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The diffusion boundary layer (DBL) significantly limits the exchange between sediment and overlying water and therefore be-
comes a bottleneck of diffusive vertical flux at the sediment-water interface (SWI). Variable DBL thickness and diffusion flux in
response to dynamic forcing may influence replenishment of nutrients and secondary pollution in coastal waters. In situ measure-
ments of velocity in the bottom boundary layer (BBL) and oxygen concentration in the DBL were made over an intertidal mudflat,
using an acoustic Doppler current and mini profiler. A linear distributed zone in the oxygen profile, the profile slope discontinuity
and variance of concentration can be used to derive accurate DBL thickness. Diffusion fluxes calculated from the water column
and sediment are identical, and their bias is less than 6%. A numerical model PROFILE is used to simulate the in situ dissolved
oxygen profile, and layered dissolved oxygen consumption rates in the sediment are calculated. The DBL thickness (0.10-0.35
mm) and diffusion flux (15.4-53.6 mmol m™d™") vary with a factor of 3.5 during a tidal period. Over an intertidal mudflat, DBL
thickness is controlled by flow speed U in the BBL, according to dpp; =1686.1DU 140.1 (D is the molecular diffusion coefficient).
That is, the DBL thickness dpp|. increases with decreasing flow speed U. Changes of diffusion flux at the SWI are caused by vari-
ations in the water above the sediment and the turbulent mixing intensity. The diffusion flux is positively related to the turbulent
dissipation rate, friction velocity and turbulent energy. Under the influence of dynamics in the BBL, DBL thickness and flux vary
significantly.
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The diffusion boundary layer (DBL) is a thin (less than 1
mm) film of water covering the sediment. When solutes and
particles are transported from the bottom boundary layer
(BBL) to the DBL, molecular diffusion instead of turbulent
eddy diffusion dominates the vertical transport [1-3]. The
DBL limits exchange between the sediment and overlying
water, and therefore becomes a bottleneck of diffusive ver-
tical flux at the sediment-water interface (SWI). Higashino
et al. [4-6] theoretically revealed that dynamic forcing in
the BBL has a direct effect on DBL thickness and diffusion
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flux at the SWI. Under the influence of dynamics in the
BBL, DBL thickness and flux vary significantly. Under-
standing how the DBL and diffusion transport responds to
dynamic forcing is therefore crucial for accurately quanti-
fying diffusion flux, and for estimating the replenishment of
nutrients and secondary pollution in coastal waters. Model-
ing also requires numerical parameterization of diffusion
flux as a function of BBL dynamics. The diffusive vertical
flux of dissolved oxygen at the SWI affects benthic and
overall water quality of natural aquatic systems. Therefore,
dissolved oxygen is chosen as the studied solute [7,8].
Using dimensional analysis of the Reynolds equation, the
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boundary layer with constant total shear stress near the wall
can be divided into viscous (i.e. DBL) and logarithmic lay-
ers (i.e. BBL), which are controlled by molecular friction
and turbulent friction, respectively [9]. Jgrgensen and
Revsbech [1] first conducted measurements in the DBL
using a dissolved oxygen probe in the laboratory, and re-
ported that DBL thickness varied from 0.2 to >1 mm, de-
pending on water velocity and roughness of the solid sur-
face. Subsequent comprehensive laboratory measurements
revealed that small-scale topography had an impact on the
distribution of the DBL [10,11]; DBL thickness significant-
ly decreased with increasing flow velocity [12-14]; and
there was a linear relation between the mass transfer coeffi-
cient £ and turbulent friction velocity u* [13,14]. Most pre-
vious studies were based on laboratory experiments. Other
studies were done under natural conditions in the field,
where the DBL was deduced by fitting the profile of some
solute in 1 mm. The DBL was first investigated by Reimers
et al. [15] in the sea, using an oxygen probe at vertical in-
crements of 1 mm; this resolution is now regarded as inad-
equate. The vertical resolution of DBL measurement im-
proved from 0.5 [16] to 0.05 mm [2] as technology evolved.
Guld et al. [17] did field observation and documented tem-
poral and spatial variation of the DBL and flux. While most
of the above studies emphasized the importance of hydro-
dynamics to DBL thickness, little work has been done to
quantify the relation between dynamic forcing in the BBL
and DBL thickness. Lorke et al. [18] and Bryant et al. [8]
conducted in situ investigation of BBL dynamics with sim-
ultaneous DBL in a lake, and discussed their relation.
However, lakes are less energetic than oceans. To the au-
thors’ knowledge, no combined observation has been done
in seas.

Taking advantage of an observation platform of the BBL

36.6°

Chin Sci Bull

(N) (a)
365° -

36.4° +
36.3° -

368.2° +

Latitude

36.1° -

36.0° -

359°+
Yellow Sea

35.8°

120.0° 120.2° 120.4°
Longitude

120.6° (E) 120.8°

May (2012) Vol.57 No.13 1569

and a Mini Profiler MP4 with oxygen probe, we made sim-
ultaneous field measurements of BBL dynamics in conjunc-
tion with the DBL over an intertidal mudflat. We use the
resulting data to analyze DBL thickness, flux at the SWI,
dynamic factors (e.g. flow speed and turbulence) and their
relationships.

1 Implementation of in situ measurement

Field measurements were made for one tidal period over an
intertidal mudflat of Huichang Bay in Qingdao (Figure 1),
where the semidiurnal tidal current was dominant. Intertidal
mudflats are influenced by the rise and fall of tides, and the
sediment is covered by seawater for about half of the tidal
period. The measurement period was from 17:20 to 22:40
local time on 27 November, 2010. A 6 MHz Nortek “Vec-
tor” acoustic Doppler current meter (ADV) and a XR-620
RBR (for Conductivity, Temperature, Depth or CTD) were
mounted on a tripod frame on the seabed. A Mini Profiler
MP4 with its own tripod frame was installed nearby, to en-
sure the same dynamic forcing and sediment type.

1.1 Measurement of oxygen profile using mini profiler

The Mini Profiler MP4 is usually packed with a Clark-type
oxygen probe (OX25, Unisense S/A, Denmark) and a
micro-step controlled motor (Figure 2). The outside tip di-
ameter of the probe is 25 pum, and 90% of response times
are less than 4 s. The greatest vertical spatial resolution of
the motor is 50 um. These parameters assure the study of
DBL microstructure (dpg < 1 mm).

Oxygen profile measurements were conducted every ~30
min, lasting 25-30 min. The spatial resolution of the profile

Figure 1 Map of study site. Mooring station, marked by solid star (a) and dotted blue marker (b), was over an intertidal mudflat of Huichang Bay in Qing-

dao ((a) was adapted from Google Earth).
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Figure 2 Schematic of Mini Profiler MP4 (http://www.unisense.com/
Default.aspx?ID=97).

was 50 pm, and oxygen concentrations were collected five
times at each depth. Measurement began at 1-2 mm above
the sediment, and was terminated when the oxygen concen-
tration signal decreased to low values over a long duration.
Therefore, the profiles contained the low boundary of the
BBL, the DBL, all sediment oxic zone, and the upper
boundary of the sediment anoxic zone (Figure 3).

1.2 Measurement of dynamic forcing in BBL

The “downward-looking” ADV at 0.22 mab was set up to
work in burst mode. The interval between two bursts of
measurement is 4 min. Every burst lasts 6 min, with data
being collected at a rate of 8 Hz. Liu and Wei [19] detailed
techniques for using ADV data to calculate the mean veloc-
ity, applying the inertial dissipation method to estimate the
turbulent energy dissipation rate, and using the eddy corre-
lation method to estimate friction velocity. The energy per
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unit mass carried by velocity fluctuations is called turbulent
kinetic energy, which can be obtained from K=(')*+(')?
+(w’)2)/2, where u', v and w' are eastward, northward and
vertical velocity perturbations, respectively. Using the
aforementioned methods, we obtained mean velocity,
turbulent energy dissipation rate, friction velocity and
turbulent kinetic energy. The CTD measurement at height
0.40 mab was set up to work continuously with sample fre-
quency 1 Hz, to measure temperature and salinity in the
BBL. This provided the basis for calculating molecular diffu-
S1vity.

2 Data processing and model reproduction

2.1 DBL thickness

The transport of solutes is controlled by vertical molecular
diffusion in the DBL. Assuming there is no extra oxygen
consumption and production, the vertical concentration of
oxygen (0C/0z) should be constant and oxygen concentra-
tion in the DBL should decrease linearly toward the SWI
[14]. Therefore, the linear distributed zone in the oxygen
profile (Figure 3) is one way to assess DBL thickness.

To satisfy conservation of mass, the flux calculated on
the water side and sediment side of the SWI must be equal.
This constraint, combined with a smaller diffusivity in
sediment than water, forces the gradient of oxygen concen-
tration to be steeper here, forming a slope discontinuity in
the profile at the SWI [20]. This slope discontinuity can be
used to define DBL thickness (Figure 3).

Lorke et al. [18] proposed that the concentration variance
decreases drastically because of diminishing eddy diffusion
when the oxygen sensor approaches the sediment surface,
and remains a minimum in the pore water [2]. Therefore,
the SWI should be where the concentration variance de-
creases substantially (Figure 3).

Swi

Sediment side - Oxic zone

Anoxic zone

O, concentration

J _ I;madeZ Z hax

sediment —

Figure 3 Theoretical distribution of oxygen concentration in the BBL, DBL and sediment.
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To accurately estimate DBL thickness, the three methods
above, i.e., the linear distributed zone in the oxygen profile,
slope discontinuity of the profile and concentration variance,
were used integrally.

2.2 Diffusion flux at SWI

The diffusion flux of dissolved oxygen may also be called
vertical O, diffusion uptake by the sediment. Variations of
terrain, convection of pore water and irrigation effects are
ignored here. The flux can be calculated from the water
column side and from the sediment side (Figure 3). The
oxygen uptake is frequently evaluated from the water col-
umn side, based on Fick’s first law of diffusion:

Jop =D, ()

5DBL

where C,, is oxygen concentration in the bottom water,
Cswi 1s oxygen concentration at the SWI, Jpg is DBL
thickness, and D is the molecular diffusion coefficient
for oxygen in water, which is only affected by temperature
and salinity.

Oxygen uptake can also be evaluated from the sediment
side, through vertically integrating the oxygen consumption
rate from the SWI to zax:

xxxxxxx

s = || Rz, 6)

sediment

where R is the net rate of oxygen consumption per unit
volume of sediment, and z.,, is the depth of the sediment
oxic zone (Figure 3).

The two methods both ignore the temporal change of
oxygen (0C/0t=0). Evaluating the flux of oxygen from the
water side is the most direct approach, but there are several
problems associated with quantifying DBL thickness. These
problems can be avoided by using the sediment side method,
but it is often more sensitive to relatively complex sediment
processes.

2.3 Numerical model PROFILE

The numerical model PROFILE proposed by Berg et al. [21]
was used to stimulate the in situ dissolved oxygen profile.
Applying the model rather than linking measured data di-
rectly can distinguish abnormal data produced by bubbles
and biologic activity, so model results show the profile
structure accurately. The sediment porosity parameter is
adjusted with PROFILE via a trial-and-error method.
PROFILE defines multiple zones of constant consumption
to best describe the oxygen profile through F' statistics.
Further, the layered dissolved oxygen consumption rate in
the sediment is calculated.

Assuming steady-state conditions, the one-dimensional
mass conservation equation of PROFILE that accounts for
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the effects of molecular diffusion, bioturbation, and irriga-
tion (pumping activity of animals) is

dc,
dx

di(go(Ds+DB) j+0{(CW -C,)+R=0, 3)
X

where x is depth, C; is pore water concentration, Cy, is bot-
tom water concentration, ¢ is porosity, Dy is the molecular
diffusivity corrected for tortuosity, Dgis biodiffusivity, a is
the irrigation coefficient, and R is the net rate of production
(or consumption, if R is negative) per unit volume of sedi-
ment.

To be consistent with the aforementioned diffusion flux,
irrigation and bioturbation effects were assumed negligible,
i.e. a=0 and Dy=0. The model’s upper boundary is set at the
top of the DBL, where the concentration of dissolved oxy-
gen is given by measurement; lower boundary is set at the
lowest point of oxic zone, where the oxygen flux is taken as
Zero.

3 Data analysis

3.1 DBL thickness and diffusion flux into the sediment

The 11 measured dissolved oxygen profiles are shown in
Figure 4. The square of correlation coefficients (R”) be-
tween model results and observations all exceed 0.99, which
indicates that the model describes the distribution of oxygen
in the DBL and sediment well. The high R* values of 0.99
further indicate that the model assumption of steady state is
nearly satisfied, and vertical transport is mainly controlled
by molecular diffusion. Figure 4 shows that the dissolved
oxygen profile in the DBL is linearly distributed and its
thickness, which is between 0.10 and 0.35 mm, varies with
a factor of 3.5 over one tidal period. The average DBL
thickness of 0.25 mm reveals that it is a very thin layer
above the SWI. The temperature and salinity measured by
RBR CTD define the oxygen molecular diffusion coeffi-
cient D [22], which varies between 1.47x107 and 1.51x107
cm’ s, The diffusion fluxes calculated from the water
column Jy,; and from the sediment Jgimen remain the same,
and their bias ((Jyater—Jsediment)/Jwater X 100%) is less than 6%.
Thus, using results from the two methods, mean values of
Jwater a0 Jseqiment are calculated for each oxygen profile. The
dissolved oxygen diffusion flux into sediment varies from
15.4 to 53.6 mmol m2d™!, with an average of 25.4 mmol
m~> d!. As with DBL thickness, the diffusion flux also
changes with a factor of 3.5 over one tidal period.

Figure 4 also shows that the net rate of consumption per
unit volume of sediment increases when the diffusion flux
intensifies. The diffusion flux of profile 1 (17:19) is 53.6
mmol m2d™", at the same time the maximum net rate of
oxygen consumption reaches 1.7 nmol cm™ s™'. However,
the diffusion flux of profile 11 (22:30) is only 15.4 mmol
m2d™, contemporaneous with a decline in the maximum
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Figure 4 Profiles of dissolved oxygen concentration (blue star represents
per unit volume of sediment, calculated by the model).

net rate of oxygen consumption, to 0.1 nmol cm™ s™".

Figure 5 shows that oxygen consumption in the sediment
oxic zone is not distributed evenly. The 25% of the upper
oxic volume in the sediment that hosted the highest activity
accounts for 60.5£13.8% of the integrated O, consumption
rate, while the 25% of the deeper oxic volume with the
lowest activity is only responsible for 5.1+1.8% of this

observations, green line model results, and red line the net rate of consumption

consumption (the remaining 75% of the upper oxic volume).
This to some extent reflects that deeper oxic layers host a
relatively low O, consumption rate. On average, compart-
ments in the depth ranges 1.0-2.0 mm and 2.0-3.0 mm are
responsible for 15.0% and 2.0% of the total O, consumption
rate, whereas the very surface (0.0-1.0 mm) accounts for
41.0% of the O, turnover.
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Figure 5 Cumulative contribution (gray region) of ranked sediment volumes to total O, consumption for 11 measured oxygen profiles (black line in gray

region represents the average value).

3.2 DBL thickness and diffusion flux in response to
dynamic forcing in BBL

Figure 6(a)—(d) shows time series of dynamic forcing in the
BBL. The turbulent energy dissipation rate, friction velocity
and turbulent energy are well correlated. Nevertheless, the
relationship between the turbulent energy dissipation rate
and mean velocity is not strong. This indicates that the tur-
bulence is caused not only by shear of the mean velocity,
but also probably by surface waves, local topography, sed-
iment transport and buoyant flux [23-25]. Estimating the
production of turbulence is limited by the data, and thus will
not be discussed further.

A direct positive correlation was found between concen-
tration in the BBL and mean velocity magnitude U (Figure
7(a)—(c)). As flow speed increases, BBL oxygen concentra-
tion increases, and vice versa. Because the sediment over an
intertidal mudflat is exposed to the air before measurement,
pore water and corresponding oxygen contents are low.
Gaseous oxygen is dissolved in the water when the tide rises
and therefore sediment oxygen concentration increases con-
siderably in the first four profiles (Figure 7(a)), from 45.5to
102.9 umol L™" at 0.5 mm below the SWI._ The variation of
penetration depth z,,.x is also influenced by the above pro-
cess. Dissolved oxygen is continuously transported to sedi-
ment by molecular diffusion in the DBL, and the penetra-
tion depth therefore increases. Although the penetration
depth in profiles 1-4 (Figure 7(a)) rapidly increases from
1.75 to 2.20 mm, the overall average is only 1.93 mm. As
time progresses, the mean penetration depth of profiles
5-10 (Figure 7(b),(c)) jumps to 2.89 mm. The tide level is
near the oxygen probe and the molecular diffusion cannot
extend through the last profile (Figure 7(c)), so the penetra-
tion depth declines to 2.65 mm.

Figure 6(a) and (e) shows that the current mean velocity

is inversely proportional to DBL thickness. The current
mean velocity of profile 2 (17:41) peaks at 12.6 cm s, and
the DBL thickness correspondingly falls to 0.10 mm. When
the mean velocity of profile 8 (21:00) minimizes at 1.1
cm s, the corresponding DBL thickness rises to 0.35 mm.
Lorke et al. [18] found that DBL thickness increased fol-
lowing a decrease of turbulent dissipation. They document-
ed that for highly energetic systems such as estuaries and
tidal channels, flow speed drives the DBL thickness. How-
ever, in less energetic systems such as lakes and reservoirs,
it was instead BBL turbulence that forced DBL thickness.
Our results are consistent with this viewpoint. Because in-
tertidal mudflats are high-energy systems (the turbulent
dissipation order of magnitude is as high as 10°® W kg™), it
is the flow speed rather than turbulent dissipation that de-
termines DBL thickness. In our opinion, both flow speed
and turbulence can influence DBL thickness, through sup-
pressing this thickness and determining the smallest length
scales of concentration fluctuations, respectively. The min-
imum of DBL thicknesses controlled by the two factors is
the eventual thickness.

Over an intertidal mudflat where DBL thickness is con-
trolled by current mean velocity, Figure 6(a) and (e) shows
that DBL thickness increases with decreasing mean flow
speed. Furthermore, proper parameterization of the mass
transfer coefficient f (f=D/dpp.) as a function of mean flow
speed U is also required for water quality modeling. From
dimensional analysis (Pi Theorem), the relation between
DBL thickness dpp, current mean velocity U, and molecu-
lar diffusion coefficient D is Spp; =aDU '+b, where a and
b are parameters. We do a polynomial fit and obtain
OppL=1686.1DU'+0.1, where the unit of the molecular dif-
fusion coefficient D is mm> s‘l, that of current mean veloc-
ity is mms™, and that of DBL thickness is mm. The corre-
lation coefficient (R*) of fitted and measured values is 0.90
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and standard deviation of the differences between fitted
and measured values is 0.02, indicating that the formula
predicts DBL thickness well (Figure 8). This formula
was not applied to all situations because of limited observa-
tion data, but it was sufficient to discover that the variation
of dynamics in the BBL significantly affects DBL thick-
ness.

Time series of turbulent dissipation rate and diffusion
flux are depicted in Figure 6(b) and (f). Except for profile
11, the variation of diffusion flux can be interpreted by two
mechanisms, which are responses to the change of water
overlying the sediment and to the turbulent intensity. The
diffusion fluxes of profiles 1-4 are much greater, with an
average up to 37.3 mmol m>d"". The sediment over an in-
tertidal mudflat is exposed to the air before measurement.
The pore water and corresponding oxygen contents are very
low. When the tide floods, the concentration difference be-
tween sediment and water column (Figure 7(a)) causes the
high flux. However, the diffusion fluxes of profiles 5-10
nearly follow the turbulent dissipation rate. In conjunction
with Figure 6(b)—(d), we see that the diffusion flux is posi-
tively related to the turbulent dissipation rate, friction veloc-
ity and turbulent energy. As the turbulent dissipation rate
rises, intense turbulent mixing probably improves the oxy-
gen concentration in the BBL or diminishes DBL thickness
to increase the diffusion flux, and vice versa. Although the
turbulent dissipation rate of profile 11 is very high, the tide
level fluctuates near the oxygen probe and therefore molec-

ular diffusion cannot extend through the entire profile, so
the flux decreases.

4 Discussion and conclusion

This research quantifies how dynamic forcing affects the
variable DBL and diffusion flux at the SWI. Relevant dis-
cussion and significant conclusions follow.

(1) Use of the linear distributed zone in the oxygen pro-
file, the slope discontinuity of the profile, and concentration
variance can accurately give the DBL thickness. This
thickness, which is between 0.10 and 0.35 mm, varies with
a factor of 3.5 over a tide period. An average DBL thickness
of 0.25 mm reveals that it is a very thin layer above the SWI.
The diffusion fluxes calculated from the water column and
from the sediment remain the same, and their bias is less
than 6%. The dissolved oxygen diffusion flux into the sed-
iment varies between 15.4 and 53.6 mmol m>d™', with an
average of 25.4 mmol m~2d™". As with the DBL thickness,
the diffusion flux varies with a factor of 3.5 over one tide
period. The DBL obtained from dissolved oxygen is also
applicable to other solutes, such as NO3 [26]. The traditional
calculation of diffusion flux, which sets DBL thickness (or
the concentration layer) order of magnitude at a centimeter,
cannot achieve a correct result. We conclude that the DBL
is critical to nutrient exchange flux at the SWI and nutrient
reproduction within the sediment.
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Figure 7 Relation between current mean velocity magnitude U and oxygen profile, during flood tide (a), slack tide (b), ebb tide periods (c).
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Figure 8 (a) Scatter diagram of DU~ !in the BBL versus DBL thickness dpgy, with straight line showing the relationship fit; (b) time series of fitted (hollow

diamond) and measured values (solid circle) of DBL thickness.

(2) Dynamic forcing in the BBL significantly affects
DBL thickness and diffusion flux. Oxygen concentration is
positively related to the current mean velocity in the BBL.
Over an intertidal mudflat, DBL thickness is controlled by
the current velocity U in the BBL, per oJpg.=1686.1
DU '+0.1 (D is the molecular diffusion coefficient). That is,

DBL thickness Jpg| increases with decreasing flow speed U.

This formula supplements the Batchelor scale (Lg=
2n(vD*e)"™) [27], which is used to describe DBL thickness
in systems where turbulence controls this thickness [18]. It
is interesting that the variation of BBL thickness follows the
speed [23,24,28], contrary to the DBL finding. The varia-
tion of diffusion flux may be interpreted by two mecha-
nisms, which are responses to the change of water overlying
the sediment and the turbulent intensity.

Intertidal mudflats are influenced by the rise and fall of
periodic tides. Dynamic mechanisms of variation in DBL
thickness and diffusion flux are different from those in the
open ocean. Future in situ measurements will be made in
such ocean areas.
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