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Abstract

Ventilation of the deep basins of the North Aegean Sea takes place during relatively scarce events of massive dense
water formation in that region. In the time intervals between such events, the bottom waters of each sub-basin are
excluded from interaction with other water masses through advection or isopycnal mixing and the only process that
changes their properties is diapycnal mixing with overlying waters. In this work we utilize a simple one-dimensional
model in order to estimate the vertical eddy diffusion coefficient Kp based on the observed rate of change of density and
stratification. Vertical diffusivity is estimated for each of three sub-basins of the North Aegean, one of convex shape of
the seabed and the other two of concave topography. It is noteworthy that the convex sub-basin exhibited much higher
vertical diffusivity than the two concave sub-basins, a fact consistent with theoretical predictions that internal-wave-
induced mixing is higher over the former shape of seabed. Furthermore, the estimates of Kp are exploited in computing
the vertical transport of dissolved oxygen through diffusion and the rate of oxygen consumption by decaying organic
matter. The different levels of the estimated diffusion and oxygen consumption rates testify to the dynamical and
biogeochemical characteristics of each basin.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction the strait of Bosphorus (Fig. 1). As the Black Sea
is (contrary to the Mediterranean) a dilution
(estuarine) basin, characterized by surface salinities

less than 20, the surface layer at the Straits flows

The North Aegean Sea is the region of the
Mediterranean Sea where Black Sea waters enter

through the Dardanelles Straits. The Black Sea
exchanges water with the Mediterranean through a
two-layer flow along the straits system comprised
of the strait of Dardanelles, the Marmara Sea and
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towards the highly saline Mediterranean (S > 38),
and the subsurface layer towards the Black Sea.
This flow is hydraulically controlled, and as a
result of the increased mixing along the Straits, the
salinity at the Aegean exit of the Dardanelles
reaches about 28 (Unliiata et al.,, 1990). Still, the
salinity difference with the surrounding Aegean
waters causes such a density difference that the
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Fig. 1. The Aegean Sea geography and bathymetry. The depths deeper than 500m are shaded. Isobaths of 400, 500, 1000, 2000, 3000
and 4000m are shown. The Athos-North Sporades, Lemnos and North Skyros basins of the North Aegean referred to in the text are
identified. The box in the map of the Mediterranean provided below shows the position of the Aegean Sea.

modified Black Sea water (hereafter referred to as
BSW) plume generates a thin (about 20 m) surface
layer that covers the majority of the North Aegean
(Zodiatis, 1994).

The North Aegean is included in many studies
as one of the regions of bottom water formation
of the Mediterranean (Nielsen, 1912; Plakhin,
1972; Theocharis and Georgopoulos, 1993;
Zervakis et al., 2000). It is one of the northern
extremities of the Mediterranean, like the Gulf of
Lions and the Northern Adriatic, both sources of

bottom water (Nielsen, 1912; Poliak, 1951;
Stommel, 1972). Indeed, the deep sub-basins
of the North Aegean, separated from each other
and from the South Aegean by 3507400 m deep
shelves and sills, are filled with extremely dense
water, with recorded potential density exceeding
de = 29.63kgm-3 (Zervakis et al., 2000). The
communication between the North and South
Aegean is free above the 400m isobath, and thus
the intermediate layer of the North Aegean is
filled with water of Levantine origin. Above the
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Fig. 2. Vertical profiles of salinity (left), temperature (middle) and average buoyancy frequency (right) in Lemnos basin. The dashed
lines identify the approximate position of the interfaces separating the three layers of the North Aegean.

intermediate layer lies a surface layer containing
modified Black Sea water, thus characterized by
low salinity (Fig. 2).

The fact that the deep waters of the South
Aegean are much lighter than those of the North
Aegean certifies that the latter are locally formed.
In a study of the evolution of the North Aegean
water columns through the late 1980s/early 1990s,
Zervakis et al. (2000) showed that incidents of
local formation of very dense waters in the North
Aegean took place in the winters of 1987 and 1992/
1993 (Fig. 3). Furthermore, they showed evidence
that the deep water formation incidents coincided
with periods of reduced water surplus of the Black
Sea, thus a weaker surface layer of BSW in the
North Aegean. Zervakis et al. (2000) suggested
that the surface layer of the North Aegean is an
effective isolator between the deep layers of the
North Aegean and the atmosphere, absorbing
large amounts of heat and buoyancy and hindering
dense water formation. Thus, they show that dense
water formation events in the North Aegean
demand not only large exchange of buoyancy with
the atmosphere (the winter of 1987 was one of the
coldest of the century in the region and the period
1992-1993 very dry), but also a significant reduc-

tion of the surface isolation lid, thus a reduction of
the water surplus of the Black Sea.

This combination of factors necessary for deep
water formation in the North Aegean reduces the
frequency with which such events take place.
Indeed, all evidence suggests that there has been
no ventilation of the deep waters of the North
Aegean in the period from 1994 to 2000. The time
periods between events of bottom water formation
are called stagnation periods; 1994-2000 has been
a long stagnation period in the North Aegean.
Successive cruises in the region in the period 1997—
2000 have provided us with data showing a
gradual decrease of the deep-layer density and
dissolved oxygen (Fig. 4). This work utilizes a one-
dimensional conceptual model to explain the
gradual decrease of density and dissolved oxygen
in the secluded from advection deep basins of the
North Aegean.

2. Data sampling
Two multidisciplinary projects that took place

simultaneously from 1997 to 2000 gave NCMR the
opportunity to perform repetitive sampling in the
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Fig. 3. Density (ae) contours versus time and depth showing
the evolution of the pyenoeline between 1986 and 1998 in the
three basins of the North Aegean (figure from Zervakis et al..
2000). Shaded regions denote lack of data.

deep basins of the North Aegean. The MTP-II
MATER program, funded by the European
Commission, aimed to describe the biogeochem-
ical cycles in the Mediterranean, while a nationally
funded project through the INTERREG program
studied interregional pollution in the North
Aegean Sea. The 6/S properties of the water were
recorded with a Seabird Electronics SBE-911 +

CTD attached to a General Oceanics rosette
sampler equipped with 10 or 12 1 bottles. The
CTD sampled at a rate of 33 Hz, and the data were
filtered and averaged to ldbar bins. The con-
ductivity measurements underwent quality control
(and in some cases calibration) based on AUTO-
SAL estimates on bottle samples from the rosette.
In some cases, to accommodate other sampling
needs of the programs, multiple CTD casts
(separated by a few hours) were used at each
station. In these cases, the average profile was
extracted and used for this study, so as to reduce
possible noise in parameters like depth of iso-
pycnals.

A Seabird Electronics SBE-13 dissolved oxygen
sensor attached to the CTD provided continuous
profiles of dissolved oxygen. The concentration of
dissolved oxygen in water samples from distinct
depths collected with the rosette sampler was
measured by the Winkler method (Carpenter,
1965a, b). The discrete data obtained with the
Winkler method were used to post-calibrate the
continuous data of the SBE-13 sensor. These data
underwent all the filtering and averaging applied
to the CTD hydrographic measurements.

We selected one representative station from each
of'the distinct sub-basins of the North Aegean, i.e.
Lemnos, Athos-North Sporades and North Sky-
ros sub-basins, and produce mean profiles for each
cruise in the region. The reason for selecting these
depressions is simply data availability. Lemnos
sub-basin is a 1550m deep depression located
nearest to the Dardanelles. North Skyros sub-
basin is 980 m deep, and the maximum depth of
Athos-North Sporades sub-basin is 1230m—
however, the depth at the region of our sampling
at Athos station barely reached 900 m.

There have been no deployments of moorings
dedicated to physical oceanography studies in the
region under investigation. However, in the frame-
work of the EU project MATER (Lykousis et al.,
2002), a mooring directed to biogeochemical
studies was deployed in each of the above-
mentioned sub-basins of the North Aegean. The
moorings were designed to monitor the downward
flux of particulate material at intermediate depths
(near 500m) and near the bottom. Below each
sediment trap there was an Aanderaa RCM-9
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Fig. 4. The evolution of the mean vertically integrated density (top) and oxygen (bottom) at the three sub-basins of the North Aegean
from March 1997 until March 2000. The limits of integration were 400-1000 m for the Lemnos basin (thick black line). 400-880 m for
the Athos-North Sporades basin (gray line) and 400-750m for the North Skyros basin.

current-meter sampling at hourly intervals, and
right above the bottom there was another RCM-9.
The RCM-9s were later recalled by the company in
order to undergo improvements in the sensitivity
of the acoustic sensor, an improvement that was
judged necessary by Aanderaa for the operation in
very clear waters, like the North Aegean. Despite
that fact, the most of the wvelocity time-series
collected with the current-meters passed our
quality control tests. In Section 4 below we make
a more extensive reference to the current velocity
observations, and the data quality.

3. The estimation of eddy diffusivity Kc
3.1. Description of the model

The fact that bottom topography isolates the
deeper-than-400 m layers of the various sub-basins
ofthe North Aegean from each other and from the
South Aegean during stagnation periods permits
us to use a simple one-dimensional model to

estimate vertical diffusion rates in each sub-basin.
The model describes the balance between the time
rate of change of the vertically integrated concen-
tration of a passive tracer in the stagnant basin
and the divergence of the vertical diffusive flux of
tracer through the upper and lower boundaries of
the volume considered. The above balance is more
easily observed in lakes and reservoirs, as closed
volumes can be easily determined and monitored,
and the small volumes engaged result to large
signal to noise ratios. Thus, the method has been
used extensively in lakes (Jassby and Powell, 1975;
Quay et ah, 1980, Wiiest et al., 1996) and fjords
(Svensson, 1980; Smethie, 1980; Lewis and Perkin,
1982; Stigebrandt, 1976; Stigebrandt and Aure,
1989; Aure and Stigebrandt, 1989; Stigebrandt
et ah, 1996). More recently, Axeli (1998) has used
this method in estimating vertical diffusivities for
deep sub-basins ofthe Baltic Sea during stagnation
periods.

In oceanic environments such a method is not
used extensively, because it is hard to determine
closed basins where horizontal advection can be
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neglected. Furthermore, most oceanic budget
methods (Munk, 1966; Hogg et al., 1982; White-
head and Worthington, 1982) assume an advec-
tive-diffusive balance rather than a temporal
change—diffusive one. In this application, our
observations suggest that the latter balance best
describes the physics of our system during stagna-
tion periods. The model we will use is similar to
Axeli’s (1998), but we will re-derive the equations
in order to identify some differences and assess
possible sources of error.

Let ¢ be the concentration of a conservative
tracer. Then, its conservation is described by

de de d( de
- +1lh-Vhe+ w- =-1K c- (1)

where the subscript 4 denotes horizontal compo-
nent of a vector, and standard oceanographic
notation has been used. The second term of the
left-hand side expresses the changes due to
divergence of advected e and the third term
represents quantities upwelled or transferred
through convection processes. The right-hand side
represents the change due to divergence of the
turbulent flux of material, which is parameterized
as a turbulent eddy diffusion term. Kc¢ is the
vertical eddy diffusivity; we assumed horizontal
diffusion is incorporated in the horizontal advec-
tion term. The fact that there is no mean vertical
motion during stagnation periods eliminates the
upwelling/convection term. Horizontal integration
throughout any whole horizontal surface at depths
below 400m in each sub-basin eliminates the
horizontal advection terms, and Eq. (1) is reduced
to

i £/ cdvdy=1
Defining the horizontal mean <c> by <c>=
(\/A(:)) JJ cdvdy, where A(:) =jjdxdy, and

assuming that (Kc¢(dc/d:)) x (Kc}(dc/dz), Eq. (2)
can be rewritten as

oc \
Kc—dxdy). 2)

S G <oy (FE) 3)

Henceforth, we will drop the symbols < denoting
horizontal averages, but the quantities e and Kc
will be assumed horizontally averaged in each sub-

basin. By vertically integrating Eq. (3) within the
deep layer from the top ofthe considered layer ~to
the bottom D, we obtain

de() 1
i - D)
x A(:)Kez)  -A(D)KQD)
4)
where
1
e(:) = Y. D)A(z) JD J<><;)d; and
)

are defined as the mean integrated values of e and
A from "to D. The physical interpretation of (4) is
that the change ofthe mean value of'the property e
within a layer of water equals the net input
through the top and bottom of the layer.

3.2. Application of the model

Before actually applying the one-dimensional
model described above to our case, we need to
check if the change of hydrological characteristics
ofthe sub-basins considered here is consistent with
vertical mixing. For that purpose, we exploit the
tool of 6/S diagrams. Fig. 5 is the concise history
ofthe deep waters of each sub-basin presented as a
6/S diagram for each sub-basin. The continuous
lines represent the 6/S properties at the beginning
and at the end of the period 1997-2000. The
symbols denote the 400 m and nearest-to-bottom
data for each year of this period. The upper layers
of the water column have been omitted for
simplicity.

The first conclusion is that in general, the 6/S
values lie along the same curve throughout the
period. Furthermore, the inspection of the change
of the hydrographic properties of the deeper-than-
400 m layer over time reveals that the properties of
the deep water "slide” along the 6/S curve, with a
direction toward "lighter” water, i.e. towards the
LIW water properties lying over the 400 m. This is
a textbook example of vertical diffusive mixing,
where the secluded, finite in volume water type of
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the bottom layer exchanges mass through mixing
with the water passing over it. As the LIW waters
coming from the South Aegean and Levantine
represent a much larger water type and remain
over the North Aegean sub-basins only for a finite
time before being advected further by the general
cyclonic motion of the Aegean, it is the deep
waters that change their properties faster, "slid-
ing” along the 6/S curve. Fig. 5 constitutes a solid
justification that the simple one-dimensional
model of vertical diffusion is valid for the deep
layers of the North Aegean sub-basins during
stagnation periods.

Through the various research cruises in the
North Aegean we have collected hydrographic
data that provide enough information of hydro-
graphic parameters to estimate the left-hand side
of (4), as well as the mean vertical gradients dc/d:
at the top and bottom of the considered layer.
Thus, we are able to solve (4) for the eddy
diffusion coefficient Kr:

Ke(z) =z~ D) A(z) & (jg

K((D)A(D) de 6)

A(z) dz

The only unknown parameter of the right-hand
side is the value of the eddy diffusion coefficient
K{D) at the bottom of the layer of integration.
Most investigators (Stigebrandt, 1976; Stigebrandt
and Aure, 1989; Stigebrandt et al., 1996; Axeli,
1998) in the past have ignored the last term of the
right-hand side, assuming that the flux at the
bottom of the basin is zero. If the bottom
boundary of the layer considered is indeed the
bottom of the basin, the assumption is well
founded and one needs to consider only the flux
at the top of'the layer. However, when the bottom
of the considered layer is not the bottom of the
basin, one cannot ignore the flux through the

.

1

Fig. 5. The evolution of the deeper-than-400m layer in the
three sub-basins of Lemnos (top). Athos-North Sporades
(middle) and North Skyros (bottom). The positions of the
400m and the bottom measurement are shown by the same
symbol, representative the time of sampling. Note that the
points “drift" along the 0/S diagram toward smaller densities.
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Fig. 6. Estimates of vertical eddy diffusivity based on salinity
(Ks, thick black line), temperature (K7, gray line) and density
(Kp, thin black line). A bottom value of K(D) = 10~4nr s 1 at
the layer bottom at D = 950 m was used for all estimates.

bottom of the layer. Thus a vertical eddy diffusion
coefficient KfD) has to be provided at z = D.
Sensitivity to tracer. The sensitivity of the
method to the selection of different tracers is
tested by calculating vertical diffusivities using
temperature, salinity and density as tracer (Fig. 6).
In the case of temperature and density, we utilized
the potential quantities, in order to account for the
compression effect. For the estimates presented in
Fig. 6, we provided a hypothetical Ks(D) = K1(D)
= KP(D) = 10 4m2s_1 at the bottom of the layer
under consideration. The agreement of all three
eddy coefficients is striking in the deeper than
500m layers, and within a factor of 2 between 400
and 500m. The good agreement of the three
diffusivity estimates suggests that the dominant
process in vertical diffusion was turbulent mixing,
and permits us to use only one of the three
parameters in order to estimate vertical diffusion

coefficients. Hereafter, we will make estimates of
Kp only, as the other diffusivities are expected to
be the same assuming active turbulent mixing in
each basin.

Sensitivity to bottom diffusivity Kp(D). As
mentioned above, the uncertainty of Kp(D) turns
the second term of the right-hand side of Eq. (5)
into a potential source of error for the estimation
of Kp(z). The assessment of this potential error is
important in this work—and is the major differ-
ence with previous works—as often our CTD casts
did not reach the bottom of the basins. In order to
explore the range of error introduced to the Kp(z)
estimate by the inclusion of the KP(D) term, we
proceeded to produce Kp(z) estimates using KP(D)
values of 10~5, 10~4and 10~3m2s_1 (Fig. 7). Note
that the various estimates agree very well with each
other away from the lower integration limit,
and that only within the bottom 150m of the

400
Lemnos
Basin
kp(D =950 m)
300 — 103m2s"1
10'4m2s'1
----------- 105m2s"1
600 —
E
’g 700 —
D
800 —
900 —
1000
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Fig. 7. Sensitivity of the Kp(z) estimate on the selection of
KP[D), for Lemnos Basin. The estimates for KPD) =
10~5nr s~° (thin black line). KT4m2s 1 (thick black line)
and 10 3nrs 1 (gray line) are presented.
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Fig. 8. The Kp(z) estimates for (a) Lemnos basin, (b) Athos-North Sporades basin and (c) North Skyros basin. The thick black lines
represent estimates made for KAD) = 10_4m2s 1, thick gray lines for KP(D) = 10 3m2s 1. The thin lines represent parameterized

Kp(z) =a N

integration is there a significant deviation of the
KPAD) = 10 3m2s_1 estimate.

Eddy diffusivity in the three basins. In all sub-
basins, the eddy diffusivity at about 400 m is in the
order of 1-2 x 10~4m2s_1 (Fig. 8). This value
increases rapidly with depth in Lemnos basin, to
reach to about 8x10_4m2s 1 at 600m, and
10 x 10~4m2s_1 at 800m depth. Below that depth,
the eddy diffusion coefficient estimate depends
largely on its assumed value at 950 m. Contrary to
the Lemnos basin Kp profile, the diffusivity rises
only to 4-5 x 10_4m2s 1 in Athos-North Spor-
ades basin, and remains at 1-2 x 10~4m2s_1 at
North Skyros basin (not considering the results
below 700 and 600m, respectively, because of
dependence on the assumed value of Kp at the
bottom of the considered layer).

In order to assess these estimates we compare
with Gargett and Holloway (1984) and Gargett’s
(1984) parameterization for eddy diffusion coeffi-
cient in the deep ocean based on internal wave
theory and statistics:

Kp=aNf @)

estimates, with a = 1x 10~7m2 (thin black line) and a = 10 x 10~7m?2 (thin gray line).

where N(z), the buoyancy frequency at depth s
defined by N2 = —g/p)dp/dz. We use Eq. (7) to
assess the adequateness of the Gargett (1984)
parameterization in the relatively tideless deep
basins of the North Aegean, despite the fact that it
is derived (and expected to hold) in the open
ocean, away from boundary mixing. In (7) we used
g= —1, as suggested by Gargett (1984). For the
coefficient a we used two values: the oceanic value
of 1x 10~7m2 as suggested by Gargett (1984),
and a value of 10 x 10~7m2, one order of magni-
tude larger. Fig. 8 reveals that in Lemnos basin,
the coefficient a= 10 x 10~7m2 describes better
the vertical diffusion processes; in the other two
basins the best fits would be produced with
ax4—5x 10~7m2. In all cases, the parameteriza-
tion required for a best fit to the Kp estimates is
much larger than Gargett’s a coefficient for the
open ocean. We note that the selection of
diffusivity at the bottom of the considered layer
determines to a large degree how close our
estimate will be to parameterization (7). A selec-
tion of small diffusivity, of the order of 10~4,
results in significant deviations at depth between
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the observed profile of Kp and the profiles
according to Gargett (1984).

4. Comparison to internal wave energy levels

The first suspect responsible for different mixing
rates in each sub-basin would be differences in the
energetics of the internal wave field. In order to
assess the internal waves, velocity spectra were
computed on 1024-point long segments of the
current-meter records, and then the method of
rotary decomposition (Gonella, 1972) was em-
ployed to separate the clockwise from the counter-
clockwise rotating parts of the velocity.
Furthermore, in order to compare with the
expected open-ocean internal wave field, we
estimated the corresponding Garrett-Munk spec-
trum (Garrett and Munk, 1979) as presented by
Munk (1981) using local values of buoyancy

0.01 0.10 0.01
frequency, eph

frequency (eph) (©)

frequency obtained from hydrographic cruises in
the region. The rotary spectra and the correspond-
ing Garrett-Munk levels for each sub-basin are
presented in Fig. 9.

We note that away from the bottom, the G-M
model very well approximates the internal wave
field: the slope of the spectrum is -2 at high
frequencies, and the energy levels are within an
order of magnitude of the G-M prediction. Of
interest is the fact that the IW field appears to be
more energetic than in the open ocean, despite the
fact that a significant source of internal waves, the
tides, is essentially non-existent in this semi-
enclosed sea.

The nearest-to-the-seabed (about 10m off the
bottom) current-meters exhibit an unexpected
behavior, as the spectrum is white at high
frequencies: whereas the energy levels at very low
frequencies, close to the inertial, are at expected
levels, the spectra soon turn "red”, the slope
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Fig. 9. Rotary spectra ofvelocity from (a) Lemnos basin, (b) Athos-North Sporades basin and (c) North Skyros basin. Both the clock-
wise (heavy line) and counter-clockwise (light line) spectra ofthe current are presented. The bottom current-meter spectra are presented
without offset; the deep and upper current-meters are presented with an offset of 2 and 4 orders of magnitude respectively. For
comparison, the Garret-Munk spectra estimated for each depth are presented (gray lines), with the same offset as above. The G-M
spectra are plotted not all the way to the local buoyancy frequency, but until the Nyquist frequency of the data. The 95% confidence
intervals are presented at the bottom, and the positions of the inertial (f), semidiurnal (SD) and diurnal (D) peaks are identified.
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approaches zero and the energy near the Nyquist
frequency becomes higher than the G-M expecta-
tion by 2-3 orders of magnitude. In the Lemnos
and Athos-North Sporades sub-basins, the high-
frequency energy enhancement is recorded not just
by the bottom current-meters but by the current-
meters positioned about 10m above them as well.
The local N (Brunt-Viisdld) frequency is about
0.5 cph near the bottom and lcph at 500 m. Based
on earlier studies of internal wave reflection on
sloping bottoms, we would expect an increase of
the IW energy near the critical frequency, which is
a function of bottom slope, buoyancy frequency
and local Coriolis frequency. The moorings were
deployed near the bottom of the sub-basins, and
the large-scale slope of the seabed should be zero,
while the small-scale slope, based on bathymetric
maps, does not exceed 0.25. As there has not been
a high-resolution bathymetric survey around the
moorings, we are not able to provide an exact
estimate of the local critical frequency. Based on
the estimates from bathymetric maps, we would
expect that the critical frequency should be at the
neighborhood of the local inertial frequency
(Phillips, 1977; Garrett and Gilbert, 1988; Eriksen,
1982, 1985, 1998a,b), but an effect of internal

4x10'5 -2x10'5 0x10'5 2x10 5 4x10 5

“4x10'5 -2x10'5 0x10'5 2x10 5 4x10 5

wave energy enhancement at a low critical

frequency is not apparent in Fig. 9.

5. The role of bottom topography

In the effort to explain the differences in the
estimated eddy diffusivities between the sub-
basins, we should consider the shape of the seabed
in each case. According to Gilbert and Garrett
(1989), convex topography should induce energy
enhancement near the critical frequency of the
internal waves, in contrast to concave topography,
which should cause no such an enhancement. In
order to generate a representative shape of the
seabed for each sub-basin, we assumed a circular
cross-section and based on the area of the sub-
basin at each depth we estimated the radius of the
circular basin (Fig. 10). In order to classify basins
as concave or convex, we have used the concavity
criterion proposed by Gilbert (1993), which is
equivalent to examining concavity in a WKB-
stretched vertical coordinate space (Gilbert, 1990).
It is noteworthy that the vertical profile of the
seabed in Lemnos basin is near critical below
600 m, and clearly convex in the vicinity of 800 m;

-4x10'5 -2x10'5 0x10'5  2x10 5 4x10'5
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Fig. 10. Representative bottom topography of (a) Lemnos, (b) Athos-North Sporades and (c) N. Skyros basin. The profiles were
estimated by assuming a circular cross-section, and estimating the radius from the area ofthe basin at each depth. Overlaid are graphs
of the concavity criterion (top axis) as a function of depth. Positive values suggest concave shape, negative value convex.
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Table 1
Lemnos basin
P (500m) (x 10~2Wm~2) 0.1282
A/i below 500m (m) 148
e (x 10~6Wm~3) 8.662

the seabed at the other two basins is concave
(Fig. 10). The fact that much higher diffusivity
characterizes the former basin than the latter two
is in good agreement with Gilbert and Garrett’s
(1989) prediction that convex topography induces
energy enhancement near the critical frequency of
the internal waves, in contrast to concave topo-
graphy, which causes no such enhancement. Thus,
as a result of the energy enhancement at the critical
frequency, we expect the development of internal
wave breaking and higher dissipation rates.
Indeed, internal wave measurements over locally
convex topography suggest enhancement of energy
near the critical frequency (Thorpe, 1987; Wunsch
and Hendry, 1972). However, we have to ensure
that the higher eddy diffusivity estimated at
Lemnos basin is indeed attributed to enhanced
mixing due to the convex shape of the basin and
not an artifact of convex basins simply having less
water than concave ones. In order to test this
possibility we estimated the internal wave energy
flux P(z) (following Axeli, 1989) through the
isobath at depth ~for each basin.

- 18)

where R{ the flux Richardson number (—0.1), g
the acceleration of gravity and <p(Q> the horizon-
tally averaged density at depth £ The estimated
fluxes, divided by the mean depth of each basin
below the 500m isobath provides the mean
dissipation plus work against buoyancy forces at
each basin. The results are presented in Table 1
below.

The energy flux is about the same both at
Athos-N. Sporades and North Skyros basins,
however this energy is distributed over a layer
316 m on average in the former basin and 146m in
the latter basin. As a result, there is more

Athos-N. Sporades basin North Skyros basin

0.0935 0.0938
316 146
2.959 6.424

significant mixing in the North Skyros basin due
to its smaller volume of water. This increased
mixing is not reflected in the Kp values, as the size
of the basin has been taken into account in the Kp
estimation (Eq. (6)).

The energy flux at Lemnos basin is about 27%
higher than the other two basins. While the mean
thickness of the layer below 500m at Lemnos is
similar to North Skyros basin, the average
dissipation in the former is estimated to be 25%
higher than the latter, a difference that is
attributed to different dynamics of mixing in the
two basins.

We were unable to directly measure enhance-
ment of the internal wave energy, because the
moorings were positioned not over the slope but
over the bottom of the basins. However, this work
presents indirect evidence that increased mixing
may result in basins characterized by convex
topography, possibly by enhanced breaking of
internal waves.

6. Estimating oxidation rates

It is common practice in oceanographic litera-
ture to assess the organic matter oxidation rates by
estimating the rate of change of dissolved oxygen
concentration (henceforth: ¢DO) and assume that
the CcDO decay is attributed entirely to the
oxidation of organic matter (Souvermezoglou
and Krasakopoulou, 2002). The estimation of
vertical eddy diffusivity performed above allows
an improvement of the estimates of deep-water
organic matter oxidation rates based on the rate
of change of cDO- The dissolved oxygen con-
centration in each layer of the deep sub-basins
during stagnation periods will depend on the
divergence of turbulent diffusive flux of dissolved
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oxygen through the layer and the local consump-
tion by organic matter oxidation. The following
equation (analogous to Eq. (2)) expressing this
budget is

d
- cDOd\'dy = t(],g KA

dt dxd})

J I (JdVdr. )

where Q is the consumption of dissolved oxygen
by oxidation of organic matter. Using the
same notation conventions as above and fol-
lowing a similar procedure of vertical averaging
for a layer between the depths D\ and D2 we
obtain

which can be solved for Q:

depo .
ai (pi 1py A m Kin ‘QZDD.
A0y ere (ID
yA

Eq. (11) is solved with the Kp profiles for each
sub-basin estimated in the previous sections. We
estimate the mean integrated Q over layers of 50m
thickness. The lower 150m of each Kp profile
estimated in the previous sections are discarded, so
as to ensure that the uncertainty due to the
unknown flux through the bottom boundary is
not introduced in this analysis. The results are
presented in Fig. 11.

In Lemnos basin, the estimated Q is about
11.2(unoll_lyr 1 in the layers between 460 and

- Scbo ! I ) SeO 620m, increasing to about 13.4(unoll lyr_ I from
A— =DB7751)Imd"kad" — 620 to 760m. In contrast, the consumption of
defoo dissolved oxygen in Athos-North Sporades basin
dD A0, (10) decreases with depth, from 10.2pmolUlyU 1 in
‘ the layer 460-510m to 4.9pmolUlyU1l in the
400 400
500 — — 500
E
§ 600 — — 600 *
700 — — 700
800 800
4 6 8 10 12 14 4 6 10 12 14 4 6 8 10 12 14
(@ Q, nmolMyrl (b) Q, nmol Myrl © QnmolMyrl

Fig. 11. Estimates of the consumption of dissolved oxygen based on KPD) =10~4m2s 1 (thick black line) and on
KPD)= 1x10 _3nrs_1 (thick gray line) for (a) Lemnos, (b) Athos-North Sporades and (c) North Skyros basins. The thin black

line displays the estimated rate of decay of cdo-
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layer 620-660m. In North Skyros basin, the
consumption is 11.2nmoll lyr 1 in the layer
460-510m and 89pmoll-1yr 1 from 510 to
560m. In all basins, the estimates of Q where
essentially independent of the choice of KP/D).

The comparison between our estimates of O and
the measured rate of decay of dissolved oxygen
concentration, dcoo/dt, showed that in Lemnos
basin Q> Scdo/dt, but in the deep layer of Athos-
North Sporades basin O<dc”o/dt. In the upper
layer of North Skyros basin Q> dcoo/dt, but in
the deeper layer O =dc-oo/dt. In order to interpret
these results, we have to consider the vertical
profiles of dissolved oxygen concentration and
their evolution in time (Fig. 12).

For the time period considered here, the
oxycline dc-oo/d: remains positive (assuming ~
increasing upwards) in both Lemnos and North
Skyros basins. As a result, the vertical flux of
dissolved oxygen due to turbulent mixing pro-
cesses will be downwards. The divergence of this
flux is the oxygen gained and available for
consumption in each of the considered layers. In
the previous sections we have shown that mixing is
significantly higher in Lemnos basin than in both

400
600 -
g 800 -
1200 -
1400 i tn
180 200 220 240 180 200
@ D.O., jimol Fl o)

D.O., jimol I ()

the other basins, and thus the oxygenation in the
deep layers of Lemnos basin is much stronger than
in the other two basins. At the same time dissolved
organic matter (DOM) that accumulates in the
upper layers is pumped with higher intensity into
the deep waters of Lemnos basin. In some early
studies vertical eddy diffusion is referred to as the
main physical mechanism injecting semi-labile
DOC (with a residence time of months) into deep
waters under stratified conditions (Copin-Monte-
gut and Avril, 1993; Carlson et al., 1994; Doval
et al., 2001). The DOM exported downwards by
turbulent diffusion together with the particulate
organic matter (POM) produced in and settling
from the euphotic zone are remineralized, con-
tributing to the observed decay rate of dissolved
oxygen (Q). As a consequence, the estimates of Q
in Lemnos basin are 20-30% higher than the
observed rate of decay of dissolved oxygen, while
in North Skyros basin the calculated oxygen
consumption exceeds by 0-25% the recorded values.

In contrast to the other two basins, the slope of
the oxycline in Athos-North Sporades basin,
which is zero or slightly positive in 1997, becomes
negative after 1999 (Fig. 12). As there has been no
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Fig. 12. Vertical profiles of cDO for the various cruises as recorded in (a) Lemnos, (b) Athos-North Sporades and (c) North Skyros

basins.
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near-bottom water formation event in the period
considered, the development of a negative oxycline
in the absence of horizontal advection can be
attributed only to a differential consumption of
dissolved oxygen between the upper and lower
parts of the deep layer of Athos sub-basin. Indeed,
our estimate of (@ suggests that while QO is
comparable to dcoo/dt in the 460-510 m layer of
the sub-basin, it falls rapidly with depth to a level
much smaller than Scdo/dt near the bottom.
Furthermore, the estimate of oxygen consumption
in the deepest parts of Athos-North Sporades
basin is much smaller than the corresponding
estimates for the other two basins. This result is
also certified by the fact that the measured value of
dissolved oxygen concentration near the bottom of
Athos-North Sporades basin (205.3 pmoll-1) is
higher than the values recorded in the other two
basins (196.4-200.9 pmoll-1). The negative slope
of Athos-North Sporades basin turns the diffusive
flux of dissolved oxygen upwards. The deep layers
become a source of dissolved oxygen for the
intermediate ones, and less oxygen is available for
consumption.

Based on the above estimates of consumption of
dissolved oxygen for the oxidation of organic
matter, we can quantify the intensity of the carbon
pump in the region of the North Aegean Sea.
Assuming that the oxygen decay due to organic
matter remineralization in the deep layer of each
sub-basin remains stable down to the bottom
boundary, the total integrated rates of oxygen
consumption for the deeper than 460m layer for
the three depressions expressed as mmol
02m_2d_1 are estimated as 27.8 (Lemnos), 8.7
(North Skyros) and 7.4 (Athos-North Sporades).
The carbon flux needed to support the oxygen
consumption can be determined by converting
oxygen to carbon equivalents according to the
Redfield stoichiometry (-02:C=1.3). The results
are 21.4, 6.7 and 5.7mmol Cm_2d 1, respectively,
for the three depressions.

7. Discussion

The vertical eddy diffusivities estimated from
the simple one-dimensional model used here are

significantly higher than values estimated with
either similar models (Axeli, 1998) or advection-
diffusion balance models (Munk, 1966; Hogg et al.,
1982) in the open ocean, and in general they are
much higher than direct measurements of dissipa-
tion in the open ocean (Gregg, 1998). Further-
more, the eddy diffusivities do not vary
proportionally to the internal wave energy levels
observed in each sub-basin. Clearly, the main
contributor to vertical turbulent mixing is not the
internal wave field away from the boundary, but
rather near the seabed. Considering that most of
the breaking of the internal wave field is expected
to take place over the continental slopes, the
large values of Kp should be expected, considering
the small size of the North Aegean sub-basins. The
current eddy diffusivity estimates correspond to
sub-basin average profiles, and the local values
within a hundred meters of the slope could be
much higher than away from it, as many authors
suggest, based on theoretical studies as well as
measurements of internal wave characteristics over
the continental slope. Several recent observations
have revealed the role of topography in removing
energy from the internal wave band (and mostly
baroclinie tides) to turbulent mixing and
dissipation (Lueck and Mudge, 1997; Kunze and
Toole, 1997; Toole et al., 1997; Garrett, 2000;
Lien and Gregg, 2001). Using deep dissipation
measurements, Toole et al. (1997) have estimated
eddy diffusivities exceeding 2x10 _3m2s 1 over
the continental slope of the east coast of Brazil
Basin, which fall to background levels of the
order of 10_5m2s_1 over the open ocean. Ledwell
and Hickey (1995) and Ledwell and Bradkovich
(1995), through a tracer release experiment in
the ocean, provided further evidence for enhanced
mixing near the slope, resulting to an average
diffusivity estimate higher than the values
measured away from the boundaries. Our
estimated diffusivities fall well within the expected
values, considering they are horizontal averages
and the small size of the sub-basins. Further-
more, our estimates are consistent with
Gilbert and Garrett’s (1989) prediction that
enhanced internal-wave-induced mixing should
take place over convex compared to concave

topography.
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The difference in the intensity of mixing between
the three sub-basins has its effect on the decay rate
of CDO in each basin. In a comprehensive analysis
of the evolution of dissolved oxygen concentration
in the deep North Aegean during the 1980s and
1990s, Souvermezoglou and Krasakopoulou
(2002) have shown that after a deep water
formation event the rate of decay of CDO in the
deep layers is very high initially, and it decreases
after several years. Consideration of the vertical
diffusive flux of oxygen can provide some ex-
planation for such a finding: Assuming the
majority of the new dense water is formed over
the shelf, then immediately after a formation
event, the deep layers in the North Aegean have
higher concentration of dissolved oxygen than the
aged Levantine Intermediate Water above them.
Thus, the oxycline will be negative, the diffusive
flux of oxygen will be upwards and the measured
rate of decay of oxygen will be higher than the
local oxidation rate. In contrast, long after a
formation event, when the deep layers have less
oxygen than the intermediate, the diffusive flux of
oxygen will be downwards and the rate of
decay of oxygen will be less than the local
oxidation rate. In addition, it must be mentioned
that just after the dense water formation event the
deep layers are fuelled with large quantities of
"fresh” dissolved and particulate organic matter
that undergoes bacterial consumption supporting
thus elevated oxygen utilization rates. Progres-
sively the contribution of this organic matter
to the local oxidation rates becomes less significant
as its easily oxidizable fraction is exhausted
and the residual becomes more and more
recalcitrant. Finally, long after a formation
event, the consumption of dissolved oxygen by
oxidation of organic matter is mainly controlled
by the oxidation of the organic particles falling
from the upper parts of the water column and
the DOM exported downwards by turbulent
diffusion.

Primary productivity in the euphotic zone is the
process that initiates the transport of organic
carbon from the surface to the deep ocean. A large
fraction of the primary production is recycled
within the photic layer, whereas the remainder
escapes to the aphotic layer. It is also considered

that the particulate organic carbon recycled in
the photic layer or degraded and exported in
dissolved form could amount to 85-95% of
the primary productivity (Eppley and Peterson,
1979; Martin et al., 1987, Miquel et al., 1994;
Durrieu de Madron et al., 2000). Considering that
the average annual primary production measured
in 1997 in the same area was estimated to be about
70mmolCm_2d 1 (Siokou-Frangou et al., 2002),
the POC removed from the upper layer and
transported downwards is ~7mmolCm~2d~1
Interestingly this amount of carbon is slightly
higher than the required quantity to sustain the
calculated Q in N. Skyros and Athos-North
Sporades basins. In contrast to the former, in
Lemnos basin this amount represents only one
third of the carbon demand, suggesting either
that the settling particles are not the major
source of carbon in the deep layer of the basin
and that a significant amount of dissolved
organic carbon is exported from the upper waters
by the diffusive process, and/or that particulate
organic carbon export is more efficient than in
the other basins. We suggest that the former is
true, as the basin-integrated diffusive flux of
dissolved organic carbon would not vary much
throughout the water column due to the shape of
the seabed.

The rates of oxygen consumption (Q) estimated
in the North Aegean deep basins are significantly
higher than the oxygen utilization rates based on
open ocean composite C fluxes (1.07 pmol
CM *yr-1 at 500m depth; 0.29 pmol 02%lyr 1
at 1000m depth; Martin et al.,, 1987). They are
also one order of magnitude higher than the
oxygen consumption rate determined by fitting
simulated oxygen concentrations obtained by a
box model to observations from a medium
resolution survey of the Eastern Mediterranean
(0.53Junol 02kg lyr 1 depths 1000m; Roether
and Well, 2001). However, the oxygen consump-
tion rates in Athos-North Sporades and North
Skyros sub-basins are found to be rather close to
the oxygen utilization rate of4.4mmol 0 2m_2d_1
estimated from electron transport activity (ETS)
measurements in the depth range 0f200-1000 m of
the northwestern Mediterranean Sea (Lefevre et al.,
1996).
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These sub-basins in the North Aegean constitute
ideal experimental sites for studying the effect of
topography on internal wave energy enhancement
near the local critical frequencies, and the resulting
mixing. Furthermore, because of the small size of
the sub-basins and the relative scarcity of deep-
water formation events, it is possible to use simple
one-dimensional models to estimate vertical diffu-
sivity and compare with locally measured values
through deep microstructure measurements. The
potential cost of a dedicated experiment would be
much reduced compared to an oceanic experiment
by the small distances between the various sub-
basins, as well as of the sub-basins to the coast.
The fact that the region of the North Aegean
Sea could be a region where events like the
Eastern Mediterranean Transient may be triggered
(Zervakis et al., 2000), as well as the role of the
Dardanelles outflow in enhancing the productivity
of the oligotrophic Aegean, only add to the
oceanographic interest in this region.

8. Conclusions

In this work, we exploit hydrographic data
collected in the deep sub-basins of the North
Aegean during long periods of stagnation in
order to estimate the intensity of mixing in each
sub-basin.

The use of 6/S diagrams has certified that a
one-dimensional model would be adequate for
our purposes, as the evolution of the hydro-
graphic properties was compatible with vertical
mixing.

The model used required the parameterization
of'the near-seabed eddy diffusivity, and our results
showed some sensitivity to that parameter. How-
ever, higher than 150 m from the deepest measure-
ment, our diffusivity estimates were rather
insensitive to the buoyancy diffusive flux near the
bottom, most probably due to the low stratifica-
tion there. Our results suggest that the most
intense mixing takes place in the deep Lemnos
basin, reaching a maximum of Kp= 10-3 m2s_1,
and the weakest in Athos-North Sporades basin,
of the order of Kp=10~4m2s_1. These values
are still considered very high for open ocean

standards, and should probably be attributed to
the proximity to the continental slope. Further-
more, the intense mixing in Lemnos basin may be
due to its convex topography, which could be
inducing internal wave energy enhancement near
the critical frequency and mixing.

Exploitation of the diffusivity estimates along
with a time-series of dissolved oxygen profiles
allowed the estimation of organic matter oxidation
rates in the deep sub-basins and comparison to the
observed rate of decay of dissolved oxygen.
Lemnos basin constitutes a much more effective
pump of carbon, with an oxidation rate reaching
IdApmoll*ryG1, while the Athos-North
Sporades basin exhibited very small oxidation
rates at depths greater than 600m, barely
exceeding 4.9 (unolH lyr_1. Furthermore, we have
shown that the slope of the oxycline can be critical
in determining the oxidation rate in the deep
waters.

Comparison of the estimates of organic carbon
demand that would sustain the calculated through
the model oxygen consumption rates with primary
production estimates suggests that the dissolved
fraction of organic carbon is relatively more
important for the carbon supply in the deep layers
of Lemnos basin than in N. Skyros and Athos-
North Sporades basins.
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