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Abstract

We performed combined in situ measurements of bottom boundary-layer turbulence and of diffusive oxygen
fluxes at the sediment—water interface in a medium-sized mesotrophic lake. The turbulence was driven by internal
seiching with a period of 18 h. This periodic forcing, a prominent feature of enclosed water bodies, led to distinct
deviations of the structure and the dynamics of the bottom boundary layer from the classical law-of-the-wall theory.
A major feature was a phase lag between the current velocity and the turbulent energy dissipation of approximately
10% of the seiching period (1.5-2 h). The oxygen flux into the sediment was controlled by the diffusive boundary
layer, the thickness of which varied between 0.16 and 0.84 mm during the course of a seiching period, and was
strongly affected by the periodic bottom boundary-layer turbulence. The rate of dissipation of turbulent energy in
the bottom boundary layer allowed us to define the Batchelor length for dissolved oxygen, which quantifies the
smallest scales of oxygen fluctuations and provides an appropriate scaling for the diffusive boundary-layer thickness
and the corresponding oxygen fluxes. An analysis of the governing time scales reveal ed the importance of turbulence
in controlling the small-scale spatial heterogeneity of the diffusive fluxes. Higher turbulence causes the diffusive
boundary layer (DBL) to follow the sediment topography more smoothly, resulting in an increased area-averaged

flux due to the greater effective surface area.

After surface zones, the bottom boundary layer (BBL) is
the second prime site for animals, plants, and microorgan-
isms in natural waters. From a physical and geochemical
point of view, the importance of the BBL is twofold. First,
the BBL is a major energy sink for basin-scale currents due
to bottom friction and also due to the breaking of propagat-
ing internal waves on sloping bottoms (Imberger 1998).
Consequently, the level of turbulence is enhanced in the
BBL compared with the interior water body. Second, the
BBL controls the exchange of solutes and particles between
water and sediment. The sediment surface is usually an enor-
mous sink of oxygen due to the processes caused by the
decomposition of organic matter. Furthermore, the redisso-
lution and subsequent vertical transport of ions and other
solutes supply primary producers with nutrients and affect
the stahility of the water column by chemical (salinity) strat-
ification (Wuest and Gloor 1998).

Especially in eutrophic and mesotrophic systems with
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high turnover rates of organic matter, the associated high
sediment—water fluxes can become transport limited (Wuest
and Lorke 2003). The vertical transport within the turbulent
BBL is dominated by eddy diffusion, which depends on the
dissipation rate of turbulent kinetic energy and the stability
of the density stratification. Close to the sediment, however,
turbulent eddy diffusivity decreases due to laminarization of
the flow at small scales. Approaching the sediment, the ver-
tical transport becomes dominated by molecular diffusion,
which depends mainly on the type of solute and the tem-
perature. A diffusive boundary layer (DBL) with a height
Sps. Of Up to a few millimeters develops, which can limit
the total vertical flux and become the bottleneck of sedi-
ment—water fluxes.

Assuming a constant molecular diffusivity D, the vertical
flux J of a particular solute (such as oxygen) through the
DBL can be expressed by

J = D(C. — Cp)/épe. D

with C, and C, being the concentrations in the bulk fluid
(BBL) and at the immediate sediment—water interface, re-
spectively (Boudreau and Jargensen 2001). Assuming no ad-
ditional consumption or production within the DBL, the ver-
tical concentration gradient 9C/9z should be constant and the
concentration should decrease linearly toward the sediment
surface (Steinberger and Hondzo 1999). The ratio 8 = D/
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SoeL, I-€., the factor of proportionality between the flux and
the concentration difference (C, — C,), is defined as the
mass transfer coefficient. Because the solute concentrations
within the BBL vary slowly in most water bodies, mainly
the DBL thickness determines the sediment—water flux.

The DBL was studied by using oxygen microel ectrodes
under controlled conditions in the laboratory (Jargensen and
Revsbech 1985; Sweerts et al. 1989; Jargensen and Des
Marais 1990; Steinberger and Hondzo 1999; Ray et al. 2002)
as well as under natural conditions in the field (Reimers et
al. 1986; Archer et al. 1989; Gundersen and Jargensen 1990;
Archer and Devol 1992). Although amost all of these in-
vestigations emphasized the importance of hydrodynamics
for the thickness and structure of the DBL, there are no
combined field experiments of BBL turbulence and DBL
dynamics. The laboratory measurements of Sweerts et al.
(1989), Gundersen and Jergensen (1990), Hondzo (1998), as
well as Steinberger and Hondzo (1999), however, reveaed
a significant decrease of 6,5, for increasing flow velocities.
The latter two studies found a linear dependence between
the mass transfer coefficient 8 and the turbulent friction ve-
locity u, based on comprehensive measurements in a labo-
ratory flume.

As pointed out, turbulent mixing within the BBL controls
the upper limit of the DBL and therefore its thickness. On
the other hand, the boundary-layer turbulence is forced by
large-scale currents, which are very often periodic. Such cur-
rents are predominantly produced by basin-scale internal
waves (internal seiches) in enclosed water bodies (Maclntyre
et a. 1999; Gloor et al. 2000; Lorke et al. 2002) or by tides
or inertial currents in estuaries and coastal oceans (Peters
1999; Simpson et al. 2000). Consequently, it can be expected
that the periodicity of basin-scale currents and the resulting
periodic BBL turbulence undulates the sediment—water flux-
es by affecting the thickness of the DBL within the lowest
millimeter above the sediment (Higashino et a. 2003). This
cascading process has a high impact on measurement strat-
egies for the assessment of the sediment oxygen demand as
well as on lake and reservoir management and restoration
tasks. Proper parameterization of the sediment—water flux as
a function of BBL dynamics is also required for water-qual-
ity modeling.

This article presents the first in situ investigation of BBL
flow and turbulence combined with simultaneous oxygen mi-
croelectrode measurements of the DBL. The measurements
were conducted in a medium-sized mesotrophic lake and
cover more than one complete cycle of internal seiching with
a period of about 18 h. The periodically varying turbulence
and especially its impact on the sediment—water oxygen ex-
change is analyzed and discussed in this article.

Study site and instrumentation

The measurements were carried out for 25 h on 13 August
2002-14 August 2002 in Lake Alpnach, a medium-sized
subbasin of Lake Lucerne in central Switzerland. It has an
elliptical shape with axes lengths of 5 and 1.5 km and a
maximum depth of 34 m.

Lake Alpnach is mesotrophic and hence has a high turn-
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over rate of organic carbon, resulting in high sediment ox-
ygen demand and a potentially short oxygen penetration
depth into the sediment of less than a few millimeters. This
top sediment layer is typically characterized by porosities
>0.95. In addition to its geochemistry, the strongly pro-
nounced seiching (Munnich et al. 1992; Gloor et a. 1994)
resulting from a daily wind forcing along the main axis
makes Lake Alpnach an ideal site for the present study.

The experimental setup, described in more detail below,
consisted of the combined and simultaneous observations of
the BBL currents, the turbulence level, and the molecular
sediment—water exchange fluxes. These measurements were
realized by deploying two Acoustic Doppler Current Profil-
ers (ADCPs) and a benthic lander, capable of measuring ox-
ygen microstructure profiles across the sediment—water in-
terface, as well as by casting temperature microstructure and
regular CTD (conductivity—temperature—depth) profiles. All
instruments were operated within a radius of about 100 m
at a site close to the center of the lake at a local depth of
32.2 m.

ADCP measurements—A 600-kHz RDI Workhorse ADCP
was deployed directly onto the sediment facing upward. The
high-resolution pulse-coherent mode (RDI mode 5) with a
bin size of 0.1 m was used, enabling a measurement range
of 0.6-8.1 m above the sediment (31.6-23.7 m depth).
Groups of three pings were averaged internally, and the av-
eraged data were recorded every 2 s. In addition, a 1.5-MHz
Nortek NDP was mounted on a tripod facing downward,
resolving a range between 0.05-2.2 m above the sediment
(32.15-30 m depth) with a vertical bin size of 0.04 m. The
NDP was also operated in high-resolution pulse-coherent
mode (Lorke et al. 2002) with a profile interval of 9 s, av-
eraged over six pings.

Temperature microstructure and CTD measurements—
Temperature microstructure profiles were measured with a
pair of fast response thermistors (FPO7, Thermometrics) on
an adapted SEABIRD SBE-9 CTD profiler (Kocsis et al.
1999). The probe was operated freely, sinking with a speed
of 8 cm st from a 20-m depth to about 0.15 m above the
sediment. The sampling frequency was 96 Hz, and profiles
were collected every 15 min.

A SEABIRD SBE-19 CTD was used to measure profiles
of temperature, conductivity, oxygen concentration, pH, and
light transmission throughout the entire water column about
every 2 h.

Oxygen microstructure at the lake bottom—A benthic
lander system equipped with two Clark-type oxygen probes
(OX25, Unisense S/A, Denmark) spaced 25 mm apart, was
employed to measure oxygen profiles across the sediment—
water interface with submillimeter resolution (Miller et al.
2002). To avoid disturbances of one sensor by the other, the
lander was oriented in such a manner that the plane formed
by the sensor pair was perpendicular to the direction of the
main bottom current velocity along the main axis of the lake.

Oxygen profiles were measured with a spatial resolution
of 60 um. Two hundred sixty single readings were recorded
with a frequency of 6.3 Hz at each depth, immediately after
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the sensors reached the preset stepping position. The time
required for the completion of an entire profile was 70-90
min. The stepping motor and the electrode signals were
monitored on-line from the ship by computer, allowing ad
hoc vertical positioning of the sensors for the individual pro-
files. The starting point of a profile was set a few millimeters
above the sediment, and the profile was completed when
constant low electrode signals were reached within the sed-
iment. The two sensors were deliberately staggered by atiny
vertical offset with respect to the sediment surface.
Seventeen oxygen microprofiles, each consisting of 90—
110 depth bins, were recorded between 13 August 2002,
1300 h, and 14 August, 1400 h. A sediment core (5.8 cm in
diameter) was taken every 3 h using a gravity corer (Uwi-
tech) to determine the oxygen concentration in the water
directly overlying the sediment by Winkler titration.

Data processing

Dissipation rate e—Dissipation rates of turbulent kinetic
energy e were calculated from the temperature microstruc-
ture profiles using the Batchelor method and from the two
ADCPs using the inertial dissipation method. Both methods
have been described in different research articles in great
detail and are therefore only briefly summarized.

The Batchelor method is based on the existence of a uni-
versal form of the temperature fluctuation spectrum near the
high frequency (diffusive) cut-off, which depends mainly on
e (Batchelor 1959). The measured temperature microstruc-
ture profiles were segmented using fixed and overlapping
segmentation lengths of 512 data points, corresponding to
~45-cm-long profile sections. The respective fluctuation
spectra in the wave-number domain were fitted to the theo-
retical Batchelor spectrum with & and y (the dissipation rate
of temperature variance) as the fitting parameters. The probe,
the data acquisition, and the data processing procedure were
described in detail in Kocsis et a. (1999) and Jonas et a.
(2003).

Similarly, the inertial dissipation method is based on the
universal form of the velocity spectrum within the inertial
subrange (Kolmogorov spectrum), which depends solely on
e (Tennekes and Lumley 1973). Segments of the measured
time series of the two-dimensional horizontal current veloc-
ities at different depths were first analyzed for the main cur-
rent direction, and subsequently the velocity vectors were
projected relative to the along and transversal directions. The
dissipation rate ¢ was estimated by fitting the respective
wave-number spectra of current velocity fluctuations in the
inertial subrange to the Kolmogorov spectrum (Wolk et al.
2002; Jonas et al. in press).

DBL thickness and the flux of oxygen into the sediment—
The flux of oxygen, the thickness of the DBL, and the pen-
etration depth of oxygen into the sediment were determined
from the microelectrode profiles. The absolute oxygen con-
centrations were estimated by calibrating the bottom water
(bulk) concentration from the uppermost part of the micro-
profiles with those values determined by Winkler titration of
the sediment core water samples.

The observed profiles were fitted to a steady-state one-
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dimensional diffusion and zero-order reaction model adapted
from Epping and Helder (1997). A depth-independent con-
sumption rate of oxygen in the sediment was used as the
fitting parameter. Within the sediment, a constant consump-
tion rate leads to a quadratic decrease of oxygen as a func-
tion of depth. The flux of oxygen into the sediment, which
is necessary to sustain this consumption rate, was assumed
to be equa to the diffusive flux across the DBL. Hence, the
effective DBL thickness could be calculated by

s _D(C.—C) @
"t \/2C,DRR

with R [g m~2 s7%] denoting the constant oxygen consump-
tion rate within the sediment and D4 being the reduced mo-
lecular diffusivity in the pore water (Dg = D/(¢F)), where
¢[—] and F[—] represent sediment porosity and resistivity
formation factor (tortuosity), respectively. The combined ef-
fect of porosity and tortuosity on the diffusion of ions was
estimated to be only 5% for the top few millimeters of the
sediment (Maerki et a. in press).

R was estimated by fitting a second-order polynomial to
the pore-water oxygen profile between the sediment surface
and the maximum oxygen penetration depth. Standard de-
viations of the 260 measurements at each depth were helpful
qualitative indicators to define the sediment—water interface.
The concentration variance decreased drastically due to the
diminishing eddy diffusion when the sensor approached the
sediment surface and remained at a minimum in the pore
water (Gundersen and Jargensen 1990; Miller et al. 2002).
Two such processed representative sample profiles are
shown in Fig. 1.

Observations

BBL dynamics—The time series of the horizontal current
components are shown in Fig. 2. The currents were domi-
nated by along-lake seiching with a period of approximately
18 h. At the end of the observation, a moderate wind, start-
ing around 1030 h on 14 August 2002, slightly disturbed the
regularity of the seiching. The 18-h period is probably the
intrinsic period of the first horizontal/second vertica mode
internal seiche, as observed in Lake Alpnach by Minnich et
al. (1992). The maximum current speed at 1 m above the
sediment was 30 mm s*. Both current components in Fig.
2 clearly show higher levels of variance during periods of
higher velocities, most probably associated with enhanced
levels of turbulence.

Two profiles of the dissipation rates & based on tempera-
ture microstructure and current velocity fluctuations are plot-
ted in Fig. 3 together with the current velocities for high and
low levels of turbulence, respectively. The two microstruc-
ture-based dissipation profiles are amost identical within the
stratified hypolimnion. Within the turbulent BBL, which is
restricted up to a range of 2 m above the sediment, the dis-
sipation rate changes by more than two orders of magnitude
during the course of the seiching. The difference between
the microstructure- and ADCP-based dissipation estimates
can be attributed to the two different measurement and av-
eraging techniques for sampling intermittent turbulence.
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Fig. 1. Two O, microprofiles (circles) recorded at 32-m depth
in Lake Alpnach simultaneously with two sensors (3rd profile, 13
August 1530-1700 h). Horizontally, the sensors were positioned 25
mm apart, and the difference in the vertical positions corresponded
to a time difference of about 10 min. The lines are model results.
The bars represent standard deviations calculated from the 260 val-
ues measured at each depth. Measurements in profile (b) show an
irregular profile in the water overlying the sediment (see Discus-
sion). The DBL thicknesses calculated from these profiles were (a)
0.45 mm and (b) 0.42 mm.

Whereas the temperature microstructure method measures
instantaneous values of &, averaged over a depth interval
(segment length =45 cm) and is most sensitive to the high-
wave number range of the respective fluctuation spectrum,
the inertial dissipation method is averaging over the applied
time series intervals (=19 min) and is most sensitive to the
lowest respective wave number range. The naturally occur-
ring intermittency of the turbulence can only be resolved by
the microstructure method, whereas the inertial dissipation-
based estimate is determined mainly by the maximum dis-
sipation within the respective time interval. The two micro-
structure-based dissipation profiles in Fig. 3a are hourly
averages (average of four subsequent microstructure pro-
files). The individual estimates (not shown) follow smoothly
the ADCP-based dissipation profiles as an upper bound of
their intermittent fluctuations.

The particular form of the profiles can deviate substan-
tially from the classica law-of-the-wall scaling (¢ ~ z°%;
Imboden and Wilest 1995) and the observed current velocity
profiles in Fig. 3b show distinct current speed maxima as
typical features of an oscillatory boundary layer (Lorke et
al. 2002; Mellor 2002). In Stoke's solution for an oscillatory
boundary layer (Schlichting 1962), these maxima continue
in an oscillatory structure with decreasing amplitude for in-
creasing heights above the sediment. This structure is, at
least partially, resolved in the current speed profile measured
at 0930 h in Fig. 3b. Thus, the logarithmic boundary layer
seems restricted to the lowest 0.5 m above the sediment. The
minimum in the dissipation profile measured at 0930 h in
Fig. 3a between 29 m and 30 m depth can be related to the
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Fig. 2. Horizontal current velocities measured at 1-m height
above the sediment by the NORTEK ADCR The velocities, origi-
nally measured in earth coordinates, were transformed into the
along-lake and across-lake components by local rotation.

reduced vertical current shear expected to occur at the depth
of the current speed maximum.

The time series of current speed and direction measured
by both ADCPs agreed well (not shown), whereas the ver-
tical structure of the measured current profiles deviated
sometimes significantly within the overlapping range of the
measurements (Fig. 3b). Those differences, however, are
within the range of the temporal (and spatial) dynamics of
the currents, as indicated by the overlapping standard devi-
ations in Fig. 3b, and may be attributed to the distance be-
tween the two instrument deployments.

The deviations from steady-state BBL turbulence (law-of-
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Fig. 3. (a) Two sample profiles of turbulent kinetic energy dis-
sipation ¢ as estimated from the temperature microstructure mea-
surements (squares) and from the NORTEK ADCP (triangles). The
two microstructure-based dissipation profiles show hourly averages
around the times given in the legend and were chosen to represent
a high and low energetic state of the BBL. The law-of-the-wall
scaling (e ~ 1/2) is added to the high-energetic profile. (b) The
corresponding profiles of the current speed, averaged over 15 min,
as estimated by the NORTEK and RDI ADCPs. The error bars show
the respective standard deviations. The smaller deviations of the
NORTEK data result from the higher degree of internal averaging
in the instrument prior to recording.
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Fig. 4. Time series of the current speed u, the dissipation rate
g, and the thickness of the DBL &, (mean values and variance
range of the respective two individual estimates) for the entire mea-
surement period. u and & were measured at a height of 1 m above
the sediment. Note the logarithmic axis scale for the dissipation rate
and the reversed axis for the DBL thickness.

the-wall scaling) can be attributed to the effect of the seiche-
induced, slowly oscillating forcing, which was analyzed and
discussed in greater detail by Lorke et al. (2002). Basically,
they showed that the BBL of such a low-energetic and pe-
riodically forced system is not in steady-state, though the
forcing periods are relatively long. As a consequence, the
form and scaling of the velocity profiles at some distance to
the sediment deviate significantly from the logarithmic form.
The local and temporal imbalance of production and dissi-
pation of turbulent kinetic energy leads to a phase lag be-
tween the forcing (seiche-induced currents) and the turbulent
energy dissipation. This phase lag of 1-2 h is well resolved
in the measurements (Fig. 4 and discussion below) and con-
firms the former observations and model simulations of Lor-
ke et a. (2002).

DBL fluxes—As depicted in Fig. 1b, the DBL thickness
Spe. Was not well defined in some profiles, particularly not
during periods of weak turbulence. Because of the occasion-
a occurrence of irregularly formed profiles, it was in many
cases not possible to directly estimate the DBL thickness by
fitting a constant gradient to an appropriate section of the
oxygen profile (Fig. 1b). Hence, the diffusion and reaction
model, as described in the data processing section, was used
to estimate 6,5, for the subsequent analysis and discussion.

The estimates of 8,5 according to Eq. 2 varied between
0.16 mm and 0.84 mm during the entire period of measure-
ments. However, the total oxygen flux into the sediment, as
estimated by Eqg. 1, varied between only 6 and 13.2 mmol
m-2 d-* and did not follow the same temporal dynamics as
doel, Since the oxygen concentration in the BBL (C,)
changed due to seiche-induced oxygen-isoline displace-
ments. This additional effect of seiching on the sediment—
water oxygen flux is a function of the particular measure-
ment site and the hypolimnetic oxygen stratification and will
not be discussed here. The overall mean of the oxygen flux
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was 8.9 mmol m—2 d-. The average oxygen penetration
depth into the sediment was 1.67 mm.

The main contributions to the uncertainty of 6,5 can be
estimated from Eq. 2. As determined by independent mea-
surements in the laboratory (Maerki et al. in press), the effect
of porosity and tortuosity on the pore-water diffusivity is
only 5% and hence the uncertainties in Dg and D can be
neglected. Similarly, the fit of the zero-order reaction model
to the pore-water oxygen profiles resulted in very robust
estimates of R with least-square fitting errors of only a few
percent and small differences between the respective quasi-
simultaneously measured profiles. The errors, however, were
introduced by the estimated oxygen concentrations C, and
C.. C, is determined by the choice of the location of the
sediment—water interface and a vertical offset of =0.2 mm
typically results in an error of about 10% in &, . The main
uncertainty in 8y, however, is introduced by the estimate
of the hypolimnetic oxygen concentration C.. Asillustrated
in Fig. 1, the oxygen profiles above the sediment are subject
to strong temporal variations due to horizontal advection and
the assumed boundary condition of a constant hypolimnetic
oxygen concentration C,, was not valid throughout the time
required to finish one profile. However, for an estimate of
an effective thickness of the DBL according to Eq. 2, a prop-
er estimate of an average concentration C, is essential. An
error of 10% in C, will typically result in a 30% error of
dpeL- This uncertainty is not produced by the accuracy of the
measurements (the influence of the drift of the oxygen elec-
trodes between the calibrations can be neglected), but by the
conceptual problem of nonstationary conditions. However, it
should be noted that the basic assumption for the entire pro-
cedure of calculating 6,5 on the basis of the pore-water
diffusion—reaction model according to Eqg. 2 is stationarity,
i.e., dC/ot = O at all depths.

Discussion

Figure 4 shows the time series of the near-sediment dis-
sipation rate and the current velocity together with the esti-
mated DBL thickness. This figure not only reveals a clear
correlation but also a pronounced phase lag between all three
quantities. Corresponding to the measurements and simula-
tions of Lorke et al. (2002), the phase lag is most obvious
between the current and dissipation, where the turbulent dis-
sipation rate lagged between 1 and 2 h behind the current.

A similar but less pronounced phase lag relative to the
current speed also occurs for the DBL thickness, especially
during periods of decreasing current velocities. There, 5,
more likely follows the delayed decrease of turbulent dissi-
pation rather than the current velocity. The estimation of the
effective DBL thickness, using the sediment oxygen con-
sumption model, introduces a certain delay (and subsequent-
ly a phase shift) between the actual forcing and 6,5, due to
the diffusive pathway of the oxygen through the sediment.
This delay, however, is less than approximately 15 min and
cannot account for the observed phase shift of more than 1
h as indicated in Fig. 4. In order to account for this artifi-
cialy introduced delay at least partially, the time of mea
surement for 8,5, was set to the time when the electrode
contacted the sediment surface.
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The scaling of 8,5 —Nearly all of the previous studies
relating the DBL thickness 6,5, Or the resulting mass transfer
coefficient B = D/8yg, to the flow conditions near the sed-
iment—water interface have been conducted in the laboratory
(Jergensen and Revsbech 1985; Jargensen and Des Marais
1990; Hondzo 1998; Mackenthun and Stefan 1998; Stein-
berger and Hondzo 1999; Ray et a. 2002). Sediment sam-
ples were exposed to defined flow conditions in laboratory
flumes, and the measured diffusive oxygen flux was related
to the flow velocity or to the turbulent friction velocity u,,
of a law-of-the-wall layer. Depending on the roughness of
the sediment surface, both parameters are related, assuming
that the BBL is in steady state with the forcing.

This assumption is justified for streams and might also be
a good approximation for high-energetic systems, such as
estuaries and tidal channels. However, in less energetic and
periodically forced aquatic systems, such as lakes and res-
ervoirs, it is not the current velocity but the BBL turbulence
that forces the DBL thickness (Fig. 4). Lorke et a. (2002)
showed that estimating u. from measured velocity profiles
using the profile method is not appropriate for quantifying
turbulence in those systems and under those conditions.
Hence, the application of the proposed DBL scaling, which
can be summarized in the form 8 ~ u,Sc® (Boudreau 2001)
with Sc = »/D denoting the Schmidt number, is not useful
in this context.

An alternative scaling was proposed by Hearn and Robson
(2000), who used the Batchelor length for oxygen L,

L, = 2w<ﬁ>l ' ©)

&€

(v is the kinematic viscosity and D the molecular diffusivity
of oxygen; both are temperature dependent) to scale 8, in
a numerical model. L, describes the smallest length scales
of turbulent tracer (concentration) fluctuations before molec-
ular diffusion smoothes the remaining gradients. If the level
of turbulence, expressed by the dissipation rate ¢ is en-
hanced, concentration fluctuations can persist at smaller
scales. Well-resolved spectra of temperature fluctuations re-
veal a clear cut-off at wave numbers that correspond to the
Batchelor length for temperature. This cut-off, where the
spectral energy decays strongly (~exp(—k?)) for increasing
wave numbers k, can actually be used to determine the dis-
sipation rate e (De Szoeke 1998). Based on the same argu-
ments, L, can be used to scale 8, , however with the con-
ceptual limitation that L, was defined for open flow and not
at arigid boundary.

Because we were not able to resolve ¢ close enough to
the sediment with direct measurements, we used the ADCP-
based dissipation rate estimates at 0.5 m above the bottom
and law-of-the-wall scaling (¢ ~ z*) to extrapolate e down
to the viscous sublayer at a height 6, with

8, = 11vlu, 4)

(Chriss and Caldwell 1984), at about 1 cm above the sedi-
ment. The applicability of the law-of-the-wall scaling within
the lowest 0.5 m above the sediment was confirmed with
numerical simulations by Lorke et a. (2002), who showed
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Fig. 5. Time series of the estimated DBL thicknesses 6, and
the Batchelor length scale L. L was estimated according to Eq. 3
using dissipation rates ¢ extrapolated from a measurement height
of 0.5 m above the sediment to a height of 1 cm assuming law-of-
the-wall scaling. The height of 1 cm corresponds to the average
height of the viscous sublayer within which ¢ can be assumed to
be constant. The dashed line represents the low-energy limit, where
no law-of-the-wall characteristics could be observed in individual
dissipation profiles, indicating that the respective values of L, below
that line (Lg greater than the average low-energy threshold) might
be underestimated by the applied extrapolation.

that the modifications of the current velocity and dissipation
rate profiles due to the oscillatory structure of the flow start
at a certain height above the sediment, which was estimated
to be about 0.5 m in the same lake and under comparable
conditions. Below that height, the steady-state law-of-the-
wall scaling applies to both the current velocity and dissi-
pation rate profiles. Figure 3 illustrates that the law-of-the-
wall extrapolation is well justified during the high-energetic
periods; however, during the low-energetic periods, individ-
ual dissipation profiles do not necessarily show any law-of-
the-wall characteristics. The deviations are either due to lam-
inarization of the flow or due to a restriction of the turbulent
BBL to unresolved regions of the flow close to the sediment.
For those profiles, we assume that the law-of-the-wall ex-
trapolation can be applied on average, taking a possible un-
derestimation of Ly into account.

The Batchelor length, based on the extrapolated dissipa-
tion rate at 1 cm above the bottom, is plotted together with
the estimated DBL thicknesses in Fig. 5. By considering all
the uncertainties and especially the spatial gap of about three
orders of magnitude between the points of measurements of
dissipation and oxygen (1 m vs. O(1) mm above the sedi-
ment, respectively), the agreement between both length
scales is encouraging. Both scales cover the same dynamic
range and exhibit the same temporal dynamics, enabling the
Batchelor length scale to be used at least as a first-order
approximation of the thickness of the DBL.

The proposed scaling of 8,5, = Ly aso leads to the con-
clusion that the thickness of the viscous sublayer 6, scales
with the Kolmogorov length L, = 27(13/)Y4. Actualy, by
evauating the law-of-thewall ¢ = u./kz (k = 0.41, von
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Karman constant; Imboden and Wilest 1995) at a height z
= §, and using it to replace u, in EQ. 4 results in §, =
7.5(r/e)¥4, which is equal to L, as defined above within the
errors given by Chriss and Caldwell (1984).

As a consequence of both scaling relations, it follows that
the ratio 6, /6, is proportional to Sc°° and that 6,5 Can
be expressed as

Bop. o S ®)

*k

Steinberger and Hondzo (1999) obtained a similar expres-
sion, however, with an exponent of —1/3 instead of —1/2
for Sc, based on scaling arguments and the assumption that
advective transport balances diffusive transport at the top of
the DBL (Dade 1993). Hondzo (1998) applied a conceptual
model of the mass transfer near the sediment—water interface
by streamwise vortices and obtained an identical scaling re-
lation as Eq. 5. Because Sc was amost constant in all ex-
periments (all authors were measuring oxygen transport in
water) and the main variance was produced by varying u,,,
adirect proof of the dependence of 6,5 0n Scis beyond the
accuracy of the measurements.

Vertical diffusion versus horizontal advection—As pre-
viously pointed out and exemplified in Fig. 1b, the oxygen
profiles were predominantly poorly conditioned during the
periods of low turbulence. The increasing variance of the
measured oxygen concentrations above the sediment surface
with decreasing turbulence was confirmed by independent
measurements in other lakes and was also observed by other
authors. The time series shown in Gundersen and Jargensen
(1990) (their figs. 2b—2d) showed especially huge variances
(tempora fluctuations) that increased with distance from the
sediment surface during low-flow conditions, but almost
constant oxygen concentrations at the different heights dur-
ing high-flow conditions. In the same article, the authors also
revealed the complex topography of the sediment surface on
submillimeter scales.

The observed features in the oxygen profiles can be re-
lated to the small-scale sediment topography by considering
two different processes. (i) diffusion and turbulent mixing
in the vertical and (ii) advection in the horizontal. Both pro-
cesses are important for the interpretation of oxygen micro-
profiles measured at one particular location. So far, only the
first point has been discussed—the establishment of a local
DBL in relation to turbulent mixing acting vertically from
above. However, these idealized local DBL s are advected by
horizontal currents over changing sediment topography and
are affected by the highly intermittent turbulence.

The relative importance of these two processes for local
oxygen profiles can be estimated by comparing the govern-
ing time scales. The time scale for the establishment of a
local DBL can be estimated as the mean diffusion time of
oxygen through the DBL t,

52
t, = % (6)

This results in time scales between 10 s and 5 min for the
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observed values for 6,5, . Setting 8,5, equal to the Batchelor
length scale according to Eq. 3 leads to

to = (—) )

Thus, the time scale for molecular diffusion through the re-
spective DBL is independent of the diffusivity and hence
independent of the kind of solute and should even be valid
for heat.

The time scale for horizontal transport over changing sed-
iment topography or sediment irregularities is less well de-
fined. The distance between neighboring roughness elements
will be labeled as L, whereas the advection velocity is con-
sidered to scale with the friction velocity u, of a steady-
state BBL. Although both variables are not well defined in
this particular case, they will be used to estimate the time
scale for advection t, as

L
t, o« — 8
o ®)
The law-of-the-wall scaling relates the dissipation rate at a par-
ticular height above the sediment z to the friction velocity by
_w
€ <z 9
By using Eg. 9 to estimate ¢ at the outer end of the viscous
sublayer at a height z = L, according to the discussion
above, t, can be expressed as

L
10
- k(ev)V/4 (10)
The ratio of the governing time scales equates to
t_D V3/4K B (11)

oC oc
t, el L

Thus, the governing variables for the ratio of the time
scales are ¢ and L. For strong turbulence and smooth sedi-
ment surfaces (¢ and L are large), the local diffusive time
scale t, is small compared with the time scale for horizontal
advection t, and the DBL will correspond to the local sed-
iment surface and turbulence. In the other case, when tur-
bulence is weak and/or the distance between roughness el-
ements is short, advection will dominate and an
areal-averaged DBL will be observed at a distinct position
(sediment surface), which does not necessarily represent the
local conditions. These two different regimes are illustrated
in Fig. 6 and were nicely demonstrated in Jargensen and
Des Marais (1990). Their fig. 4 clearly shows how the upper
limit of the DBL follows the larger-scal e roughness elements
of a microbial mat, whereas small-scale structures were
smoothed out completely. Furthermore, the authors observed
that the DBL limit follows the small-scale topography more
closely for higher flow rates, i.e., higher BBL turbulence.

Besides the two extreme cases with t, > t, and t, < t,,
a transition range exists with t, =~ t, and is also illustrated
in Fig. 6. It can be expected that the form of the oxygen
profiles measured at one particular location is highly inter-
mittent due to the temporal fluctuations of horizontal advec-



2084

water

flow

mm

Fig. 6. Schematics of the different DBL regimes according to
the relative importance of the time scales for vertical diffusion t,
and horizontal advection t,. Note the different scaling of the vertical
(relative height) and horizontal (relative distance) axes. The lines
represent the upper limit of the DBL as defined by the isopleth of
90% air saturation of oxygen. The solid line with points shows data
measured by Jergensen and Des Marais (1990) and represents the
advective regime. The lower dotted line, representing the diffusive
regime, and the gray area, representing the transition range, are of
illustrative nature only. (Parts of the figure were adopted from
Jergensen and Des Marais [1990].)

tion and vertical turbulent mixing. Exactly those sporadic
horizontal intrusions, as they were observed in the data (Fig.
2b), alter the profiles and disturb the local equilibrium be-
tween molecular diffusion and turbulent mixing. Thus, it can
be concluded that the varying BBL turbulence in our mea-
surements caused a shift from the diffusion and turbulence
dominated regime with t; < t, to the transition range with
t, = t,. However, a more quantitative discussion of the gov-
erning time scales would require detailed knowledge of the
topography of the sediment surface in order to quantify the
roughness length scale L. Additionally, it should be noted
that the required time to measure one complete oxygen pro-
file was probably much longer than the two considered time
scales t, and t, and thus only averaged properties were re-
solved with our approach.

Combined in situ measurements allowed estimates of BBL
turbulence and diffusive oxygen fluxes at the sediment sur-
face in a medium-sized mesotrophic lake. The study revealed
the strong relationship between the two, though they were
acting on and measured at very different spatial scales. The
BBL was up to 2 m thick and was forced by internal seiching
with a period of 18 h. The dissipation rate of turbulent ki-
netic energy changed by two orders of magnitude during the
course of a full seiche period. The varying level of turbu-
lence caused the thickness of the diffusive boundary of ox-
ygen at the sediment surface to vary by a factor of five and
the local oxygen flux to vary by a factor of two.

In conclusion, these findings can be generalized. Long in-
ternal waves are a very prominent feature of al stratified
and enclosed water bodies. They drive periodic currents
throughout the entire water column with most of their energy
dissipated in the BBL. The periodicity of the forcing causes
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deviations from classical law-of-the-wall scaling relations
and, in particular, results in a phase lag between the current
velocity and the turbulent energy dissipation. The periodic
turbulence affects the transport of solutes through the sedi-
ment—water interface in different ways. First, the actual
thickness of the diffusive sublayer depends on the dissipa-
tion rate. Turbulent mixing can proceed to smaller length
scales for higher levels of turbulence, and thus the DBL
becomes thinner. The DBL thickness is directly (inversely)
related to the mass transfer coefficient and accordingly to
the total flux of solutes into or out of the sediment. Second,
we have shown that turbulence also affects the relative im-
portance of horizontal advection and vertical diffusion on
small scales and therefore the degree of spatial averaging of
the sediment—water fluxes. Higher turbulence causes the
DBL to follow the small-scale sediment topography more
smoothly, resulting in an increased area-averaged flux due
to the greater effective surface area. Finally, at larger scales,
the periodic dislocation of isolines by internal seiching
changes the solute concentration of the water overlaying the
sediment, which is the driving force for the diffusive trans-
port.

This study has revealed some limitations of the micro-
electrode technique when brought from the laboratory to the
field. Although many open questions can be answered more
accurately with well-defined laboratory experiments, atten-
tion must be paid to the complexity and the intermittent
characteristics of natural aguatic systems. Although the prob-
lem of intermittency of naturally occurring turbulence (Bak-
er and Gibson 1987) was omitted within this study, further
measurements are needed in order to investigate its impact
on measurement strategies as well as on the DBL fluxes.
Most important, however, is the clear need for (i) faster ox-
ygen profile measurements in order to resolve the high tem-
poral and spatial dynamics of natural systems, and (ii) mea-
surement techniques capable of resolving current velocities
and diffusivities with the same spatial resolution as the ox-
ygen microprofiles. Recent development of optical methods
for oxygen concentration measurements as well as diffusiv-
ity microsensors (Boudreau and Jargensen 2001) will facil-
itate promising future experiments.
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