the above transport velocities it is now
possible to determine, when a certain point on the transect
(water body) had been brought to the surface by upwelling.
Once having obtained both initial concentrations and time
history of a water body the carbon and nutrient fluxes can be
obtained from the differences between the observed and the
initial concentrations.
[19] During transport the carbon budget of the water body

is most notably governed by two processes, the CO2 air-sea
exchange and biological activity. Accordingly, the total
change of DIC (�DICTOT) comprises the changes because
of CO2 air-sea exchange (�DICFLUX) and biological activi-
ty, i.e., net community production (NCP) or respiration
(�DICBIO) (equation (1a)). �DICTOT thereby is given as
the difference between the initial value (DICINI) and the
observation (DICOBS) (equation (1b)). The corresponding
procedure has been applied to the nutrient (NUT) concen-
trations (NO3, SiO2, PO4) (equation (1c) and Table 3a). The
water body’s time history and the daily averaged pCO2

observations along the transect are used to assess the CO2

air-sea exchange (�DICFLUX) integrated for the period the
water body has been in contact with the atmosphere. In
order to assess the DIC loss related to degassing, CO2 fluxes
were integrated to the mixed layer depth (MLD) which was
25 m before onset of SW monsoon and less than 10 m when
the upwelling was developed (Figure 8a, compare with
Brock et al. [1991]). The CO2 air-sea exchange coefficient
(kex) has been calculated according to Wanninkhof [1992]
(equation (1d)):

�DICTOT ¼ �DICFLUX þ�DICBIO ð1aÞ

�DICTOT ¼ DICINI � DICOBS ð1bÞ

�NUTTOT ¼ NUTINI � NUTOBS ð1cÞ

�DICFLUX ¼
Z

�pCO2 kex dt*MLD�1 ð1dÞ

For further evaluation we used 12 km, i.e., daily averages of
the pCO2, DIC and nutrient data representing one-day

Figure 7. Horizontal distributions of (a) SST and DIC (measured and 12 km means) and (b) nutrients
given as 12 km means on a surface transect from the coastal region to the open Arabian Sea. For
convenience, the data are shown as function of both distance and time from the upwelling area in order to
describe both the temporal and spatial development of the water body with time. A filament that had been
passed between kilometers 110 and 160 (approximately day 8.5 until day 12.5) was excluded from
calculations. The 12 km means were linearly interpolated in this section. Nutrient data were provided by
C. Sellmer and K. v. Bröckel, Institute of Marine Research, University of Kiel, Kiel, Germany.
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transport in offshore direction (Figures 7a and 7b). According
to (1a) the difference between�DICTOT and�DICFLUX can
be attributed to biological activity (�DICBIO). The obtained
�DICTOT, �DICFLUX and �DICBIO are summarized in
Table 3b and Figure 10a. Because of the above integration
over the mixed layer depth volumetric units will be applied in
the further context.
[20] During 17 days of offshore transport, the surface DIC

decrease amounts to approximately 200 mmol L�1 from its
initial upwelling value of 2265 mmol L�1 to 2065 mmol L�1

(Figure 7a). In the coastal zone enhanced CO2 release to the
atmosphere up to 70 mmol m�2 d�1 caused by large pCO2

differences between sea surface and atmosphere lead to a
maximum DIC decrease. Moreover, near the coast intense
primary production causes strongest biological CO2 draw-
down (213 mmol m�2 d�1) and nutrient uptake (Figures 10a
and 10b) as a result of the upwelling-induced high nutrient
supply (initial upwelling concentrations: nitrate, 23 mmol
L�1; phosphate, 1.8 mmol L�1; and silicate, 17.5 mmol L�1;
Table 3a; compare Figure 7b). During the transport to the
oligotrophic open ocean the CO2 release to the atmosphere is
reduced by decreasing surface DIC concentrations. This
decrease has been caused by the CO2 release itself and the
biological CO2 drawdown. The biological CO2 drawdown in
turn is diminished by the decreasing nutrient concentrations
finally limiting primary production. In contrast to the
�DICFLUX, �DICBIO does not decrease continuously but
shows another peak after 12 days, which might be an
indication of a change in the phytoplankton community
structure (see below). Over the 17 day period represented
in Figure 10a, the total DIC loss due to biological processes is
remarkably higher than the loss to the atmosphere which
emphasizes the role of CO2 uptake by primary production as

an important process in counteracting the CO2 emissions
caused by the upwelling of CO2-rich water off Oman.

4.3. Nutrient Consumption and Its Relation to
Carbon Uptake

[21] Figure 7b shows the surface distribution of nitrate
(NO3), phosphate (PO4) and silicate (SiO2) near the Omani
coast given as 12 km means. All three parameters show
enhanced concentrations of 23 mmol L�1, 2 mmol L�1 and
17.5 mmol L�1, respectively, near the coast. Nitrate concen-
trations decrease to near zero during 17 days offshore
transport whereas phosphate and silicate concentrations
decrease to 0.25 and 1.7 mmol L�1 in the open ocean.
The stronger decrease in silicate during the first days
implies a phytoplankton community dominated by diatoms
near the coast as reported earlier by Latasa and Bidigare
[1998].
[22] During the first four days �C/�N, �C/�P and �N/

�P ratios (Figures 11a–11c) of 6.2 and 105.1 and 16.9
reflect the classical Redfield ratio for marine phytoplankton
[Redfield et al., 1963]. �C/�Si and �N/�Si (Figures 11d
and 11e) amount to 5.4 and 0.9 respectively. The low �N/
�Si ratio provides evidence for a nearshore diatom bloom
[Brzezinski, 1985; Wilkerson and Dugdale, 1996; Latasa
and Bidigare, 1998]. Accordingly, 75% of the available

Figure 8. (a) Comparison between salinity profiles from the Omani shelf before (mean, thick line) and
during (thin lines) upwelling, showing the origin of upwelling at approximately 130 m depth. (b) A
quadratic curve fit was obtained from the correlation between DIC and depth. DIC values stem from CTD
stations during the upwelling. The dotted line indicates the initial DIC concentration of 2210 mmol kg�1

at the estimated upwelling origin of 130 m depth.

Table 3a. Initial Conditions of an Upwelled Water Body

Initial Conditions Values

DIC, mmol L�1 2265
NO3, mmol L�1 23
PO4, mmol L�1 1.8
SiO4, mmol L�1 17.5
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silicate appears to be consumed within the first four days,
but little silicate is depleted after this period. Dugdale et al.
[1995] reported that the Ks (half saturation constant) for
silicate uptake by coastal diatoms is high, which leads to
limitation of diatom blooms, even if silicate concentrations
are up to 2 mmol L�1. A transition from a diatom dominated
phytoplankton community to one which is marked by non
siliceous species during the ‘‘aging’’ of the upwelling water
along its offshore trajectory path may have occurred be-
tween days 4 and 10. This would also explain the relatively
low DIC uptake rates at day 10 in Figure 10a. �C/�Si and
�N/�Si increase to 18 and 2.8. The decrease in �C/�P to
77.2 and �N/�P to 12.1 might imply ‘‘luxury consump-
tion’’ of phosphorus [Droop, 1973; Thomas et al., 1999] at
the beginning of a new bloom. The ongoing carbon and

phosphorus uptake (Figures 10a and 10b) under nitrate
depleted conditions (Figure 7b) at day 17 might be a hint
to nitrogen fixing organisms like cyanobacteria [Burkill et
al., 1993].
[23] The depletion of NO3 after 17 days also suggests that

the coastal upwelling does not supply nitrate for large
phytoplankton blooms in the central Arabian Sea which
have been observed by CZCS images [e.g., Brock and
McClain, 1992; Banse and McClain, 1986; Banse, 1994].
Rather open ocean upwelling, mixed layer deepening and
filaments appear to be the main physical mechanisms of
nitrate supply for these offshore blooms.
[24] Net community production rates (Figure 12) derived

from our DIC loss estimates by integration over a MLD of
10 m amount a maximum of 2.6 g C m�2 d�1 and an

Table 3b. Daily Changes in DIC, Total (�DICTOT), Due to Air-Sea Exchange (�DICFLUX) and Due to Net Community Production

(�DICBIO) and Daily Uptake of Nutrients in an Upwelling Water Body During Its Transport in Offshore Direction

Offshore
Transport, days

Distance From
Upwelling, km

�DICTOT,
mmol m�2 d�1

�DICFLUX,
mmol m�2 d�1

�DICBIO,
mmol m�2 d�1

�NO3,
mmol m�2 d�1

�PO4

mmol m�2 d�1
�SiO4,

mmol m�2 d�1

0 0 0 0 0 0 0 0
1 13.4 284.2 70.8 213.4 32.5 1.6 34.9
2 25.4 247.1 59.5 187.6 26.9 1.4 26.8
3 38.6 229.2 51.6 177.6 26.9 1.4 24.8
4 51.7 184.7 42.1 142.6 24.0 1.3 20.1
5 65.0 157.9 37.7 120.2 22.3 1.3 16.7
6 78.3 135 33.2 101.8 19.8 1.2 13.1
7 91.6 117.9 28.8 89.1 17.4 1.1 9.9
8 104.9 105.3 24.3 81 15.2 1.0 7.2
9 118.2 96.1 19.9 76.2 13.0 0.9 5.0
10 126.9 65.5 15.5 50 8.8 0.7 2.7
11 138.6 94.7 13.2 81.5 11.3 0.9 2.8
12 150.6 103.9 11 92.9 12.0 1.1 2.2
13 162.7 137.6 9.4 128.2 11.1 1.1 1.5
14 174.6 138.1 7.9 130.2 9.2 1.1 1.3
15 186.6 107.3 3.9 103.4 6.5 1.1 1.2
16 198.9 74.6 5.1 69.5 3.1 0.9 1.2
17 210.6 43.3 3.2 40.1 0.0 0.7 1.1

Total 2322.4 437.1 1885.3 260.0 18.9 172.6

Figure 9. One minute means of SST on two transects, one from the coast to the open ocean (transect 1)
and one from the open ocean to the coast (transect 2). Here 76 hours passed between the observations on
the two transects, implying an offshore current velocity of 12 km d�1.
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average of 1.39 g C m�2 d�1 in and near the upwelling area
and are in good agreement with measured rates of Owens et
al. [1993] and Sellmer [1999] as well as chlorophyll a
measurements. The extrapolation of the mean production
rate over the entire upwelling region (223,000 km2) yields a
daily carbon fixation by NCP of 0.31 Tg C. Throughout the
SW monsoon season 1997 (middle of May to end of
August) a total of 33 Tg C was removed from the mixed
layer to form organic matter. Thus the biological CO2

uptake is 3.6 times higher than the CO2 emissions from
the upwelling area (9.1 Tg C), and hence, without the CO2

drawdown by primary production, the CO2 emissions from
the upwelling could be much higher than reported above.
[25] We suggest that most of the organic material

formed in the upwelling region is transported to the open
Arabian Sea via eddies and filaments. These structures are
known to be the primary mechanisms of horizontal off-
shore transport [e.g., Brink et al., 1998] and show elevated

chlorophyll concentrations [Bidigare et al., 1997] and
complex biogeochemical forcing [Lendt et al., 1999]. This
appears to be in good agreement with export rates derived
from sediment trap studies of Haake et al. [1993] and
Honjo et al. [1999], which exhibit the peak of export at
the end of SW monsoon.

5. Conclusions

[26] The Arabian Sea is a net source for CO2 during
SW monsoon. Maximum CO2 flux to the atmosphere of
>150 mmol m�2 d�1 can be attributed to the transport of
cold and CO2-rich waters to the surface in the coastal
upwelling off Oman. Surface waters in the open ocean
region are moderately CO2 supersaturated. Our estimates
gave CO2 emissions of 67.6 Tg C during the SW
monsoon season 1997 (May to August). Processes con-
trolling the carbon cycle during an upwelling event have

Figure 10. (a) Daily changes of DIC in upwelled water due to CO2 air-sea exchange (�DICFLUX) and
due to biological CO2 uptake (�DICBIO), (b) daily changes in nutrients due to biological uptake, given as
fluxes, and (c) cumulative changes of DIC in upwelling water during 17 days offshore transport. All data
are taken from transect 1.
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Figure 11. �C/�N/�P/�Si uptake ratios derived from DIC and nutrient measurements on transect 1.
DIC* represents the air-sea exchange-corrected DIC, which is changed by biological processes only
(�DICBIO).
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been identified and quantified. The biological CO2 uptake
is 3.6 times higher than the CO2 release to the atmo-
sphere. The biological CO2 uptake is thus an important
process in counteracting CO2 emissions from the upwell-
ing area off Oman and small changes in biology may
have strong impact on the CO2 system in these regions.
Upwelled nitrate is consumed by primary production
within a few weeks on the trajectory path of the upwell-
ing water and is apparently not exported to the open
Arabian Sea.
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