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Introduction

Definition and Relevance of the Benthic

Boundary Layer

The benthic boundary layer (BBL) of lakes, reservoirs,
and rivers constitutes that part of the water column that
is directly influenced by the presence of the sediment–
water interface. Similar to the surface mixed layer, it
represents a hot spot not only of dissipation of kinetic
energy, but also of biological activity and of geochemical
transformation processes. These different processes are
strongly coupled and interactwith each other:While the
hydrodynamic conditions are modified by biological
activity, which changes the structure of the sediment
surface, the release of dissolved solids from the sediment
can modify the density stratification in the BBL. More-
over, the actual sediment surface cannot always be
regarded as rigid since the BBL flow does not only
modify the structure of the sediment surface, but it can
also bring sediment particles into suspension,whereas at
other sites or at other times, the particles resettle.
The BBL definition provided here and the more

detailed discussions later explicitly refer to direct
influences of the sediment surface. From a more gen-
eral point of view, the BBL is of great importance for
the entire water body, almost independent of the

dimensions of the basin. Strong turbulence and mix-
ing along the boundaries are known to be important
for vertical mixing, and transport on a basin scale and
biogeochemical processes at the sediment surface or
within the sediment effect the distribution of relevant
water constituents on scales much larger than the
actual dimensions of the BBL. These larger-scale
effects, however, require additional transport pro-
cesses for energy and matter into or out of the BBL
and are considered elsewhere.

A major characteristic of the BBL is the magnitude
and the temporal dynamics of the physical forcing,
i.e., the current velocity at the top of the BBL.
Although in most rivers this forcing can be regarded
as a steady-state unidirectional flow, its nature in
deep and stratified lakes and reservoirs is more com-
plex. In these, usually stratified, water bodies the
major energy is provided by surface waves in the
shallow littoral zone, by high-frequency internal
waves at the depth of the thermocline and by basin-
scale internal waves (seiches or Kelvin and Poincare
waves) in the hypolimnion. Hence, the magnitude and
temporal dynamics of the different forcing mechan-
isms range from current velocities of some 10 cm s�1

and time scales of seconds for surface waves, to typical
current velocities of a few centimeters per second and
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time scales of several hours to days for basin-scale
internal waves (Figure 1).

Structure of the BBL

The BBL can be structured vertically according to the
physical processes governing the vertical transport of
momentum and solutes (Figure 2). In an outer layer
(turbulent BBL) up to several meters above the sedi-
ment surface, this transport is governed by turbulent
eddies and the associated mixing rates are high. While
approaching the sediment surface down to scales
where viscous forces suppress overturning turbulent
motions, the vertical transport of momentum is gov-
erned by molecular viscosity and a viscous sublayer
with a typicalheight ofO(1 cm)develops.The exchange
of heat and dissolved solids and gases is eventually
controlled by a diffusive sublayer with a height of O
(1mm) directly at the sediment–water interface.
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Figure 2 Idealized structure of the BBL on a flat

sediment surface. Note that the heights provided by the

logarithmically scaled axis represent order of
magnitude estimates for typical conditions found in inland

water bodies.
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Figure 1 Typical near-bottom current velocities measured at various locations (depths) in a large Lake (Lake Constance) emphasizing

the different periods and magnitudes of BBL forcing. (a) A schematic cross-section of the lake with the three sampling sites indicated by

numbers. Near-bottom current velocities induced by surface waves at 1-m depth are shown in panel (b). Typical periods of surface
waves in lakes are in the order of seconds. (c) Near-bottom current velocities measured at the depth of the seasonal thermocline (10-m

depth). The observed current velocities are driven by propagating internal waves with periods between 8 and 20min. Near-bottom

currents at 100-m depth (d) are mainly driven by basin-scale internal waves. The major period of about four days is associated with a

Kelvin wave. Note that several other basin-scale modes of oscillation (e.g., 12 h) are superimposed on this four-day period.
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The Transport of Momentum

The Turbulent BBL

The equatio n for total average shear stre ss t in a
turbul ent bounda ry layer is

t ¼ m
d u

d z 
þ �u 0 w 0 ½ 1�

where m is dyna mic viscosi ty, du /dz is the vert ical
velocit y gradient, u0 an d w0 are the fluctuat ing hor i-
zontal and vertica l velocitie s, and the overbar deno tes
tempo ral averag ing. While the fir st term on the right
descr ibes viscou s shear, the second term is related to
mom entum transp ort by turbul ent veloc ity fluctua-
tions. In most aquati c systems , the Reyn olds number
associat ed wi th near-bottom flows is suff iciently high
to susta in a turbul ent bounda ry layer. Under such
condit ions, the first term on the right-hand side of
eqn [1] may be negligi ble and turbu lent shear stre ss is
likely to domi nate the shear stress comput ation.
On the basis of dim ensional argum ents, it can be

assum ed that the shear stre ss, t , on the sediment
surfa ce is related to the cu rrent speed at a certain
height above the sedi ment:

t ¼ � CD U 
2
1m ½ 2�

where r is the density, CD an empirical constant
(� 1. 5 � 10 –3), the so-called drag coefficient, and U1m

refers to the current speed measured at a height of
1 m above the sediment surface. Note that CD depends
on the reference height where the current speed was
measured and a standard height of 1 m is assumed
from now on. The bed shear stress t is assumed to be
constant throughout the boundary layer (constant
stress layer) and it is used to define a turbulent velocity
scale u*, the so-called friction velocity:

u� ¼
ffiffiffi
t
�

r
½ 3�

Dimensional analysis can then be used to deduce the
velocity distribution u(z) near the sediment surface,
where z is the distance from the sediment surface. For
a layer far enough from the boundary so that the direct
effect of molecular viscosity on the flow can be
neglected (the outer layer), the analysis results in

u ðz Þ ¼ u�
k

ln
z

z0
½ 4�

where k � 0.41 is von Karman’s constant and z0 is the
roughness length, which is related to the drag coeffi-
cient in eqn [2] by

C1m ¼ k
ln ð1m Þ �  ln ðz0 Þ

� �2

½ 5�

and will be discussed later.

Equa tion [4] is called ‘law of the wall,’ and by
assum ing a local stea dy-state equ ilibrium between
produ ction an d diss ipation of turbu lent kinet ic
energy (TKE), it can be used to estim ate the vertical
distri bution of the turbul ence dissipat ion rate e

e ¼ u 3�
kz 

½ 6�

Thus , in analogy to the wind -forced surfa ce laye r,
the level of turbul ence increase s with de creasing dis-
tance from the bounda ry. This incr easing turbulence
leads, a gain in analogy to the surfa ce mix ed laye r, to
the develo pment of a well-m ixed bounda ry layer of
up to several meters in height.

The Viscous Sublayer

It should be noted that eqn [4] is strict ly valid for
turbul ent flows only for which the vertical trans port
is governe d by casca ding turbulent eddies. The maxi-
mum (vertical ) siz e of the turbul ent eddie s is deter-
mined by the distance from the sedi ment surfa ce, and
by approachi ng the sedi ment surface down to scales
where overtu rning turbul ent motions are suppres sed
by the effect of molecul ar viscosi ty, the momentum
trans port becom es governe d by viscous forces (first
term on the right -hand side of eqn [1]). Within this
layer, which is called the visco us sublayer, curre nt
shear becom es consta nt an d the resul ting lin ear veloc-
ity pr ofile can be descr ibed by

u ðz Þ ¼ u 2�
n
z ½ 7�

On a smooth sediment surfa ce, the viscous su blayer
extends to a height dn of abo ut 10n/ u* , which is
compar able to the Kol mogorov microsc ale descr ibing
the size of the small est turbul ent eddies (typical ly O
(1 cm) , cf. Figure 2 ).

Since viscosity is reduced to its molecular value,
current shear within the viscous sublayer is greater
than that in the turbulent layer above (cf. Fi gu re 3 ),
a fact which has major consequences for organisms
living within the viscous sublayer on the sediment sur-
face because they have to withstand these strong shear-
ing and overturning forces. It is further interesting
to note that an appreciable amount of energy entering
the BBL is dissipated within this layer (about 40%).

Effects of Bottom Roughness

The roughness length z0 in eqn [3] determin es the
effective height above the bottom z at which the
current velocity approaches zero. It is determined by
the topographic structure of the sediment surface and
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hence by the typi cal height, width, and sp acing of
individual roughness elements on a stat ionary bed.
When the scale of these roughn ess element s zS is on
the order of the height of the viscous sublay er dn or
less, z0 is solely de termined by dn and z 0 � 0.1 n /u *.
This flow regime is called smoot h. When the size of
the roughn ess element s exceed s dn, the flow regime is
called rough an d the corre spond ing rou ghness lengt h
is give n by z0 � z S/30. Note that the drag coeffic ient
CD � 1.5 � 10 –3 provide d earlie r (eqn [2]) co rre-
spond s to a roughn ess length z0 � 2.5 � 10–5 m
(eqn [5]) and hence is valid for smoot h flows unles s
u* excee ds 0.4 m s � 1 or U 1m  exceed s 10 m s � 1 .
In add ition to the shear stress derived from visc ous

forces as descr ibed ab ove (the so-ca lled skin frictio n),
larger-scale rou ghness element s can cause a form
drag , whi ch results from pressu re gradi ents between
the upstre am and downstrea m side of particul ar
rough ness element s. Al though skin friction is impo r-
tant for the low er part of the turbulent BBL and for
the viscou s sublayer, form drag resul ting from , e.g.,
ripples, sand waves, or submerged vegetati on is more
impo rtant for the uppe r part of the turbul ent BBL and
for the total drag on flow. When form drag is signifi-
cant, the turbul ent BBL may co nsist of more than one
logar ithmic laye r, descr ibed by different ro ughness
length s z0 , respe ctively.

Oscillatory Boundary Layers

The turbul ent BBL equ ations derived here are based
on stea dy-state condit ions, i.e., on a local balanc e
between prod uction and dissipation of TKE, which
is in equilibr ium with the ap plied forcing. As
descr ibed lat er, howev er, many forcing mec hanisms

for near-botto m flows are rela ted to surfa ce or inte r-
nal waves and are hence associat ed with oscillator y
flows. Well ab ove the visc ous sublay er, such oscilla-
tory BBL show, similar to the effect of form drag,
devia tions of the of the veloc ity distribu tion from its
stead y-state logar ithmi c patte rn. One maj or ch arac-
teristic of oscillator y BBL is a pr onounced maximum
of the curre nt speed at some decimet ers or meters
above the bed. The analytic al solution to this pro blem
(Rayle igh flow or Stokes ’ second pro blem) is an expo-
nentia lly damped vert ical oscillati on of the curre nt
profile with a vert ical wave number of

ffiffiffiffiffiffiffiffiffiffiffi
o =2n

p
,

where o is the forci ng freque ncy an d n the turbulent
viscosi ty, which , howev er, is a funct ion of time and
distan ce from the sediment surfa ce. Depend ing on the
overal l en ergetics of the BBL flow, charac terist ic cur-
rent speed maxi ma at 2–3 m above the bed could be
observe d in lakes wher e the internal wave forcing had
a peri od as long as 24 h. Anot her majo r conseque nce
of oscillator y BBL is that the maximum in turbulent
intensi ty near the bed does not coinc ide with the
maximum of the curren t speed, at the top of the BBL.

Stratified BBL

Effects of Density Stratification

Density stratification affects turbulent mixing in the
outer layer by causing buoyancy forces that damp or
even suppress overturning turbulent eddies. The verti-
cal distribution of velocity and turbulence described
earlier for unstratified BBL may hence change signifi-
cantly under stratified conditions. In addition, the ver-
tical structure of density stratification along with the
presence of sloping boundaries can introduce addi-
tional mixing phenomena in BBL of enclosed basins.

Similar to the surface mixed layer, increased produc-
tion of TKE along the boundaries of a water body often
leads to the generation and maintenance of a well-
m ixe d BBL of he ig ht hmix. On a flat bottom (away
from the slopes) and where a logarithmic boundary
layer occurs, hmix can be estimated by applying scaling
laws from the wind-mixed surface layer

hmix ¼ 23 =4
u�ffiffiffiffiffiffi
Nf

p ½ 8�

where u* is the friction velocity in the BBL (eqn [2]), N
is the Brunt–Vä isä lä frequency, and f is the Coriolis
parameter. In small- to medium-sized water bodies,
where the effect of Earth’s rotation is unimportant, f
has to be replaced by the respective forcing frequency,
e.g., the frequency of internal seiching.

In productive water bodies, in particular, the sedi-
ment can be a significant source of remineralized nutri-
ents as a result of microbial degradation of organic

z

0

Linear

Logarithmic

Viscous sublayer
u

Figure 3 Velocity distribution above a smooth and rigid
bottom (solid line). Within the viscous sublayer the velocity

u increases linearly with distance from the sediment surface z .

Above the viscous sublayer the velocity distribution follows
the law of the wall (eqn [4]) and increases logarithmically with

distance from the surface. Extrapolated continuations of the

linear and logarithmic velocity distributions are shown as

dashed lines.
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matter at the sediment surface or within the sediment.
The diffusion of solutes a cross the sediment–water
interface (see Solute Transport and Sediment–Water
Exchange section) has the potential to set up density
stratification within the BBL, which could suppress
turbulent m ixing. Hence, whether or not a t urbu-
lent and mixed BBL can be developed and main-
taine d depends not on ly on the amount of available
TKE, w hich i s typically extracted from basin-scale
motions, but also on the buoyancy flux from the
sediment that has to be overcome by turbulent mix-
ing. Geothermal heating, in contrast, can result in
unstable stratification and convective mixing in the
BBL. A mean geothermal heat f lux of 46 mW m� 2

results in a mean vertical temperature gradient of
about � 8 � 10 –2 Km� 1, which can be observed when
the BBL is chem ically stra tified and turbu lent mixing
is sup pressed.

2-Dimensional Mixing Processes in

Enclosed Basins

The occurr ence of mix ed BBL (in terms of density) is a
straight con sequenc e of the applicat ion of a zero-fl ux
bounda ry co ndition at the sedi ment surface, i.e. , no
exchange of heat and dissolve d solids across the
sediment –water interfa ce. This bounda ry con dition
forces the isopyc nals (or isotherm s if density changes
are mainly caused by temp erature) to interse ct the
bounda ry at a right angle, leadin g to a mi xed density
or tem perature pro file in the vicinity of the bound-
ary. Enhanced mi xing along the bounda ries is thus
not a neces sary requi rement for the developme nt of
such mi xed laye rs. Alon g the sloping bounda ries of

enclosed basins, these mixed BBL cause horizontal den-
sity gradients and hence drive horizontal currents – a
process which is believed to have important con-
sequences for basin-wide diapycnal transport.

Measur emen ts, howev er, ha ve revealed that hmix is
not consta nt along the sloping bounda ries, as demon-
strated in Figure 4. There the uppe r limi t of the mixed
BBL can be defi ned by the depth of the 5 � C isoth erm
(chemi cal stra tificatio n can be negle cted in this pa r-
ticular lake), leadin g to hmix ’ 2.3 m in the central
part of the lake, wher eas hmix � 1 m further up on the
slope s ( Figure 4(b) ). The prono unced tilt of the iso-
therms in Figure 4(a) furt her emphasiz es the impo r-
tance of ba sin-scale inte rnal waves for local estim ates
of hmix on the slope s because the associat ed currents
push the well-m ixed BBL from the central part of the
lake up and down the respective slopes during the
course of the seiching.

The flow within the BBL remains parallel to the
sediment surface on the sloping boundaries because
the vertical velocity component must vanish at a rigid
surface. Hence the flow is no longer in parallel to the
isopycnals (or isotherms in Figure 4(a)) and, in com-
bination with the fact that the flow velocity is increas-
ing with increasing distance from the sediment
surfa ce (eqn [4]), con vective inst abilities can occur
on the slopes when heavi er wat er is moved on top
of lighter water. Unstable stratification, as shown
in the inset of Figure 4(b), can only be generated
when the current is directed up-slope, a down-slope
current leads to a stabilization of the BBL by the same
principle. Thus, in a periodic, internal wave-driven
flow, stratified and convectively mixing BBL occur
alternately on the two opposing slopes of the water
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stratification observed in the BBL of profile 2. Panel (a) is adopted from Lorke A, Wüest A, and Peeters F (2005) Shear-induced

convective mixing in bottom boundary layers on slopes. Limnology and Oceanography 50: 1612–1619, with permission from American
Society of Limnology and Oceanography.
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body. This shear-induced convection provides an
additional source for mixing in BBL on slopes. Its
general importance for BBL turbulence, however, is
not yet fully understood.

Turbulence Induced by Internal Wave Interactions

with Bottom Boundaries

Turbulence production in stratified regions of lakes is
linked with instabilities in the internal wave field.
A considerable portion of the turbulence occurs within
or near the BBL and can be due to internal wave break-
ing at critical frequencies or internal wave steepening.
Recent studies have shown that the form and degree of
nonlinearity of internalwaves in the thermocline can be
predicted from the Wedderburn and Lake numbers,
two dimensionless indices which indicate the balance
between buoyancy forces and shear forces and which
further take into account basin morphometry. As illu-
strated in Figure 5, the hypolimnion is also an internal
wave fieldwith similarwave forms to those observed in
the thermocline. When Lake numbers, LN, drop below
3, turbulence associated with the internal wave field
increases (Figure 5). Thus, not only is turbulence
induced in the thermocline when nonlinear waves
form, but also in the hypolimnion with the greatest
increases in the BBL. Values of the coefficient of eddy

diffusivity increase 1–3 orders ofmagnitude abovemo-
lecular. In small lakes, flow speeds in the BBL increase
from a few millimeters per second to 	2 cms�1 with
the decreases in Lake number.

Solute Transport and Sediment–Water
Exchange

The Diffusive Sublayer

In the immediate vicinity of the sediment surface,
the vertical transports of momentum and solutes
(dissolved gases, solids, and heat) are reduced to
their respective molecular levels, as described above.
In analogy to the viscous sublayer, where momentum
transport is governed by molecular viscosity, a diffu-
sive sublayer exists, where the vertical transport of
heat and solutes is governed by molecular diffusion.
Since the molecular diffusivity of solutes D is about 3
orders of magnitude smaller than the molecular vis-
cosity n (the Schmidt number Sc, defined as Sc ¼ n/D,
is about 1000), the height of the diffusive sublayer dD
is with dD ¼ O(1mm) considerably smaller than the
height of the viscous sublayer dn (Figure 2). A typical
profile of dissolved oxygen concentrations measured
through the sediment–water interface is shown in
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Figure 5 Isotherms illustrating the internal wave field in the hypolimnion of Toolik Lake, Alaska, prior to and after wind forcing

increased to 9ms�1 (day 195.6) and the Lake number decreased to 1.5. Isotherms are at 0.1 �C intervals with uppermost isotherm 6 �C.
Thermistors were 80 cm apart between 10.2 and 12.6 m depth and 2m apart deeper in the water column. Deepest thermistor was within

50 cm of the lake bottom. Increased temperature fluctuations after LN decreases below 1.5 are indicative of turbulence either beginning

or increasing in the lower water column (unpublished data, S. MacIntyre).
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Figure 6. Although turbul ent transp ort is alre ady
suppres sed within the viscous sublay er, stra ining of
concent ration grad ients by viscou s shear resul ts in an
efficient vertica l trans port of solut es an d to typically
well-m ixed solute distribu tions withi n most of the
viscou s sublay er. Concentra tion gradients are hence
compr essed to the diff usive su blayer ov erlaying the
sediment surfa ce and the consta ncy of the mol ecular
diffusi vity results in a linear co ncentratio n grad ient C
( z ) (Figure 6). At the top of the diffusiv e bounda ry
layer, the concentrat ion gradient decreases gradually
to zero and the solut e concent ration reache s its con-
stant bulk value C1 .
Within the sedi ment, mol ecular diffu sivity is re-

duced by the por osity (reducti on of surfa ce area)
and by turtosit y (increas e of diffusi on path lengt h),
and the concent ration profi le is add itionally deter-
mined by chemica l and microbi al producti on an d
loss proces ses. In the case of oxy gen ( Figure 6), a
reaction– diffu sion mod el with rathe r simple zero-
order kinet ics of oxygen con sumption resul ting in a
parabo lic oxy gen profile provide s surprisi ngly go od
agree ment with measured oxy gen distri butions .
The fluxe s F of solut es through the diff usive bound-

ary laye r can be deri ved from Fick’s first law:

F ¼ D

dD
ðC1 � C0 Þ ½9�

where C0 is the solute con centratio n at the sediment
surfa ce. Hence, for a give n concent ration gradi ent
( C1 � C 0 ) and by ignorin g the temperat ure depen-
dence of the molecul ar diffusivit y, the magnitude of
the flux is deter mined by the thickn ess of the diff usive
sublayer dD. It has been demonstrated in numerous

laboratory and field measurements that dD depends
strongly on the flow regime in the turbulent BBL
above. With increasing levels of turbulence (e.g.,
with increasing u*) the diffusive boundary layer
becom es more compr essed, an d according to eqn
[9], the fluxe s increase . The thick ness of the diff usive
sublayer can be related empirically to u* or to the
thickness if the viscous sublayer, which in turn is
related to u*, as described earlier:

dD ¼ d�Sca ½10�
where the Schmidt number Sc accounts for the differ-
ent kind of ‘solutes’ (e.g., heat or dissolved oxygen)
and observed Schmidt number exponents a range
between 0.33 and 0.5. As u* is not always an appro-
priate parameter for describing BBL turbulence (e.g.,
in oscillatory BBL or in the presence of form drag or
density stratification), dD can also be described in
terms of the Batchelor length scale, which describes
the size of the smallest fluctuations of a scalar tracer
in turbulent flows as a function of the turbulence
dissipation rate.

It is most interesting to note that the sediment–water
exchange in productive water bodies is often flux-
limited by the ‘bottleneck’ of the diffusive sublayer
and that it is actually the wind acting at the water sur-
face that provides energy for turbulencewithin the BBL
and hence effects the magnitude of the sediment–water
fluxes by controlling the thickness of the diffusive
sublayer.

Effects of Small-Scale Sediment Topography

Increased roughness of the sediment surface (e.g., due
to biological activity) affects the sediment–water
exchange by increasing the mass and momentum
transfer as well as by increasing the surface area of
the sediment–water interface. Detailed observations
have demonstrated that the diffusive sublayer tends
to smooth out topographic structures that are smaller
than the average height of the sublayer, but smoothly
follows larger roughness elements (Figure 7). The
detailed structure of the oxygen distribution within
the diffusive sublayer is then not only determined by
diffusion (normal to the local sediment surface) but
also by advection with the flow (in parallel to the
local sediment surface) and it can be expected that
the degree of smoothing increases with decreasing
flow velocities. Detailed comparisons of measured
3-dimensional fluxes over rough topography with
the fluxes calculated from the respective average dif-
fusive sublayer heights and concentration gradients
are enhanced by factors up to 49%. It must be noted,
however, that fluxes estimated from concentration
profiles measured at one particular location on a
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constant oxygen concentration above the diffusive sublayer.
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rough sedi ment surfa ce can sever ely overes timate or
underes timat e the averag e flux, as demons trated in
Figure 7.

Nondiffusive Fluxes

Besides the diffusive fluxes, there exist several addi-
tional pathways for the exchange of solutes across the
sediment–water interface. Convectively driven trans-
port of pore water through the interface can occur in
shallow waters where shortwave solar radiation pene-
trates the water column to the sediment surface and
heats the sediment. Similarly, changes in temperature of
the water overlaying the sediment surface, e.g., due to
internal waves in stratified water bodies, have been
observed to drive convective transport across the
sediment–water interface. The existence of larger
roughness elements, such as ripples, on permeable sedi-
ments can further result in advective pore water
exchange driven by pressure differences. Higher
dynamic pressure at the upstream side of such topo-
graphic structures give rise to the transport of water
into the sediment, whereas the lower pressure at the
downstream side sucks pore water out of the sediment.
Bioturba tion and bio i rriga ti on a re p roc esses b y

whic h b enthic fauna or flora enha nc es the se diment–
wate r exchange. Wherea s b ioturbation mainly re fers to
the d ispla ceme nt and mixing of sediment particles b y,
e.g ., w orms, biv alves , or fish, b ioirr igation re fers to the
flu shin g an d a ct ive v en tila ti on of b urr ow s w ith wa ter
from above the sediment surfac e. Th es e pr oce sses are

particularly important in oligotrophic water b odies
whe re the s edime nt surface r emains oxic and provides
suitable conditions for a dive rse b enthic fauna . In more
eutrophic syst ems the e manation of ga s bubbles (ma inly
methane o r car bo n d ioxide ) w hich are form ed b y b io-
ge nic production and a re sulting supers aturation of
pore  water with these gases may have  similar effects.

In Situ Flux Measurements

The sedi ment oxy gen demand or the release of nutri-
ents from the sediment can be of major importanc e
for the ov erall pr oductivity an d for the geochem ical
compos ition of a pa rticular water body and qua nti-
ficatio n of sediment –water fluxe s is ofte n esse ntial
for unde rstand ing biogeoc hemical cycles withi n the
water co lumn. As these fluxes depend strong ly on
the hydrodynamic conditions in the BBL and as
these conditions have a strong spatial and temporal
dynamics, in situ measurements are often desirable.
The measurement of concentration profiles through
the sediment–water interface capable of resolving the
diffusive sublayer are one way for estimating the
fluxes. From a measured profile of dissolved oxygen,
as shown in Figure 6, the sediment–water flux can be
readily estim ated by applyin g eqn [9]. Such measu re-
ments are carried out using microelectrodes, which
are available for a large number of solutes, mounted
on a benthic lander system. However, there are
two major problems associated with this method:
First, although these microelectrodes have tiny tip
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Figure 7 Horizontal transect along the direction of flow showing how the upper limit of the diffusive sublayer (solid line with data

points) follows the surface topography of a microbial mat. The diffusive sublayer limit was defined by the isopleth of 90% air saturation
of oxygen. Notice different vertical and horizontal scales. Flow velocity at a height of 1 cm was 4cm s�1. Numbers indicate specific

measuring positions discussed in the original publication. Reproduced from J�rgensen BB and Des Marais DJ (1990) The diffusive

boundary layer of sediments: Oxygen microgradients over a microbial mat. Limnology and Oceanography 35:1343–1355, with

permission from American Society of Limnology and Oceanography.
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diamete rs (dow n to 10 m m or les s for oxy gen sensor s),
they were demons trat ed to disturb the concentrat ion
distri bution withi n the diffu sive bounda ry laye r whi le
profili ng. The second and more severe pro blem
results from the complexi ty of the spatial dist ribution
of the fluxes resulti ng not only from the small-sc ale
sediment top ography (cf. Figure 7) but also from the
strong ly localized effects of advect ive por e water
exchange an d biotur bation . To overcome these pro-
blems, the flux can be measu red withi n the turbulent
BBL at some distance from the actual sediment sur-
face. By negle cting any source s or sinks within the
water column between the sampli ng vo lume an d
the sedi ment surfa ce, this flux represent s an a real
averag e of the sedi ment–w ater flux includ ing all non-
diffusi ve flux contrib utions. The turbul ent flux Fturb
is determi ned by the cross -corr elation of turbulent
vertica l veloc ity ( w0 ) and turbul ent concentrat ion
( C0 ) fluc tuations:

Fturb ¼ w 0 C 0 ½ 11�
where the overbar denotes tempo ral averag ing.

Particle Dynamics

BBLs are often ch aracterized by enha nced concentra-
tions of suspende d particl es as co mpared to the water
colum n above. Such nep heloid laye rs a re genera ted
by resusp ension of particl es from the sedi ment sur-
face and subseque nt upwar d trans port. The potent ial
of a turbulent flow to entra in sediment pa rticles of
size D is ofte n described in a Shields diagr am where
empiri cal thres holds of sediment motion are provide d
as a function of a nondimensional shear stress
y ¼ ru2�=ððrp � rÞgDÞ and a particle Reynolds num-
ber Re� ¼ u�D=n, in which rp is the particle density
and g the gravitational constant. The y can be inter-
preted as the ratio between the lift force provided by
the turbul ent shear stre ss defi ned in eqn [3] and the
gravitational force acting on the particle. While in
suspension, the fate of the particle is determined by
the balance between upward transport by turbulent
diffusion and Stokes settling.
The quantitative characterization of resuspension

and particle transport, however, is often complicated
by cohesive properties of the particles. Cohesive par-
ticles require greater shear stresses to become resus-
pended; moreover, they tend to form aggregates when
in suspension, which alters their settling velocities.
The resuspension–settling cycles increase the con-

tact area between particle surfaces and water and
thus enhance the fluxes from and to the particles.
In addition, suspended particles contribute to
water density and locally enhanced resuspension,

generated, e.g., by high near-bottom current veloci-
ties in the littoral zone or at the depth of the thermo-
cline (cf. Figure 1), may lead to the formation of
turbidity currents.

Glossary

Dissipation rate of TKE – Rate of dissipation of TKE
per unit volume of water and per unit time. This
energy is dissipated into heat by internal friction
among fluid elements described by viscosity.

Nepheloid layer – Particle-rich layer above the
sediment. This layer is sustained by a balance be-
tween gravitational settling and turbulent vertical
diffusion counteracting it.

Pore water – Water that fills the interstitial space
between sediment grains.

Reynolds number – The dimensionless Reynolds
number Re is the ratio of inertial to viscous forces
acting on a fluid element, obstacle in the flow, or
submerged organism and describes the transition
from laminar to turbulent flow regimes.

Shear stress – Force per unit area acting in parallel
(tangential) to the surface of a fluid element or
interface (e.g., bed shear stress).

Turbulent eddies – Turbulence is composed of eddies:
patches of zigzagging, often swirling fluid, moving
randomly around and about the overall direction of
motion. Technically, the chaotic state of fluid motion
arises when the speed of the fluid exceeds a specific
threshold, below which viscous forces damp out the
chaotic behaviour (see also Reynolds number).

Turbulent kinetic energy – Kinetic energy per unit
volume of water, which is contained in the random
fluctuations of turbulent motions. Turbulent veloc-
ity fluctuations u0 can be separated from the mean
current velocity �u by Reynolds decomposition of the
actual velocity u (u ¼ �u þ u0). Turbulent kinetic
energy (TKE) is then defined by, TKE ¼ 1=2ru02,
where r denotes density of water.

See also: Biological-Physical Interactions; Currents in
Rivers; Currents in Stratified Water Bodies 1: Density-
Driven Flows; Currents in Stratified Water Bodies 2:
Internal Waves; Currents in Stratified Water Bodies 3:
Effects of Rotation; Currents in the Upper Mixed Layer
and in Unstratified Water Bodies; Density Stratification
and Stability; Flow Modification by Submerged
Vegetation; Small-scale Turbulence and Mixing: Energy
Fluxes in Stratified Lakes; The Surface Mixed Layer in
Lakes and Reservoirs.
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