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Context of the suboxic layer in the Arabian Sea
BRUCE A WARREN
Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA
Abstract. The setting of the Arabian Sea is reviewed in order to examine which of the
circumstances causing large oxygen depletion in the ocean are responsible for the suboxic
layer (concentrations < 0.1 ml 1- t ) in the northern thermocline there. The wind field forces
circulations that restrict but do not exclude exchange with the south, and a recent box-model
interpretation of trichlorofluoromethane measurements indicates a modest throughflow for
the layer of about 5 x 10~m3s- 1. The associated oxygen-flux divergence is roughly consistent
with biochemical determinations of local oxygen-consumption rates, both approaches giving
values (3-6 pl 1- 1s- 1) that are modest in comparison with estimates elsewhere in the world
ocean. Despite the high mean-annual surface productivity in the region (nearly
I gCm -2 day- ~), it seems plausible that too little of this particulate matter is consumed at
thermocline depths to cause an inflated oxygen demand there. Since the layer is neither an
isolated pool, nor a sluggish backwater, nor a conspicuous oxygen sink, the suboxic
concentrations must be due (as earlier proposed) to the low concentration in the water
entering the layer from the south. That depletion in turn seems due to moderate consumption
as the water travels the very long trajectories from its zone of sea-surface renewal (Lats.
40-50~ Although large seasonal variations are expected in both throughflow volume
transport and surface productivity (suggesting comparable changes in consumption rate),
the volume of the suboxic layer seems big enough to buffer the oxygen levels there against
any very noticeable overall variability.
Keyworth. Arabian Sea; oxygen concentration; oxygen consumption; productivity.

1. Introduction
V o l u m e s of ocean t h a t are relatively p o o r in dissolved-oxygen c o n c e n t r a t i o n m u s t
either be l o c a t e d n e a r intense oxygen sinks or be far distant, in the sense of a d v e c t i o n diffusion time, from their sea-surface sites of oxygen renewal. T h e intense sinks are
g e n e r a t e d by large i n p u t o f o r g a n i c m a t t e r from the e u p h o t i c zone. T h e low conc e n t r a t i o n s f o u n d at d e p t h s o f a few h u n d r e d meters close to Peru, for example, are
due to a n oxygen c o n s u m p t i o n rate in the P e r u v i a n upwelling system t h a t is a n o r d e r
of m a g n i t u d e greater t h a n that in the o l i g o t r o p h i c waters offshore ( P a c k a r d et al
1983). Or, if large o r g a n i c i n p u t is delivered all the w a y to the sea floor, then oxygen
c o n s u m p t i o n within the s e d i m e n t s can cause a flux of o x y g e n from the overlying
water, as o b s e r v e d on the n o r t h w e s t African c o n t i n e n t a l shelf (Rowe et al 1977), say,
o r as inferred to cause the d e e p o x y g e n m i n i m u m a b o v e the C o n g o fan in the A n g o l a
Basin (van B e n n e k o m a n d Berger 1984).
U n d e r m o r e r e p r e s e n t a t i v e c o n s u m p t i o n rates for the d e p t h s in question, large
o x y g e n d e p l e t i o n requires u n u s u a l l y l o n g time intervals from a t m o s p h e r i c renewal.
These can be effected in three ways: (1) very l o n g spatial t r a j e c t o r i e s for water m o v i n g
at ' t y p i c a l ' speeds; (2) s t a g n a t i o n , o r very slow speed a l o n g trajectories; (3) c o m p l e t e
isolation of flow trajectories from the sea surface.
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An example due to (1) is the low oxygen concentration of the deep water in the
northeastern Pacific Ocean (<3m11-1; Mantyla and Reid 1983), which is as far
removed as is physically possible from its North Atlantic and Southern Ocean sources.
Stagnation is unlikely as a cause of its oxygen loss, because simple circulation theory
indicates that the local flow speeds should be similar to those at comparable latitudes
in the southeastern Pacific, where concentrations are much higher (Kuo and Veronis
1973).
Outright stagnation may never actually occur in the open ocean, being limited
perhaps to water in some enclosed basins below their sill depths, as in the Black Sea.
However, the deep circulation theory above predicts the minimum flow speeds to be
in the far-eastern equatorial regions, and a relative minimum in deep oxygen concentration is indeed found in that sector of the Pacific (Mantyla and Reid 1983),
possibly due to very long travel time for water there. Moreover, the assumption of
mid-depth intervals of relatively small horizontal m o t i o n - separating thermocline
gyres from deep-water gyres - has been moderately successful in accounting for the
mid-depth oxygen minima in some parts of the ocean (Wyrtki 1962).
With respect to (3), Luyten et al (1983) have hypothesized pools of uniform potential
vorticity in the western lower thermocline of subtropical gyres, in which water parcels
circulate without ever entering the surface mixed layer. In these pools, as in the
oxygen-minimum layers for the extreme version of the Wyrtki (1962) model, oxygen
renewal could come about only through the very slow process of vertical or lateral
diffusion. It does not seem to have been shown, however, whether such pools actually
exist in the ocean. Luyten et al (1983) also predicted sub-surface shadow regions in
the eastern tropical thermoclines that are never entered by flow trajectories connected
to the sea surface. Recognizing the low oxygen concentrations typical of these parts
of the ocean, they arbitrarily took these shadow regions to be stagnant, but dynamictopography maps (e.g., Tsuchiya 1968) do not seem to support the idea of thick layers
of no motion in the eastern tropics. Presumably the water in these shadow regions
could be circulating instead along dosed trajectories lying well below the sea surface,
and oxygen renewal would occur solely through mixing. Gordon and Bosley (1991)
have identified a cyclonic gyre in the upper thermocline of the eastern tropical South
Atlantic, which encloses the core of the oxygen-poor water there. Perhaps this gyre
presents examples of trajectories that are completely isolated from the surface mixed
layer.
Three extensive regions of oxygen concentration < 0.1 ml 1-1 are found in the open
ocean: at thermocline depths in the eastern tropical Pacific, the Arabian Sea, and the
Bay of Bengal, in order of decreasing lateral expanse. The purpose of this review is
to discuss the special circumstances of the oxygen-poor layer in the Arabian Sea, and
to consider which combination of the factors listed might be responsible for this
enormous oxygen depletion. Sluggish flow was conjectured by Sverdrup et al (1942,
p. 696), for example, and relatively large consumption owing to enormous surface
productivity by Ryther and Menzel (1965). Swallow (1984), however, pointed to the
already low concentration of the water entering the Arabian Sea from the south, and
this feature, due essentially to the lengthy trajectories along which that water travels
from its sea-surface .sources, will be favored in the conclusion of this review. The
discussion of features and measurements is organized around a recent box-model for
the region (Olson et al 1993), and comparisons are made to other oceans to try to
give some perspective on magnitudes of effects estimated in the Arabian Sea.
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2. Setting of the Arabian Sea
The northern Arabian Sea encloses the thickest of the major oxygen-poor layers,
bearing suboxic concentrations ( < 0.1 ml 1-t) from depths of 100m to more than
1000 m (e.g., Qasim 1982). Values < 0"02 ml 1- t within the layer have [men determined
by a colorimetric method (Naqvi 1987), and a few values offf01 ml 1- t, even ffoo ml 1- ~,
have been obtained with standard Winkler titration and rigorous sampling procedures
(Weiss et al 1983; Kearns et al 1989). Nitrate reduction occurs in the northeast, where
nitrite concentrations of 1-4/tmol 1- ~ are found at depths of 2OO-5OO m (Naqvi 1991).
There seem to be no credible reports of hydrogen sulfide in the layer (I)euser et al
1978), however, not even of ephemeral occurrences such as observed off Peru (Dugdale
et al 1977), although sediments on the Arabian slope at thermocline depths may smell
strongly of hydrogen sulfide, and concentrations as high as 864/zmol 1- t have been
measured in water from mud samples there (Mohamed 1940).
Characteristics of the layer are illustrated on a CTD section occupied in Longs.
58-64~ during December 1986- January 1987, and approximately repeated in
July-August 1987, by the R.R.S. Charles D a r w i n (figure 1). Oxygen concentrations
< 0.1 ml l- z are seen north of Lat. 14~ on the winter section, and a relatively strong
meridional gradient in Lats. 6-10~ separates this suboxic region from the somewhat
richer water to the south (figure 2a). The zone of this gradient (the latitudes, say, of
the isopleths of 1.0 to 0.5 ml l - t at 500m) seems fairly stationary (e.g., Wyrtki 1971;
Sen Gupta and Naqvi 1984); the identifying isopleths on the summer D a r w i n section
were displaced by only about one degree of latitude from their locations on the winter
section (Kearns et al 1989).
It is likely that the zone is positioned by the distribution of wind stress. On average,
during June-September the curl of the wind stress is positive over the northern part
of the Arabian Sea and negative over the southern part; the opposite distribution
prevails during N o v e m b e r - April, with patchwork patterns in May a n d October,
and considerable variation in both amplitudes and forms (Stricherz e t al 1993). These
forcing functions set up opposed circulatory regimes in the northern and southern
Arabian Sea, each reversing with the monsoons. On the whole, the lines of zero
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Figure 1. Positions of CTD stations occupied by R.R.S. Charles Darwin in the central
Arabian Sea during (left)20-31 December 1987,and (right)4-14 August 1987. AfterOlson
et al (1993).
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Figure 2. Profilesfor December 1987 Darwin section from calibrated CTD data of (left)
dissolved-oxygenconcentration(ml1-1), and (right) salinity (p.s.s.). Tick marks at tops of
profiles indicate station positions (figure 1, left). Shaded area on oxygenprofile highlights
concentrations <0-1 mll-1, and dashed isopleth on salinity profile traces isopycnal of
potential-density anomaly ('0) 27"2mgcm-~, the core of the Red Sea water. After Olson
et al (1993).

wind-stress curl are farther south during the months of the northeast monsoon than
during those of the southwest monsoon. They are not zonal lines, however, but are
oriented generally NE-SW, so thay mark in only a rough way the resulting boundaries
between the Sverdrup circulation of the northern and southern gyres (e.g,, Bruce
1983), and, at least in the north, the circulation field is unlikely to be a single, simple
gyre (e.g., Luther and O'Brien 1985). Nevertheless, the wind field does establish
different regimes, whose boundary varies with longitude and season, and which
combine to form the belt of relatively swift, quasi-zonal flow in about Lats. 8-16~
in the western Arabian Sea (e.g., Cutler a n d Swallow 1984). The separation restricts
exchange between the northern and southern areas, and causes the sharp meridional
gradient in water properties.
Even apart from the monsoonal oscillations, the isolation of the northern region
cannot be complete, because the wind-driven Ekman transport across the boundary
between the circulatory regimes forces a compensating sub-surface geostrophic flow.
The wind-forcing and response are too complicated to permit exact considerations
along such simple lines, but to give some idea of what sort of mean-annual meridional
exchange might be entailed, the mean-annual zonal wind stress, averaged along Lat.
15~ is about 0"5 dynescm-3 eastward (Bruce 1983). That implies a mean-annual
southward Ekman flux of about 3.5 x 106 m 3 s-1, which must be balanced by net
boundary-current and interior geostrophic flows, integrated from surface to bottom.
It is not known, however, what vertical distribution of horizontal transport generates
this net inflow to the northern Arabian Sea. Circumpolar Deep Water, for example,
spreads northward along the bottom of the Arabian Sea and upwells, some fraction
of it returning southward as the transformed North Indian Deep Water (e~g., Warren
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1992). The upwelling of the deep water probably.reaches into the shallower, oxygenminimum layer as well, to supplement net northward inflow at intermediate depths
(e.g., Swallow 1984), but none of these rates has been well determined.
At least the fact of northward inflow at thermocline levels is evident in property
fields, which show an oxygen maximum at depths of 300-400 m in the southern
Arabian Sea (e.g., Sen Gupta and Naqvi 1984), marking water carried northward
from a zone of winter overturning in Lats. 40-50~ (Warren 1981). This general water
mass has been variously called 'Indian Ocean Central Water', 'subtropical subsurface
water', 'Subantarctic Mode Water', or just 'oxygen-maximum water'. It is identified
in figure 2 by the pronounced oxygen maximum and associated induced salinity
minimum in Lats. 2-10~ It can even be recognized up to the edge of the suboxic
region by the faint oxygen maximum near 500m in Lats. 10-14~
The oxygen-poor layer is also supplied by influx from the north, by the outflows
from the Red Sea and Persian Gulf. The more distinct on the Darwin section is the
Persian Gulf outflow, seen as the salinity maximum near 300m in Lats. 19-23~
and again at Lat. 17~ (figure 2b). The location of the Darwin stations is so close to
the Persian Gulf that this water had not become quite suboxic there (figure 2a). The
high-salinity Red Sea outflow spreads eastward from the Gulf of Aden in Lats.
13-17~ (Wyrtki 1971, pp. 245 and 251), about a central isopycnal of potential-density
anomaly 27.2 mg cm-3, which is plotted in figure 2b. The Darwin stations do show
salinity maxima near this density south of Lat. 15~ (Kearns et al 1989), but they are
too faint to be registered by the isopleths in figure 2b. Both outflows are of moderate
oxygen concentration (2-5-4ml 1-1 _ Wyrtki 1971) at Bab el Mandeb and the Strait
of Hormuz, but they lose oxygen rapidly downstream from the sills, presumably by
entrainment of the resident oxygen-poor water as they descend the continental slope.
Thus all the 'Red Sea water' on the distant Darwin section is of relatively low
concentration, as illustrated, for instance, by the minimum in Lats. 2-3~ (figure 2a).
Salt-budget calculations for the Red Sea and Persian Gulf outflows suggest volume
transports at their sills of perhaps 0.46 x 106 m ~s- t and 0.18 x l0 s m ~s- t, respectively
(Olson et ai 1993).
Convective overturning has been inferred during winter in the northern Arabian
Sea to depths of about 100m (Banse 1984; Naqvi 1991), and tentatively conjectured
to 150 m off the Saurashtra peninsula of India (Shetye et a11992). But it ~tmas unlikely
that convection with such shallow penetration depths could have much impact on
the underlying suboxic water.
A plausible, schematic, mean-annual water budget for the oxygen-minimum layer
consists, then, of: (1) net northward inflow of oxygen-maximum water in the thermocline;
(2) probable upwelling of deep water into the bottom of the layer;, (3) inflows from
the two marginal seas, having a combined transport at their sills of ~, 0"6 x l0 s m 3 s- ~;
and (4) net outflow out of the top of the layer, to supply both southward transport
in the Ekman layer, of roughly 4 x 1 0 6 m 3 s-~, and surface flux into the marginal
seas, which latter is transformed into the marginal-sea outflows. This budget clearly
rules out flow trajectories within the oxygen-minimum layer that are isolated from
the sea surface. Of the other oxygen-depleting circumstances identified in section 1,
the layer is generally too far from the sea floor for a sedimentary sink to be an
effective agency, although the oxygen field does not seem to have been mapped
rigorously in detail close to the Arabian continental slope, where hydrogen sulfide
has been noted in the muds. To sort through the remaining factors, it is useful to
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try to quantify the water budget, so as to estimate flow speeds, oxygen fluxes, and
local consumption rates.

3. Water and oxygen budgets
During the 1987 cruises (figure 1), the Darwin made the first sections of trichlorotluoromethane (F-11) measurements in the Arabian Sea. Olson et al (1993) exploited
these data in a novel way to calculate a mean residence time for the layer (defined
as the volume of the layer divided by its throughflow volume transport), which then
prescribed a value for the net northward inflow of oxygen-maximum water and
allowed an estimate of the oxygen-flux divergence.
In was instructive to plot the F-11 data (figure 3) as percentage of saturation relative
to equilibrium with the 1987 atmospheric concentration, taken as 240 parts per trillion
by mole. (Salinity and oxygen concentration are illustrated for the winter section in
figure 2 because the CTD system malfunctioned during part of the summer cruise,
but the F-11 measurements were of better quality on that cruise than earlier, so the
summer results are pictured in figure 3). Inasmuch as the atmospheric concentration
of F-11 has been increasing nearly linearly from close tozero in about 1964 (Bullister
1989), the highest F-11 values in the oxygen-poor layer (below 200 m, say) should be
observed in the component waters most recently exposed to the atmosphere; these
are the marginal-sea outflows, because their sources are so much nearer than those
of the waters from the south. The relative F-11 maximum -values > 2 5 ~ - at about
300m in Lats. 17-23~ (figure 3) is indeed almost congruent with the salinity
maximum marking the Persian Gulf water, and the pronounced trough in the 10~o
and 5~ isopleths in Lats. 14-16~ may be due to the eastward movement of the
F-11-bearing Red Sea water from the Gulf of Aden. The percentages in the southern
half of the section are distinctly smaller, level for level, than in the northern half,
reflecting the greater preponderance of water there which had not returned to the
sea surface since the atmosphere began to carry much F-11. The two areas are
separated by a sharp meridional concentration gradient in Lats. 11-13~ lying along
the southern margin of the suboxic region.
Olson et al (1993) interpreted these data in terms of a rudimentary box model for
the oxygen-minimum layer in the northern Arabian Sea: depth interval 200-1000 m,
area that north of Lat. 12~ (thus including the Gulf of Aden). They disregarded
upwelling into the bottom of the layer, ignored seasonal variation, and assumed that
the box was filled only by the net inflow from the south and those from the two
marginal seas. The southern inflow, of volume transport to be determined, was taken
to have zero F-11 concentration when it entered the box, and the marginal-sea
outflows, of combined volume transport 0.64 x 106 m 3 s- t, were taken to be 100~
saturated with respect to the atmospheric concentration existing at the time of entry
to the box. They assumed further that the southern-inflow water and the marginalseas water became sufficiently intermingled within the box that each component had
the same residence time within the box.
In the 1987 observations (figure 3) the average saturation percentage north of Lat. 12~
in the depth interval 200-1000 m was 9~o. For this figure the model yielded a residence
time of 11 years (see Olson et al 1993, for details of the calculation). That residence
time then specified a net southern-inflow volume transport of 4.75 x 106 m 3 s - 1. This
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Figure 3. Profile of percentage saturation of F-II relative to equilibrium with the 1987
atmosphere observed along the August 1987 Darwin section. Tick marks at top indicate
station positions (figure 1, fight). From Olson et al 0993).

rate is comparable to the mean-annual southward Ekman transport across Lat. 15~
of about 3-5 x 106 m 3 s-1. It indicates as well an average northward velocity across
the southern boundary of the box of 0.3 cm s-1, which is neither large nor small
compared with estimated speeds in typical open-ocean regions. For example, in the
South Indian Ocean the mean-annual wind-stress curl at its latitude of maximum
strength (30~ is about 1.3 x 10 -s dynes cm -3 (Evenson and Veronis 1975); by the
Sverdrup relation that should force a vertically integrated northward velocity of
6.5 x 104 cm z s-1, which, if concentrated mainly in the upper kilometer, signifies a
mean speed in that depth interval of about 0.65 cm s- 1. Thus the first implication of
the F-11 model is that the suboxic region of the Arabian Sea is far from stagnant,
and is not even one of relatively sluggish circulation.
To calculate the divergence of the oxygen flux into their box (and thereby the
internal oxygen-consumption rate), Olson et ai (1993) estimated average oxygen
concentrations at the boundary inflows and outflow: Persian Gulf, 3.5 mll-1; Red
Sea, 2.5m11-1; southern inflow, 1.0mll-1; outflow through the top of the box,
0-1 ml 1-1. Combining these concentrations with the corresponding volume transports
yielded an oxygen-flux divergence (negative) that, pro-rated over the volume of the
box, amounted to 3"2pl1-1 s-l(1 pl1-1 s -1 = 0"0316ml1-1 year-l), which must be
balanced by an equal averaged oxygen-consumption rate in steady state. Naqvi
and Shailaja (1993) have made many measurements of the activity of the respiratory
electron transport system (ETS) at depths of 150-450 m in the northeastern Arabian
Sea; their values show no depth dependence but large unsystematic horizontal
variation, and the median value for samples taken outside the secondary nitrite
maximum is equivalent to an oxygen-consumption rate of about 6-0 pl 1-1 s- 1. The
physical estimate by Olson et al (1993) does not disagree hugely from this biochemical
estimate for a subregion of theirs, and a reduced depth interval.
It is somewhat difficult to evaluate just how big these figures may be in comparison
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to rates operating in other oceans. In the Sargasso Sea, for example, Jenkins (1980)
took advantage of a tritium-helium dating technique to estimate the consumption
rate near the 300-m level as 6 . 3 p l l - l s -1, and rates at other levels that yield an
average for the depth interval 200-1000m of about 5 pll-1 s-~. On the other hand,
with ETS measurements from the same area, Packard et al (1988) estimated consumption
near the 300-m level as about l'5pll -~s -1, with additional data suggesting a
200-1000 m average of around 1.2 pl 1- 1 s- 1. Apparently there is some methodological
obscurity here, but the fact that the value by Olson et al (1993) lies midway between
these two independent estimates for an oligotrophic region suggests, at least, that
consumption in the Arabian Sea suboxic layer is not actually exorbitant. Consumption
estimates derived from ETS measurements in oligotrophic waters of the tropical
North Pacific indicate rates for the depth interval 200-1000 m that range from about
0"2 pl I- 1s- ~ in Longs. 103-I 10~ (Packard et al 1983) to about 5 pll- t s- ~ in Longs.
125-151~ (Packard et al 1988)--which obviously do not help further in establishing
a standard against which to compare the magnitudes of the Arabian Sea estimates.
The surface productivity of the Arabian Sea is unquestionabl2/high in comparison
to that of the global ocean, however, but it seems plausibly consistent, nonetheless,
with a moderate oxygen-consumption rate in the water beneath. From historical data
Naqvi and Shailaja (1993) have estimated a mean rate of primary production north
of Lat. 15~ of 0 . 7 6 g C m - 2 d a y -t, which is comparable both to a value of
0-62 g C m - z day- t measured in the Pacific equatorial upwelling at Long. 153~
(Betzer et al 1984) and to Ryther's (1969) global estimate for upwelling regions,
0.8 g C m- 2 day- ~. It is five times larger than his average for the entire world ocean,
but it does not seem enormous in comparison, say, to the measured, annually averaged
rate of about 0 . 3 5 g C m - 2 d a y - t at the oligotrophic site, 33~
139~
in the
northeastern Pacific (Knauer et al 1990). The historical data (Qasim 1982), which
may not be entirely reliable, show fairly small seasonal variation in the northern
Arabian Sea (some 10%), but particle-flux records from sediment traps (Nair et al
1989) display strong seasonality, with monsoonal peaks in J u l y - August and in
November that are 1.5-2.0 times the annual'mean, and must be due to productivity
surges (e.g., Banse 1987). Olson et al (1993) measured productivity of 1.0 g C m - 2 day- t
north of Lat. 12~ in August 1987, which value is not twice the cited mean, but is
consistent with sizable seasonal modulation about that mean.
More uncertain than the rate of surface production are the fraction of it that is
'new' production, generating the 'new' detritus that sinks beneath the euphotic zone,
and the proportion of that detritus that is decomposed in the oxygen-minimum layer.
Regression analysis by Betzer et al (1984) of particle-flux and productivity data
compiled by Suess (1980) suggests that only some 10% of the organic carbon produced
in the euphoric zone might be used for respiration in the depth interval 200-1000m.
At 1.3 moles of dissolved oxygen per mole of oxidized carbon, 10% of 0.76 g C m - 2 dayis equivalent to a mean oxygen-consumption rate in that interval of 2.8 pl 1- x sThis is close to the budgetary result of Olson et al (1993), but there is so much
uncertainty in all this that all one can prudently conclude is that the budgetary result
is not wildly inconsistent with present estimates of surface productivity in the northern
Arabian Sea, and the fraction of the resulting particulate matter that might be oxidized
in the oxygen-minimum layer. Thus, while the surface productivity is indeed large,
the component that is 'new' production may be sufficiently small as to exact only a
moderate oxygen demand on the subsurface water, as attested by the model.
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4. Criticism of the model

The model of Olson et al (1993) suffers the flaw common to all box models, namely,
that the ocean is not box-like. Real property fields vary smoothly and gradually: they
do not consist of homogeneous regions with clearly specified boundary conditions
at distinct, naturally defined edges. In particular, Olson et al (1993) supposed that
their box was filled by two components, marginal-sea outflow water and oxygenmaximum water, and, being limited to a single time-dependent tracer (F-11), they
assumed that stirring processes within their box blended the two components so
thoroughly as to force the same residence time on them. But the real blending is
imperfect, since Persian Gulf, Red Sea, and oxygen-maximum traces are evident in
the property distributions, as pointed out in sections 2 and 3; the inputs are at different
depths and densities as well, and circulation strength generally decreases downward
in the thermocline, so it seems unlikely that the three components actually have the
same residence time in the northern Arabian Sea.
These throughflow times might not differ by more than a factor of two, say, because
mixing processes must surely blend the component waters to a considerable, if
incomplete, degree. The distance scale L over which a property mixes in a time t is
roughly (Kt) 1/2, where K is the eddy diffusion coefficient. For t = 11 years, and
Kn == 10Tom 2 s -1, the horizontal scale would be about 600kin, half the size of the
region; and for Kv z 1 cm 2 s- 1, the amplitude of the vertical mixing would be nearly
200m. What the model really does, in effect, is to use the F-11 values to calculate a
residence time for the marginal-sea water, and to use that time in turn to calculate
the volume transport of the oxygen-maximum water; since the latter makes by far
the major contribution to the oxygen-flux divergence, the single-residence-time
assumption probably entails something like factor-of-two uncertainty in the estimated
oxygen-consumption rate. Explicit calculation of two residence times would require
measurements of a second time-dependent tracer, with a different time-history from
the first.
Moreover, the gradual, rather than abrupt, variation of real water properties
precludes any exact assignment of oxygen concentration to the southern inflow for
calculating the oxygen-flux divergence in the box. Values of 2.0ml1-1 or 0.5 ml1-1
are as plausible as that adopted, 1.0 mll-1 (figure 2a). The higher value would raise
the estimated oxygen-consumption rate close to that of Naqvi and Shailaja (1993),
while the lower one would reduce it to only 1.9 pl 1-1 s - 1. Such uncertainty is intrinsic
to the box-model approach.
Although some deep water probably rises into the oxygen-minimum layer, Olson
et al (1993) disregarded that flux in their model. This omission has absolutely no
consequence for the calculation of residence time because the deep water, like the
oxygen-maximum water, would carry no F-11. The calculated southern inflow should
simply be reinterpreted as the sum, however partitioned, of deep upwelling and
northward transport of oxygen-maximum water (the model cannot distinguish these
inputs). Assigning some of the southern inflow to upwelling would reduce the
associated oxygen flux, however, because the mean oxygen concentration north of
Lat. 12~ at depths of 1000-1200 m is only about 0.3 m l-1 (figure 2a). If, for example
half the inflow of 4.75 x 106 m 3 s-1 were deep upwelling, the implied oxygen
concentration rate would fall to 2.3 pl 1- ~ s- 1.
Lacking F-11 measurements in the marginal-sea outflows, Olson ei al (1993)
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assumed 100% saturation with the contemporary (1987) atmosphere. This cannot be
right, because the outflow waters, formed during convective circulations, travel below
the surface mixed layer for some time before leaving the Red Sea and Persian Gulf,
and so their F- 11 concentrations should lag those of the surface water. This lag time
may not be large, however, because if the convective circulations are confined to the
layers above the sill depths (all water in the Persian Gulf is above sill depth), then
the residence times of the outflow waters are 1 year in the Persian Gulf and 3 years
in the Red Sea. The times of isolation from the atmosphere- the appropriate lag
times - should be less than these, and a 2-year lag, say, would increase the calculated
throughflow time by only 2.5 years. It is not known to what extent the water of the
Red Sea outflow mixes with deeper water of lower F-11 concentration during its
transit of the Red Sea. Of course, the calculated throughflow time depends critically
on the outflow volume transports, and these have not been determined reliably, being
estimates derived from uncertain salt and mass budgets. Error of +_.20% implies
uncertainty of 3-5 years.
In contrast, the model assumed zero saturation percentage in the southern inflow
despite an average measured percentage south of Lat. 12~ at depths of 200-1000 m,
of 4~o in 1987 (figure 3). That observation would not matter if the 'southern inflow'
were all upwelling from depth, but it needs consideration to the extent that it represents
F-11 injected in the oxygen-maximum water. If this water flows northward from its
outcropping region near Lat. 42~ (Wyrtki 1971) at an average speed, say, of
0.5 cm s- 1, it would take some 30 years for it to reach the central Arabian Sea. It is
barely possible that in the late 1950s the F-11 concentration in the atmosphere above
the outcropping region was as much as 4 ~ of that assumed over the Arabian Sea
in 1987 (Bullister 1984, 1989). A history of northward movement without dilution
could then explain such concentrations in the central Arabian Sea in 1987. If so, then
these concentrations signify the first arrival from the south of F-11 in the Arabian
Sea thermocline, and the time-averaged concentration of F-11 introduced to the
northern Arabian Sea during the preceding 11 years of purported throughflow time
would have been negligible, consistent with the assumption of Olson et al (1993).
This argument may force the limits of plausibility, however. If the non-zero sub-surface
concentrations observed south of Lat. 10~ should be due to some other source, and
if they existed for a decade or so before 1987, then the assumption would be wrong,
and the model would fail. Of course one will never know what the F-11 levels were
in 1980, say, but resampling the region might detect a time-trend, which could be
extrapolated backward.
The Darwin section was not densely sampled for F-11, nor is it known how well
the section represented the F-11 distribution across the full breadth of the Arabian
Sea, which is the domain of the model. Moreover, some unevenness in isopleths
(figure 3) suggests a little uncertainty in the measurements. These points raise a
question about the reliability of the saturation percentage, 9~, that was used in the
model calculation. The question may not be severe, because inaccuracy of +_.20~o in
the value means uncertainty of only 3-4 years in calculated residence time.
Nevertheless, a more thorough synoptic survey would provide a surer observational
basis for the calculation. On the other hand, if, as anticipated above, a survey a
decade later than 1987 registered substantially higher F-11 concentrations at depth
south of the suboxic region, then F- 11 input to it from south of the region could not
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be ignored with the later data, and a more elaborate model than that of Olson et al
(1993) would need to be devised. It may turn out that the Darwin sections were
serendipitous: occupied after enough F-11 had been introduced from the north to be
informative, but before so much had also been introduced from the south as to
complicate the modeling.

5. Conclusions
With some uncertainty, the model of Olson et al (1993) gives, firstly, a modest throughflow volume transport for the suboxic layer (as defined by them) of 5.4 x 106 m 3 s- a,
which is in line with the strength of the wind-induced meridional circulation suggested
by the mean-annual wind stress. Presumably the throughflow in the southern Arabian
Sea is mainly accomplished instead by the horizontal circulation there (Equatorial
Currents, Somali Current, Monsoon Current) and is therefore substantially greater,
although it is not known with what force these currents extend into intermediate
depths. If so, it is not the embayment-geometry of the Arabian Sea that shelters the
suboxic region from the broader circulation of the Indian Ocean (e.g., Qasim 1982),
but the prevailing wind field, which imposes a somewhat separate horizontal
circulatory regime on the northern Arabian Sea. If the wind field were shifted
northward by ten degrees of latitude, say, then probably the north would be flushed
as rapidly as the south, and suboxic concentrations might never develop. Nevertheless,
the throughflow estimate indicates mean speeds that are typical of those expected in
open-ocean regions, so the throughflow circulation of the suboxic region cannot be
considered sluggish, and the suboxic concentrations cannot be attributed to an
unusually tong residence time there.
Secondly, Olson et al (1993) calculated an oxygen-flux divergence that implied a
mean oxygen-consumption rate not wildly different from determinations by the ETS
method. There is so much variation in estimates of consumption rates around the
world ocean, even for biologically similar regions, that it is hard to find a basis for
judging the relative size of this one. Nevertheless, since it lies within the broad range
of estimates for oligotrophic regions, it does not seem that lavish consumption could
be the principal cause of the anomalous oxygen depletion in the Arabian Sea. Although
the mean-annual surface production is indeed relatively large there (but not extravagantly so), it is plausible that too little of that material escapes from the euphotic
zone to foster high oxygen consumption in the water beneath it. But the present-day
uncertainties in such considerations seem very great.
The estimate of oxygen-flux divergence by Olson et al (1993) was not substantially
bigger because the component inflow from the south carried water that was fairly
poor in oxygen. This feature seems then to be the immediate reason for the suboxic
concentrations: although processes within the suboxic layer are of 'moderate' strength,
the oxygen concentration in the principal inflow to the layer is already so low that
even they can diminish it nearly to zero--as proposed by Swallow (1984) a decade
ago. The reason in turn for the low concentration in the inflow must be the long
time that elapses after this 'oxygen-maximum' water leaves its sea-surface source
(Lats. 40-50~ If, as suggested in section 4, the travel time is around 30 years, and
if the water experiences oxygen consumption at 3-5 pl 1-1 s- i in transit, then the
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oxygen depletion would be 2.8-4.7 ml 1-1, which is adequate to reduce an initial seasurface concentration of about 5-5 mll -~ (Wyrtki 1971, p. 309) to the magnitudes
observed in the southern Arabian Sea (figure 2a).
Such consumption rates appear to be 'typical' for thermocline levels in the open
ocean, and the estimation of travel time assumed a 'typical' meridional flow speed
as well. Thus the large oxygen depletion is due to the great span of latitude crossed
(some 50-60~ and so, of the circumstances listed in section 1 that produce oxygenpoor regions, the main one that ultimately accounts for the suboxic layer in the
Arabian Sea seems to be very long subsurface trajectories for the principal water
entering the layer. These long trajectories are required by the low-latitude northern
boundary of the Indian Ocean, which denies closer, northern-hemisphere renewal
sites for thermocline water in the Arabian Sea (except for the relatively small outflows
from the marginal seas).
The circumstances that set the context for the suboxic layer in the mean state
oscillate markedly with the seasons, yet the two Darwin sections, for example, exhibit
no very noticeable difference in oxygen levels in the suboxic layer (Kearns et al 1989).
Probably little should be expected. The zonally averaged eastward wind stress at
Lat. 15~ is about four times greater during June-August than in the annual mean
(Bruce 1983). If the southern inflow to the suboxic layer were also quadrupled during
this season, say, then the oxygen-flux convergence would be 3.14 times bigger than
in the model of Olson et al (1993). If the consumption rate stayed steady, and the
accumulated dissolved oxygen were stirred uniformly through the suboxic layer, then
the increase in concentration over these three months would be merely 0.054 ml 1- ~- not a regional change that could be exposed with confidence. Of course uniform
stirring doesn't occur over a single season. A different extreme response to increased
northward inflow would be a simple displacement of the suboxic layer, with no
mixing at all. A four-fold increase in cross-sectionally-averaged speed at the southern
edge of the layer means an 'extra' speed of 0.9 cm s-~, which would displace the edge
northward by only 70 km during three months--hardly observable in the complexity
of the monsoonal circulations. The same through flow increase would raise the top
of the layer by about 50 m, which might just be detectable with good spatial coverage
by CTDs equipped with oxygen sensors.
Factor-of-two seasonal variability in surface productivity (section 3) might cause
comparable changes in consumption rate below the euphotic zone. But doubling the
rate in the model of Olson et al (1993) for three months would further reduce the
suboxic concentrations by only 0.025 ml 1- ~ on average, which would not be noticeable.
Perhaps, however, the patchiness of surface productivity generates larger, local
depletions, even pockets of denitrification, that could be identified with confidence.
Nevertheless, on the whole, the present volume of the suboxic layer seems so large
as to buffer the oxygen concentrations there against an observable response to likely
seasonal variations in the setting.
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