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1. Introduction

The water masses known in the Red Sea basin are: The
Red Sea Surface Water (RSSW) with a seasonally revers-
ing flow pattern, the Gulf of Aden Intermediate Water
(GAIW) which is a less-warm, less-saline and less-oxy-
genated water of southern origin, the Red Sea Overflow
Water (RSOW) and the Red Sea Deep Water (RSDW).
The last two form together the saltiest, densest, and rela-
tively warmer waters than all the deep waters in the world
ocean. The main sources proposed/identified for these
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Data obtained on hydrography and currents in meridional sections in the
Gulf of Aqaba and the Red Sea in November 2013 and March 2015 were
used to determine the extent of contribution of Gulf of Aqaba Water (GAW)
to the formation of Red Sea waters. The southward flow across the Strait of
Tiran was ~0.02 Sv in both periods which is direct evidence of significant
contribution of GAW to Red Sea waters in autumn-winter. A multiple
tracer analysis using temperature, salinity, and dissolved oxygen showed
that the GAW, on entry into Red Sea, bifurcates into two branches. The
upper branch exiting the Strait in the depth range 150-220 m has densities
between 28.3 and 28.5, continues to flow at the same depths, and feeds the
Red Sea Overflow Water (RSOW). The lower branch that exits between
220 and 250 m above the sill cascades down its southern face, mixes with
northward recirculating branch of Red Sea Deep Water (RSDW) and sinks
to the bottom and forms part of southward-flowing RSDW. Contribution
of GAW to northern Red Sea waters below 100 m depth was 36 + 0.4% in
November 2013 and 42.1 + 5.4% in March 2015. GAW is traceable down
to 17-19 °N in RSDW and RSOW. Volume contribution of GAW to RSOW
was 9.6 * 10"> m’, about 50% higher than that for RSDW (6 * 10" m’).
Analyses of the data from R.V. Maurice Ewing cruise in 2001 gave similar
results and lend support for these deductions.

waters are outflow of dense Gulf of Suez Water (GSW) '
and overflow of dense Gulf of Aqaba Water (GAW) "/,
Convective mixing in the extreme northern Red Sea ',
horizontally widespread vertical mixing between deep

water and the pycnocline

, non-convective injection of
new deep water isopycnally just beneath the pycnocline
are other potential sources, especially for RSOW.

The RSDW which fills the basin from about 200 m to
the bottom is believed to be mainly formed in the Gulf of

1.

Suez area ! and has temperature/salinity characteristics
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very similar to the RSOW ", but is distinguishable by its
very low dissolved oxygen concentration . However,
the pattern of distribution of dissolved oxygen along the
axis of the Red Sea observed in the 2013 section in the
present study, and earlier in the 2001 section of R.V. Mau-
rice Ewing cruise "', does not show a continuous decrease
towards the bottom but an increase below 800 m, to val-
ues greater than 100 pmol/L south of Strait of Tiran down
to 24 °N. As the dissolved oxygen concentrations in the
intermediate layers are less than 100 pmol/L and as the
Gulf of Aqaba waters behind the sill are well-oxygenated
(see below), it then follows that the RSDW must derive a
significant contribution from GAW. While the deep water
of the Red Sea are renewed through sinking of dense
water formed in the two Gulfs ¥, the relative importance
of either is only a conjunction even now.

The purpose of this paper is to quantify this contribu-
tion and trace the extent of the presence of GAW within
the Red Sea basin. The RSDW flows close to the bottom
from the north to south in the basin, upwells at the south-
ern end and flows back to north at shallower depths but
below the RSOW . The depth range of the RSOW in
the northern Red Sea is between 100 and 200m . As the
sill depth at the Strait of Tiran "' is only 252m, the GAW
exiting the Gulf of Agaba will have to mix with both these
water masses, and the RSDW and RSOW flowing south,
therefore, will carry fractions of GAW with them. These
were examined by applying the multiple tracer analysis "’
which is an inverse method that uses measurements of the
concentrations of several tracers variables to find the mix-
ture of source water types that best describes (in a weight-
ed least squares sense) the composition of a given water
sample. Examples of application of this technique to oce-
anic water masses can be found in """, While the prac-
tice is to use three or more tracers, and usually with three
water masses, it is also possible to use this approach with
three tracers and two water masses (Mercier, H., pers.
comm.). The data on temperature, salinity and dissolved
oxygen collected during two cruises of R.V. Aegaeo, in
autumn of 2013 and winter-spring of 2015, along the axis
of the Red Sea extending through the Gulf of Aqaba were
thus subjected to this analysis in the present study.

2. Material and Methods

Figure 1 shows the location of the stations in the Red
Sea and Gulf of Agaba occupied during the two oceano-
graphic cruises of R.V. Aegaeo in 2013 (6-30 November)
and 2015 (9-21 March). Table 1 provides the co-ordinates
of the stations sampled. Continuous records of potential
temperature (T,,), salinity, and dissolved oxygen were
obtained from the surface to the bottom using a Sea-Bird
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SBE-9 CTD. Sensors for these parameters had been cal-
ibrated before the beginning of the cruise at the Hellenic
Center for Marine Research, Greece. A Shipboard Acous-
tic Doppler Current Profiler (SADCP) was used to obtain
10-min averaged data on directions and velocities of the
currents at 20 m intervals down to 500 m while at stations.
The data were not subjected to any tidal correction as the
tidal current was relatively weak (maximum tidal range <
50-60 cm).
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Figure 1. Location of study sites (a) and position of
stations occupied in the Gulf of Agaba and Red Sea in
November 2013 (b) and March 2015(c)

Locations of the stations where core values for GAW
(star in red) and RSDW and RSOW (star in black) were
chosen are also shown.

Table 1. Co-ordinates of the stations occupied for this study

Sea area Lat oN Long °E
Gulf of Aqaba 28.55 34.7
28.95 34.78
293 34.87
28.8 34.77
29.14 34.86
29.01 34.79
28.83 34.81
28.67 34.72
28.52 34.76
28.37 34.63
28.22 34.64
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Strait of Tiran 28.08 34.52
28.09 34.53
Red Sea 27.85 34.53
27.48 34.53
27.47 34.55
27 3491
26.48 35.31
26 35.71
25.5 36.01
25 36.29
24.5 36.45
24 36.85
23.5 37.4
23 37.84
22.5 38.11
22 37.96
21.5 38.19
21 38.31
20.5 38.69
20 38.85
19.5 39.32
19 39.53
18.5 39.81
18 40.04
17.5 40.53
17 40.88
3. Results

Table 2 presents the characteristics of the source water
types considered. For GAW in both the years, they were
from two depths (175 and 225 m) in profiles obtained at
less than a km north of the Strait of Tiran (28.08 °N and

28.09 °N respectively). The depth over the peak of the sill
at the Strait of Tiran is 252 m (Hall, 1975). For RSOW
and RSDW, they were extracted from the profiles obtained
at 27.41 °N and 34.06 °E during the R/V Maurice Ewing
cruise to the Red Sea in 2001.

Plots of SADCP-derived directions at the Strait of Ti-
ran (28°N) showed that the flow (E/NE) into the Gulf of
Aqaba occurs from surface down to 150 m and the flow
(SW/W) into the Red Sea, at between 150 and 250 m,
during both the cruise periods (Figure 2). Calculations
made with the averages of the current velocities obtained
in the 150-250 m layer and the cross-section of 0.07 * 10°
m’ for the lower section of the Enterprise Channel '"*' gave
a transport of ~0.02 Sv in both instances.
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Figure 2. Directions of currents (in compass degrees)
above the sill in the Strait of Tiran in (a) November 2013
and (b) March 2015

Table 2. Core values of properties of GAW, RSOW and RADW used for the multiple tracer analysis

Source water mass Depth (m) T (°C) Salinity Dissolved oxygen (umol/L)
GAW (2013) 175 2291 40.58 183
GAW (2013) 225 22.07 40.67 185
GAW (2015) 175 21.72 40.56 192
GAW (2015) 225 21.69 40.58 189
RSOW* 175 22.1 40.54 141
RSDW* 540 21.57 40.57 77

Note: "From R.V. Maurice Ewing cruise "
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The distribution of temperature from the inner end of
the Gulf of Agaba (29.3 °N) to the southern limit of Saudi
Arabian waters (17 °N) in the autumn of 2013 (Figure
3) was uniform below 200 m (22 °C). Such was the case
also with salinity (40.5-40.6) in the Red Sea but north of
the sill at Strait of Tiran, in the Gulf of Aqaba, the waters
were distinctly more saline (40.6 to 40.8). The distribution
of dissolved oxygen was of a distinctly different pattern,
with the minimum values (50 to <25 pmol/L) between
200 and 600 m in the Red Sea sandwiched between higher
values: above 200 m, the concentrations rose rapidly up
to 150 pmol/L at 100 m, just below the level of GAIW,
and below 600 m, they increased to 75-125 pumol/L in
the north and 75-100 umol/L in the south. In the Gulf
of Aqaba itself, the waters behind the sill were richer
in dissolved oxygen (200 pmol/L and above). What is
important to note in these results is the continuity of
salinity isolines 40.5 and 40.6 and dissolved oxygen
isolines 150 and 175 pmol/L between the Gulf of Aqaba
and the Red Sea over the sill depth. Taken together with
the southward flow over a depth interval of 100 m (Figure
2), this is a clear demonstration of the flow of GAW into
the Red Sea. This pattern can also be recognized in the
data for 2015 (see below-Figures 6 and 7).

Temp. (°C)

24°N 26°N

Dissolved oxygen (umol/L)

Depth [m]

Figure 3. Sections of potential temperature, salinity and
dissolved oxygen in the Gulf of Agaba and the Red Sea in
November 2013
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Figure 4. Fractions of GAW in waters in the Red Sea in (a)
November 2013 and (b) March 2015. Arrows indicate the
directions of the two branches of GAW
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Figure 5. Distribution of fractions of GAW in November
2013 superimposed with those of dissolved oxygen, salin-
ity and density

Decomposition of the hydrographic data into source
water types showed clearly that the exit of GAW through
the Strait of Tiran is accompanied by two major changes.
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The first is immediate mixing with the waters of the Red
Sea and the second is division of this mixture into two
branches south of the sill (Figure 4a). The upper branch,
between 100 and 200 m, where the fraction of the GAW
varies rapidly from 0.1 to 0.9, is characterized by a sa-
linity of 40-40.5, dissolved oxygen content of 100-200
umol/L and a density of 27.7-28.5 (Figure 5). This can be
detected down to 17 °N but with a progressive reduction
in thickness and decrease in GAW fraction. The lower
branch cascades down the southern face of the sill towards
the bottom and is characterized by a GAW fraction less
than 0.3, salinity >40.55, dissolved oxygen content of 75-
125 pumol/L and a density >28.6 (Figure 5). These waters
can be traced close to bottom at depths greater than 900 m,
but with progressive decrease in the GAW fraction, also
down to 17 °N where the GAW fraction fully disappears.
The deep waters in between these two branches do not
show any presence of GAW.

The patterns of distribution of temperature, salinity and
dissolved oxygen in March 2015 were similar to those of
November 2013 (Figure 6): homogeneity from 200 m to
bottom in the case of the former two in the Red Sea and
Gulf of Agaba, pronounced oxygen minimum between 300
and 900 m in the Red Sea, and well-oxygenated and more
saline waters in the Gulf of Agaba than in the Red Sea.

Temp. (°C) .

Depth [m]

Depth [m]

Depth [m]

27N 275N 28°N 28.5°N

Figure 6. Sections of potential temperature, salinity and
dissolved oxygen in the Gulf of Aqaba and the Red Sea in
March 2015
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Presence of waters with more than 80% of GAW at be-
tween 150 and 250 m depth immediately south of the sill
(Figure 4b), the continuity of salinity isolines 40.5-40.6
and those of dissolved oxygen 175 pmol/L above the sill
between the Gulf of Agaba and the Red Sea (Figure 6),
and the direction of currents in Figure 2, taken together,
are clearly indicative of flow of GAW into the Red Sea in
March 2015. As was in 2013, the mixture with a signif-
icant fraction of GAW bifurcates into two branches but
with slightly different characteristics (Figure 7). The lower
branch has density >28.6 and its oxygen content was >75
umol/L, increasing towards the bottom. The upper branch
was slightly denser at 28.1 to 28.5 and more saline, with a
salinity range of 40.3 to 40.5, than in November 2013.

Dissolved oxygen (umol/L) GAW

Depth [m]

Depth [m]

-15(
26.5°N

Density (kg/m?) GAW

Depth [m]

Figure 7. Distribution of fractions of GAW in March 2015
superimposed with those of dissolved oxygen, salinity and
density

4. Discussion
4.1 Data and Methodology

The usefulness of these results can be best appreciated
when viewed against the paucity of any such data in the
past and the constraints of application of multiple tracer
analysis. Because of geopolitical and security constraints,
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it was not possible earlier to establish sections from the
Gulf of Aqgaba through Strait of Tiran into the Red Sea.
The only time when it could be done was during the R/
V Meteor cruise in 1999 but sampling in that instance
was limited to only few random stations in the extreme
northern Red Sea (and none in Saudi waters) because of
governmental restrictions . Even during the R/V Maurice
Ewing cruise in 2001, there were no stations occupied
near the Strait or across it. It was only in the R.V. Aegaeo
cruises of 2013 and 2015 could full sections from the Gulf
of Aqaba, across the strait and well into the Red Sea be
established. This paucity of data also transcends to the
number of tracers. The publication of Plihn et al.”’ based
on the data collected during the R/V Meteor cruise in
1999, reported only temperature, salinity and chlorofluo-
rocarbons.

Formation of dense waters in the Gulfs of Suez and
Aqaba occurs in winter when intense evaporation and
surface cooling take place Y. In the case of Gulf of Suez,
using hydrographic data and a model, Woelk and Quad-
fasel ™ concluded that the deep-water formation happens
only during winters with extreme forcing, and because of
high temperatures in summer, the GSW cannot contribute
to the formation of ventilated deep or bottom water in the
Red Sea . This is also the case with the Gulf of Aqaba
where calculations by Klinker et al. "'
modeling by Biton and Gildor ' suggest that the summer
outflow could only be between one-fourth and one-third
of the winter outflow.

Under this situation, application of multiple tracer anal-
ysis for the data collected in autumn and winter is best-
served if the core values of the receiving water masses
(RSDW and RSOW) are obtained in summer. Only the
data from the R/V Maurice Ewing cruise in summer of
2001 fit this requirement and hence have been used to
obtain core values for RSOW and RSDW. It can be seen
from Figures 5 and 7 that waters with densities between
28 and 28.5 exiting the Gulf of Aqaba continue to flow
south in the 100-200 m depth range whereas those with
higher densities sink immediately on exit. Therefore, data
in the depth range of 0-250 m were processed with core
values of GAW (175 m) and RSOW and those below, with
core values of GAW (225 m) and RSDW, for estimation
of the fractions of GAW which were then combined.

While the data collected during R.V. Aegaeo cruises
included those on nutrients, which are often useful as
tracers, as indeed evident from the marked differences in
their concentrations on either side of the sill (unpublished
data), data from R/V Maurice Ewing cruise were limited
to temperature, salinity and dissolved oxygen. Application
of the multiple tracer technique was, therefore, limited to

and results of
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these three tracers, and as temperature and salinity varied
within narrow limits (Table 1), deductions made depend
mainly on the differences in dissolved oxygen contents.
Changes in oxygen are brought about, besides mixing,
also by biochemical consumption but the latter is confined
mostly to shallower depths. This has been known from
many studies, and even as far back as 1968, Menzel and
Ryther *''showed that the oxygen content of Antarctic
Intermediate Water in south Atlantic is independent of in
situ decomposition of organic matter and that changes in
its concentrations could be predicted by changes in salin-
ity alone. Some contemporary studies where oxygen in
water masses has been used as a tracer are those of Arhan
et al. ™ for deep waters and of You et al. ®*' and Ramesh
et al. ' for Intermediate waters. Use of oxygen with data
from RSDW depths is therefore justified and in fact, the
gain in oxygen at depths greater than 800 m (Figures 3
and 6) could only be due to mixing (see below). Even at
shallower depths, like those of RSOW, biochemical pro-
cesses would alter the oxygen content in the GAW only to
the same extent as would in the recipient water and hence
the proportion of GAW in the mixture will still remain the
same.

4.2 Flow of GAW across Strait of Tiran

It is known that GAW is a significant contributor to
the deep waters of the Red Sea but most of the observed
data were obtained only in winter. Use of hydrographic
data "> and current meter data 'Y collected during this
period gave southward flow rates in the saline lower layer
across the Strait of Tiran as ranging from ~29,000 m’ sec™
to ~ 70,000 m® sec”. Manasrah et al. *® noted similari-
ties between the hydrographic characteristics of the well-
mixed upper 450 m of the water in the Gulf of Aqaba and
the northern Red Sea in winter and concluded that the
former contributes significantly to deep water formation
in the northern Red Sea. In a recent modeling study, Biton
and Gildor *” predicted a potential for GAW flow across
the Strait throughout the year, albeit at reduced intensities
in non-winter months. The ~0.02 Sv of flow for February
calculated in this study is comparable to that (0.029 Sv)
observed by Murray et al. "* and the 0.027 predicted by
Biton and Gildor ™. However, as was the case with Gulf
of Suez @ or the Red Sea basin ", inter-annual variabil-
ities in deep water formation in the Gulf of Aqaba may
also have influences on the temporal changes in the con-
tribution of GAW.

The results also bring direct evidence for a larger
time window when contribution of GAW is significant.
It has always been thought that waters cold enough and
salty enough to form Red Sea deep water exist inside the
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Gulf of Aqaba only in winter ' which is relatively short,
from January to March ®. Thus, all earlier studies on
the transport across the Strait of Tiran '*"**
ment of contribution of GAW "** were limited to only
winter (February-March). The present data provide direct
evidence for contribution of GAW to Red Sea waters in
autumn (Figures 4a and 5), with a contribution (36%)
only slightly less than that (42%) in winter, thus extending
the period of significant contribution of GAW to Red Sea
waters by several months. Biton and Gildor *” deduced,
from a modeling study, flow of GAW into the northern
Red Sea throughout the year but with a strong seasonality.
However, the flow calculated for November (0.02 Sv) is
twice higher than that (<0.01) predicted . Understand-
ably, more observational data will be needed to quantify
precisely the temporal variations and annual contribution
of GAW to Red Sea water masses.

Or assess-

4.3 Fate of GAW in the Red Sea

The GSW is a potential contributor to the south-flow-
ing intermediate " and deep ") waters in the Red Sea
basin. However, the alignment of the Gulf of Suez basin
with respect to that of Red Sea basin and the latitudinal
range (27.5 to 27.7 °N) (Figure 1) within which the flow
of GSW into Red Sea could occur suggests unequivocally
that over a distance of at least 50-60 km, or even more, in
the northern Red Sea, it is only GAW that is the contribu-
tor to Red Sea waters below 100 m. Summing up the frac-
tion of GAW in the waters below 100 m depth in the three
casts between 28 °N and 27 °N and expressing it as a
percentage of the total gave a contribution of 36 + 0.4% in
November 2013 and 42.1 + 5.4% in March 2015 to waters
in the northern Red Sea from where the southward flows
commence. This is a substantial contribution, though
falling short of the 60% calculated by Plihn et al. ©' from
a comparison of CFC signals measured in the waters of
Gulf of Agaba and at the bottom of the northern Red Sea.
The fact that the percentages in this study were arrived at
using a combination of classical tracers from several casts
over a distance of 1 °N south of the sill, and the nearness
between them in two different periods, suggests that an
average contribution of 40% of GAW to the northern Red
Sea waters would be a more realistic assessment. Until
now, this was known only qualitatively, with adjectives
ranging from modest to significant.

As was the case above, the GAW has been thought so
far as a contributor to only deep waters of Red Sea-‘Rel-
atively small amounts of extremely dense water produced
in the gulfs,.....sink to replenish the deep reservoir of the
Red Sea’ ™. The results obtained here show a different
picture. On crossing the Strait, the GAW bifurcates into
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two branches (Figure 4), with a lower branch traceable in
waters close to bottom and the upper branch to intermedi-
ate waters, indicating contributions to both RSDW and to
the layer ostensibly associated with RSOW.

4.4 Contribution to RSDW

Waters of GAW with densities greater than 28.5 at be-
tween 200 and 250 m depths (Figure 4) cataract down the
southern face of the sill (Figure 5), mix with RSDW while
sinking, and form a water mass of densities greater than
28.6 at the bottom. Comparing earlier only the oxygen
profiles from a few stations near the sill in the two cruis-
es, Papadopoulos et al. ®” concluded that the dense water
flowing out of the Gulf of Aqaba sinks piecing the layer
of oxygen minimum (500-600) m. The waters near the
bottom bear, besides the signature of oxygen, also those of
salinity and density of GAW. What is remarkable in Fig-
ure 5 is the close association of the 28.6 density and 40.55
salinity isolines with that of the 0.2 GAW contribution
line, suggesting that these waters propagate as a distinct
entity of 100-200 m thickness above the bottom as far as
18-17 °N. The results also enable a quantification of con-
tribution of GAW to freshly-formed RSDW. Summing up
the fraction of GAW in RSDW (where deduced) at each
station in the basin, an average contribution of 0.05 was
arrived at for the latitudinal range from 28 °N down to
17 °N, and to 0.04 for the whole of Red Sea. In terms of
absolute volume, this translates to 6 * 10> m’ of GAW in
RSDW.

4.5 Contribution to RSOW

As far as RSOW is concerned, there are no direct ob-
servations available for its formation '*. Model studies "'
suggest that it is formed through open - ocean convection
in the northern Red Sea, associated with a cyclonic gyre
in that region, and flows southward below the surface
layers *”. As the RSDW fills the basin below about 250
m in the north ™, the layer associated with the RSOW in
the northern Red Sea is obviously in the 100-250 m depth
range. It is into this layer that the upper branch of GAW
leaving the Strait with densities between 28.1 and 28.5
flows (Figures 4, 5 and 7). Evidently, the GAW is also an
important contributor to RSOW, with a GAW fraction of
0.85 at the origin of the RSOW layer immediately south
of the sill (at 27.85 °N). This continues to decrease down
to <0.1 by 21 °N and to traces further south. The average
contribution of GAW in the latitudinal range of 28 °N to
17°N was 0.34, which reduces further to 0.23 over the full
length of the Red Sea. The volume contribution of GAW
to RSOW was 9.6 * 10> m’, about 50% higher than that
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for RSDW. Neither a contribution of GAW to intermediate
layers (=RSOW) nor a level higher than that for RSDW
have been contemplated in earlier studies.

The only other full hydrographic section of the Red Sea
with 20 closely-spaced stations between 14.2 °N and 27.5
°N was realized during the R/V Maurice Ewing cruise in
2001 " but in summer. The data from this cruise were
made available and were subjected, in order to verify the
reproducibility of the present results, to a similar multiple
tracer analysis using the core values given in Table 1. The
findings (Figure 8) are remarkably similar to those ob-
tained with the data from R.V. Aegaeo cruises (Figure 4a
and 4b) — presence of waters with significant fractions of
GAW close to the bottom as far as 19 °N and at depths of
100-250 m. The volume contributions of GAW calculated
as above in this cruise in 2001 were 11.8 * 10" m’ and 7.2
* 10" m’ respectively to RSOW and RSDW, about 20%
higher than in 2013. What is remarkable in both sets of
data is the similarity in the ratios of contributions of GAW
to RSOW and to RSDW (1.61 in 2013 and 1.63 in 2001).
These results thus strengthen the deductions made of the
extents of contributions of GAW to intermediate and deep
waters.

Fraction of GAW

Depth [m]
@
8

3
8
S

1500

15°N 20°N 25°N

Figure 8. Fractions of GAW in waters in the Red Sea
obtained from multiple tracer analysis of data from R. V.
Maurice Ewing cruise in 2001

4.6 Contribution of GSW

Both GSW and GAW contribute to the formation of
deep and intermediate waters of the Red Sea but assess-
ing their relative importance has been constrained by the
lack of synoptic observations and near-similarity in their
hydrographic properties (ex. present data and those of *).
However, the importance of GSW can be deduced, albeit,
in an indirect way. The GSW that could contribute to deep
waters in the Red has high salinities (>41) and densities
>29 31 S0 also is the GAW (Figure 5) where the 40.55
salinity isoline and 28.6 density isoline delimit the GAW
contribution. Figure 9 shows the fractions of GAW calcu-
lated in the south-flowing RSDW layer. If the changes in
them were to occur only by mixing with the waters of this
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limb of RSDW, then the data should align along a theoreti-
cal mixing line (the black line) from 27 °N to 17 °N where
the GAW fraction is zero. The distribution of most data
points, however, is negatively anomalous, with the largest
region of anomaly lying between 25 °N and 17 °N. This
anomaly could presumably represent the contribution of
GSW, the area of which is equivalent to a volume contri-
bution of 1.68 * 10" m’. The corresponding area for GAW
(below the red line) was equivalent to a volume of 1.03 *
10" m’, giving a GSW: GAW ratio of 1.63. Extending the
northern limit to 27 °N and re-analyzing the data gave a
GSW: GAW ratio of 1.10, suggesting that the contribution
of GSW to Red Sea deep waters could lie between 1 and
2 times that of GAW. The extent of GSW to formation of
RSOW is not known, but if the average fraction of GAW
in RSOW (0.23) calculated from the data of 2013 cruise is
any indication, then it could be up to 3 times higher than
that of GAW. Thus, while the contribution of GSW could
very well exceed that of GAW, resolving this further may
become possible only when data on other tracers such as
nutrients, or their conservative derivatives, such as NO
and PO, or even some other transient tracers, become
available for GSW.

0.12

0.08 GSW

GAW Fraction

Latitude ‘N

Figure 9. Fractions of GSW in south-flowing RSDW (red
line). The black line represents the theoretical dilution line
of GSW fractions in RSDW
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