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Tracer signals of the intermediate layer of the Arabian 
Sea 

Monika Rhein, Lothar Stramma, and Old Plghn 

Abstract. In 1995, hydrographic and chlorofiuorocar- 
bon (CFCs, components Fll, F12) measurements were 
carried out in the Gulf of Aden, in the Gulf of Oman, 
and in the Arabian Sea. In the Gulf of Oman, the 
F12 concentrations in the Persian Gulf outflow (PGW) 
at about 300m depth were significantly higher than in 
ambient surface water with saturations reaching 270%. 
These high values could not be caused by air-sea gas ex- 
change. The outflow was probably contaminated with 
oil, and the lipophilic character of the CFCs could then 
lead to the observed supersaturations. The intermedi- 
ate F12 maximum decreased rapidly further east and 
south. At the Strait of Bah el Mandeb in the Gulf of 

Aden, the Red Sea outflow (RSW) was saturated with 
F12 to about 65% at 400m depth, and decreased to 
50% while descending to 800m depth. The low satu- 
ration is not surprising, because the outflow contains 
deep and intermediate water masses from the Red Sea 
which were isolated from the surface for some time. The 
tracer contributions to the Arabian Sea for Indian Cen- 

tral Water (ICW) and PGW are about equal, while be- 
low 500m depth the RSW contribution greatly exceeds 
ICW. Modeling the CFC budget of the Arabian Sea, 
the inflow of ICW north of 12øN is estimated to be 1- 

6 Sv, depending mainly on the strength of the flow of 
Red Sea Water into the Arabian Sea. 

Introduction 

The intermediate depths of the Arabian Sea north 
of 12øN are characterized by the thickest low oxygen 
layer in the ocean today [Olson e! al., 1993]. Three wa- 
ter masses determine the properties of this layer: The 
outflows from the Persian Gulf (PGW) and from the 
Red Sea (RSW), and the northward propagation of In- 
dian Central Water (ICW). A detailed description of 
the hydrographic characteristics can be found in Wyrtki 
[1973], Sledlet, [1968], Quadfasel and Schoti, [1982], and 
Fischer et al., [1996]. There is little information avail- 
able on the renewal, recirculation and mixing of the 
Arabian Sea waters in this intermediate layer. 

Here, the CFC, oxygen, and hydrographic data sam- 
pled on three RV 'Meteor' cruises in 1995 (Figure 1) 
are combined with our data from a RV 'Sonne' cruise 

in August 1993 (Figure 1), and data from 1987 [Olson el 
al., 1993] to characterize the tracer propert. ies of these 
intermediate water masses. 

In our research area, the CFC concentrations decrease 
exponentially from the upper 50 to 100m to about 
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1000m depth. In the northern Indian Ocean no deep 
and bottom water masses are formed and the CFC sig- 
nals of the Antarctic Bottom Water and North Atlantic 

Deep Water carried within the Circumpolar Deep Wa- 
ter have not reached the region yet. The depth of the 
CFC detection limit was 1000- 1200m. Accuracy for 
F12 was +1.0-1.3% for the three cruises. 

Water masses 

Persian Gulf Water Similar to historical data, the 
salinity maximum in the Gulf of Ornan was found at 
300m depth (densities around ae = 26.6). The salin- 
ity maximum (38.5) was most pronounced in the north- 
western part of the Gulf and decreased farther south. 
At 16øN the maximum was 35.80 at a density of ce = 
26.6. The salinity maximum corresponds to an oxygen 
maximum, with the highest oxygen saturations (50%) 
found in the Gulf of Oman. This reflects the recent 
contact of PGW with the surface. 

The F12 concentrations in the salinity maximum 
at ce = 26.6 exceeded the surface concentrations by 
a factor of 2-2.7 (Figure 2a). The signal was most 
pronounced at the near coastal westernmost stations, 
reaching 270% (Figure 2) at about 300m depth. The 
saturations have been calculated using the atmospheric 
data of Weiss e! al., [pets. comm.] and the solubility 
function of Warner and Weiss, [1985]. These supersat- 
urations were also found in August 1995 (R.Fine, pets. 
comm.). At the exit of the Gulf of Oman, the intermedi- 
ate F12 maximum decreased to about 100% saturation. 
Oversaturations exceeding 120% are in general not ob- 
served in open ocean water. The outflow of the Persian 
Gulf might have been contaminated with oil. The CFCs 
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Figure 1. Station map, WOCE cruises RV 'Sonne' 89, 
August 1993 (o), and the RV 'Meteor' cruises M32/1, 
March- April 1995 (*), M32/4, June- July 1995 (x), 
and M32/6, August - September 1995 (+). 
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Figure 2. (a) F12 saturation (%) vs •o of the Gulf of 
Oman and the Arabian Sea north of 12øN, April 1995. 
The symbols in (b) correspond to the symbols in (a). 
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Figure 4. (a) F12 saturation (%) vs •ro (b) of the 
Gulf of Aden and the Arabian Sea, April 1995. The 
symbols in (b) correspond to the symbols in (a). 

are lipophilic, and the presence of oil could be respon- 
sible for these exceptionally high concentrations in the' 
PGW. 

In the density range •e = 26.0- 26.9 on the merid- 
ional section through the Arabian Sea (Figure 3), the 
F12 positive anomalies south of 2 øN and north of 12øN 
are about of equal strength. This is an indication, that 
despite the observed F12 supersaturations in the Gulf 
of Oman, the CFC budget of the Arabian Sea in this 
density range is dominated by two sources, the PGW, 
and by the inflow of ICW. 

Red Sea Outflow The RSW forms the broad salin- 
ity maximum in the Arabian Sea at •e = 27.0- 27.8. At 
the Strait of Bab el Mandeb, the F12 saturation in the 
outflow was 65% at •ro = 27.2 (400m depth). The sat- 
uration decreased to 50% while descending to depths 
around 800m. There the oxygen saturation is low at 
23% . The low saturations are not surprising, the out- 
flow contains deep and intermediate water masses from 
the Red Sea which were isolated from the surface for 
some time. The intermediate CFC maximum is barely 
visible outside the Gulf of Aden (Figure 4). The salin- 
ity signal however has been observed as far south as the 
Agulhas Current [Gordon et a/.,1987]. 

In the F12 anomaly plot (Figure 5) it is evident, that 
for the density range 26.9-27.5, the RSW is the main 
source for the CFC budget in the Arabian Sea. The 
ICW in this density range is characterized by a negative 
F12 anomaly. Note that the anomalies shown here are 
different from Figure 3 because the mean F12 profile for 
the two sections are different. 

Indian Central Water The third source water mass 

for the intermediate layer of the Arabian Sea is the 
ICW, which is formed south of 40øS [You and Tomczak, 
1•3]. These authors found the contribution of other 
water masses in the equatorial region west of 80øE to 
be smaller than 10%. The characteristic of ICW is in- 

ferred from our measurements south of the equator (0 ø- 
3øS). The T-S correlations of typical stations located 
south and north of the equator highlight the influence 
of the high salinity intermediate water masses (Figure 
½). 

North of 150 N, the inflow of PGW leads to a salinity 
maximum in the density range •e = 20.5-27.0. Be- 
low •e = 27.0, the salinity distribution north of 2øN is 
dominated by the RSW. Even south of the equator, the 
linear T-S correlation of the ICW is disturbed by the 
salinity imprint of the RSW. Thus the inferred CFC sig- 
nal of ICW might also be influenced by the RSW. The 
characteristic of ICW between the equator and 3øS is 
presented for two different density ranges, •e = 26.5- 
27.0 and •e = 27.0- 27.4, roughly the depth ranges 
from 300m to 500m and from 500m to 1000m (Tables 
la,b). 

The upper limit of 300m was chosen to be well below 
the influence of the monsoonal upwelling and deepen- 
ing of the mixed layer, assuming that no CFCs enter the 
depth range below 300m directly from above. The lower 
limit corresponds roughly to the CFC detection limit in 
the Arabian Sea. In August-September 1995 (M32/6), 
the CFC and oxygen saturations of ICW in the den- 
sity range ae = 26.5-27.0 were generally higher than 
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Figure 3. F12 anomaly ( pmolkg -• ) on density sur- 
faces along the section indicated in the inset map, April 
1995. The anomaly was calculated by subtracting the 
mean F12 profile of the section. 

23.5 

24.5 

25 

25.5 

26 

26.2 

26.4 
26.6 
26.7 
26.8 
26.9 

27 

27.1 
27.2 

27.3 

27.4 

27.5 

0 km 

of Aden Eq. 

O • •t • 10ON 

J ":'"•0 L .0 • 4SøE 600E 
ß "• %ø •a ß . I 0.4 . ß ..' .• :/ 

i i i i•1 

• .•; -?:. :.- . .'•. :....: ..... 
" ß 

ß ß 

500 km 1000 km 1500 km 2000 km 

0.2 

-0.4 

Figure 5. F12 anomaly ( pmolkg -• ) on density sur- 
faces along the section indicated in the inset map, April 
1995. The anomaly was calculated by subtracting the 
mean F12 profile of the section. 
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Figure 6. T-S characteristic of typical stations located 
south of the equator (solid lines), between 8 oN - 9 oN 
(dotted) and north of 15øN (dashed), April 1995. 

during the previous cruises in June-July (M32/4) and 
March-April (M32/1). In addition, CFC and oxygen 
saturations were usually higher on the western track 
than on the eastern track (Table 1, for locations see 
Figure 1), due to the inflow of 'younger' ICW along the 
western boundary. 

Intermediate layer of the Arabian Sea The gas 
saturations of the intermediate layers of the Arabian 
Sea north of 12øN are summarized in Table 2a,b show- 
ing similar characteristics during the three cruises. The 
mean CFC and oxygen saturations at 300m-500m depth, 
during August - September 1995 (M32/6), however, 
were slightly higher than during the previous cruises, 
most likely caused by the fresh inflow of ICW in the re- 
search area (Table 2a). The oxygen saturations in this 
layer are significantly lower in the Arabian Sea com- 
pared to the source water masses, caused by biological 
consumption. 

Like oxygen, the F12 saturations of the Arabian Sea 
also do not lie on a mixing line between the respective 
source water masses, because CFC mixing is not linear 
due to the transient behaviour of the tracer. For the 

depth range below 500m the inflow of ICW is not the 
main source for the CFC budget in the Arabian Sea 
(Table 2b). The CFC saturations in the Arabian Sea are 
slightly higher than in the ICW, reflecting the impact 
of the higher CFC concentrations of RSW. The oxygen 
saturations are again lower than the saturations of the 
infiowing water masses. 

ICW inflow into the Arabian Sea 

A simple model is developed, which estimates the in- 
flow of ICW into the Arabian Sea north of 120 N by sim- 
ulating the observed CFC concentrations in 1995 (from 
the three 'Meteor' cruises), in 1993 (RV 'Sonne' data, 
see Figure 1), and in 1987 [Olson et al., 1993]. The in- 

Table 1. Gas saturations (%) of ICW south of the 
equator, ere = 26.5-27.0 (a) and ere =27.0-27.4 (b) for 
the eastern and western tracks (see Figure 1) 

M32 F12 F12 Fll Fll 02 02 
leg east west east west east west 
a)l 20.5 - - - 32.0 - 
a)4 19.6 21.2 19.0 20.8 32.9 37.9 
a)6 - 23.0 - 23.4 42.1 39.5 
b)l 3.0 - - - 18.0 - 
b)4 2.7 2.9 2.4 3.0 17.0 18.0 
b)6 - 3.2 - 2.9 18.4 19.5 

Table 2. Gas saturations (%) of the Arabian Sea north 
of 12øN, ere = 26.5-27.0 (a) and 27.0-27.4 (b) 

M32 F12 Fll 02 
leg 
a)l 14.0 - 3.6 
a)4 12.4 12.9 4.5 
a)6 16.2 15.1 5.5 
b)l 3.8 - 2.7 
b)4 a.5 a.a 
b)6 4.5 4.1 3.4 

termediate layers of the Arabian Sea north of 12øN are 
divided in two well mixed boxes ranging from 300m to 
500m depth, corresponding to density levels ere = 26.5 
- 27.0 (Box 1) and from 500m to 1000m depth, corre- 
sponding to density levels ere = 27.0- 27.4. (Box 2). 
Box 1 covers the influence of PGW and Box 2 the influ- 

ence of RSW. It is assumed, that CFCs could only en- 
ter the model area by inflow of PGW, RSW, and ICW. 
Mass is conserved, and the outflow from the Arabian 
Sea carries the mean concentration of the boxes. Thus 

the model can only detect inflows which stay north of 
12øN long enough to completely mix within the model 
area. The integration is forward in time and starts in 
1935 with a CFC free ocean, the time step is one year. 

We assume that 0.18 Sv PGW [Koske, 1972] enter 
Box 1 with F12 saturation of 100%, and ranging from 
80 to 140% in various model runs. RSW only enters 
into Box 2, and the flow varied from 0.2 to 0.4 Sv. Since 
RSW is formed outside of the Arabian Sea, only a frac- 
tion of the total RSW transport of about 0.4 Sv [Siedler, 
1968] is likely to enter the model area. The CFC sat- 
uration of RSW is set to 50% as observed just east of 
the Strait of Bah el Mandeb. The saturations of PGW 

and RSW remain constant throughout the time period 
from 1935 to 1995, because they enter the Arabian Sea 
shortly after formation, and we assume that the for- 
mation of RSW and PGW remains constant over the 

time period. The CFC saturations of the ICW in 1995 
flowing in Box i and Box 2 were inferred from Table 1. 
The ICW is formed remote from the Arabian Sea, and 
the saturations observed between 0 øand 3øS are modi- 

fied by mixing of different 'vintages' of ICW. Thus, the 
saturations were assumed to decrease by 0.5% per year 
[Beining and Roether, 1996]. The ICW inflows which 
produce F12 concentrations in the Arabian Sea compa- 
rable to the observations in 1987, 1993, and 1995 are 
taken as valid solutions (Figure 7a,b). 

With increasing F12 saturations for PGW, the model 
derived ICW inflow decreases rapidly from 0.5- 1.2 Sv 
at 80% saturation to 0 - 0.2 Sv at 140% saturation. If 
PGW saturations observed in 1995 (270%) were repre- 
sentative of the entire time period from 1935- 1995, the 
mean F12 concentrations in the Arabian Sea would be 

significantly higher than observed. The mean temper- 
ature and salinity values of the inflows and the model 
area (not shown) point to a PGW/ICW ratio of 1:1.9, 
i.e. an ICW inflow of 0.34 Sv for Box 1. 

The required ICW inflow into Box 2 is strongly de- 
pendent on the RSW inflow into the Arabian Sea north 
of 12øN. With a RSW flow of 0.3 Sv, the maximum 
ICW inflow required by the model is 3 Sv, with a ven- 
tilation time (volume exchange of Box 2 through RSW 
and ICW) of 17 years. A RSW flow of 0.4 Sv leads to a 
maximum ICW inflow of 6 Sv. The mean temperature 
and salinity values give a RSW/ICW ratio of 1:2.9, i.e. 
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Figure 7. (a) Temporal evolution of the F12 concentra- 
tion in the Arabian Sea, Box 1, fro - 26.5-27.0, mod- 
eled with different inflow of ICW (0.3-0.9 Sv), PGW 
saturation is 100% . (b) Temporal evolution of the F12 
concentration in the Arabian Sea, Box 2, fro = 27.0- 
27.4, modeled with different inflow of ICW (0-3 Sv). 
The RSW inflow is 0.3 Sv. The dots with error margins 
are the observations from 1987, 1993, and 1995. 

0.3 Sv RSW need an ICW inflow of 0.9 Sv, correspond- 
ing to the lower limit of the CFC model estimates. If 
the F12 saturation of RSW is assumed to be 100% and 
the flow to be 0.4 Sv as has been done by Olson et al., 
[1993], ICW inflows between 6 and 13 Sv into Box 2 are 
required by the model to balance the F12 budget in the 
Arabian Sea. The latter authors choose this unrealistic 

high saturation value because observations at that time 
were lacking. 

Conclusions 

Hydrographic data for the intermediate water masses 
of the Arabian Sea are sparse. The CFC data turned 
out to provide additional insight into the characteristics 
of the Red Sea and Persian Gulf outflows as well as on 

the northward transport of ICW across 12øN into the 
Arabian Sea. The estimated inflow of ICW of I to 6 Sv 

into the Arabian Sea north of 12øN is small compared, 
for instance, to the transports associated with the Great 
Whirl and Socotra Gyre system leg Fischer et al., 1996]. 
Nevertheless, these strong current features are mainly 
restricted to the upper 300m. This was not the case 
in the 1000m deep Abd al Kuri- $omalia passage at 
12øN in August 1993. Fischer ½t al. [1996] observed 
a constant northward flow from 200m to 1000m of 30 

cm/s with a small southward component of RSW on 
the western side of the passage. In 1995 and 1996 this 
throughflow showed a net northward transport from top 
to bottom mainly between 0 and 5 Sv [Schott et al., 

1997]. This deep passage therefore could serve as the 
main exchange path of ICW to the Arabian Sea north of 
12øN with transports similar to the exchange modeled 
here and at the same time serve for a southward leakage 
of RSW on the western side of the passage. 
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