
Small-Scale Turbulence and Mixing: Energy Fluxes
in Stratified Lakes
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Introduction

Density Stratification and Mixing – the Basin Scale

Nearly all lakes, reservoirs, and ponds that are deeper
than a few meters, experience cycles of density stratifi-
cation and destratification. Most important for this
variation is the temperature-dependence of water
density. During spring/summer – or the wet season in
the tropics – the water is heated from above and a
surface layer (SL: typically a fewm thick) with warmer
and hence lighter water develops on top of the cooler
and heavier water below (Figure 1). In addition,
although more important in saline lakes than freshwa-
ter ones, biological and hydrological processes may
strengthen the density stratification by generating a
vertical gradient in the concentration of dissolved sub-
stances (salinity). The resulting stratification is usually
depicted by a strong density gradient (also called
pycnocline), separating the SL from the deeper reaches
of the water column (indicated as metalimnion and
hypolimnion in Figure 1). Mixing of heavier water
from greater depth with lighter water from the SL
implies that water parcels of different densities are
exchanged in the vertical direction (Figure 2). It is
evident that mechanical energy is needed to move
these water parcels against the prevailing density gradi-
ent, which forces lighter water up and heavier water
down. The amount of energy needed to overcome ver-
tical density stratifications is therefore determined by
the potential energyDEpot (Figure 1) stored in the strati-
fication.DEpot is calculated from the vertical separation
of the centre of volume of the water body and its cen-
ter of mass. Density stratification results in a lowering
of the centre of mass by the vertical distance DhM
(Figure 1) and the energy needed to overcome the strat-
ification and to mix the entire water column is
DEpot ¼ HrgDhM (Jm�2), where H is the average
depth of the water body, g is the gravitational accelera-
tion, and r is the density. Density stratification thus
imposes stability on the water column and reduces – or
even suppresses – vertical mixing.
Besides convective mixing in the SL – caused by

seasonal or nocturnal surface cooling – in most lakes
and reservoirs, the major source of energy for vertical
mixing is the wind, whereas river inflows usually play
a minor role (Figure 1). As water is 800 times denser
than air and as momentum is conserved across the
air–water interface, SLs receive only about 3.5% of
the wind energy from the atmosphere above. Surface

waves transport a portion of this energy to the shore
where it is dissipated; the remaining energy causes
large-scale currents, with surface water flows of
1.5–3% of the wind velocity. Moreover, surface
currents cause a stratified water body to pivot with
warm water piling up at the downwind end (causing
downwelling) and deep-water accumulating at the
upwind end (causing upwelling). After the wind
ceases, the water displacement relaxes and various
internalwaves develop – including basin-scale seiches –
inducing motion even in the deepest layers.

These deep-water currents are usually one order
of magnitude less energetic than those in the SL.
Typical deep flows of a few centimeters per second
(or �1 Jm�3) with energy dissipation of less than
1mWm�2 are able to reduce the potential energy of
the stratification by only�0.01–0.05mWm�2. Com-
pared to the potential energy stored in the stratifica-
tion (order of 1000 Jm�2; Figure 1) it would take
much longer than one season to entirely mix a mod-
erately deep lake. This implies that wind energy input
(Figure 1) forms the vertical hypolimnion structure at
times of weak stratification (beginning of the season),
whereas the wind is not able to substantially change
the vertical structure once the strong stratification is
established. Therefore, in most regions on Earth, only
very shallowwaters (less than a fewmeters deep (such
as Lake Balaton, Hungary) are found to be entirely
nonstratified, even during the summer season. The
majority of lakes and reservoirs deeper than a few
meters are thus only ‘partially’ mixed to a limited
depth, which is basically defining the SL. For those
lakes that show a pronounced SL, its maintenance is
mostly supported by night-time cooling. In this arti-
cle, we focus on the ‘limited’ mixing below the SL,
which occurs in the metalimnion and hypolimnion
(Figure 1).

Density Stratification and Mixing – the Small Scale

The same concepts of stability and mixing – described
in the preceding section for the entire water body – also
apply locally within the water column for small-scale
vertical mixing of stratified layers. Local stability of
the density stratification is quantified by the Brunt-
Väisälä frequency (also buoyancy frequency) N (s�1),
defined by:

N 2 ¼ � g
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Figure 2 The effect of turbulent mixing in a stable stratification: if the vertical gradient of horizontal currents (current shear @ u =@ z ) is
stronger then the stability of the water column (eqn. [1]), Kelvin Helmholtz instabilities can develop (top of middle panel) bringing warmer

(lighter) and cooler (heavier) water in close proximity (bottom of middle panel). Finally, heat (or any other water constituent) is mixed by

molecular diffusion across the manifold small-scale interfaces, which are generated by turbulence. The turbulent exchange of small
water parcels leads to a fluctuating vertical heat flux (see example in Figure 3 ) which averages to a net downward heat flux. As a result,

the original temperature profile (left) is modified (right): the gradient is weakened and expanded vertically with heat transported from top

to bottom, and density vice versa, across the interface. Figure after the idea of Winters KB, Lombard PN, Riley JJ, and D’asaro EA (1995)

Available potential-energy and mixing in density-stratified fluids. Journal of Fluid Mechanics 289: 115–128. Experiments were first
performed by Thorpe SA (1973) Experiments on instability and turbulence in a stratified shear-flow. Journal of Fluid Mechanics 61:

731–751; and the phenomenon of sheared stratification in lakes was reported by Mortimer CH (1952) Water movements in lakes during

summer stratification; evidence from the distribution of temperature in Windermere. Philosophical Transactions of the Royal Society of

London B: Biological Sciences 236(635): 355–398; and by Thorpe SA (1977) Turbulence and Mixing in a Scottish loch. Philosophical
Transactions of the Royal Society of London A: Mathematical Physics and Engineering Sciences 286(1334): 125–181.
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Figure 1 Energy fluxes (heat, wind, and river inflow; in red) into the water (W m�2) and energy content (heat, kinetic energy, potential

energy; in blue) stored in the lake water body (J m�2). Note that the energy fluxes and contents related to heat are many orders of

magnitude larger than those of kinetic and potential energy. The effect of mixing by the river is only local and less effective than wind.

The stratified part of the lake (below surface layer) has historically been divided into the metalimnion (see large stability, right)
and the deep hypolimnion (weak stratification) below. The lower water column can also be differentiated into an interior region

(away from the boundaries) which is quiescent except during storms and a bottom boundary layer where turbulence is enhanced.

Adopted from Imboden DM and Wüest A (1995) Mixing mechanisms in lakes. In: Lerman A, Imboden D, and Gat JR (eds.) Physics

and Chemistry of Lakes, vol. 2, pp. 83–138. Berlin: Springer-Verlag.
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z is the depth (positive upward). As a result of wind-
forced motions, a vertical gradient of the horizontal
current u (shear @ u =@ z ) is superimposed on the vertical
de ns it y g ra di en t @ r=@ z . Depending on the relative
strength of N compared to the current shear @ u =@ z
such a stratified shear flow may eventually become
unstable and develop into turbulence (Figure 2).
Although the large-scale (advective) motions are

mainly horizontal, the turbulent eddies are associated
with random velocity fluctuations in all three dimen-
sions (u0 , v0, w0 ). Turbulent kinetic energy (TKE)
(J kg� 1) is defined as the energy per unit mass of
water which is contained in these velocity fluctuations:

TKE ¼ 1

2 
ðu 02 þ v 02 þ w 02 Þ ½2�

In stratifi ed turbulence , the vert ical veloc ity fluctua-
tions w0 are of particul ar importanc e as they trans port
water parcels an d thei r content s in the vertica l direc-
tion ( Figure 3). The pro duct of the vert ical veloc ity
fluctuat ions w 0 an d the associat ed densi ty fluctua-
tions r0 descr ibes an instantane ous vertica l flux of

densi ty ( w0 r 0 (kg m � 2 s � 1)). Result ing from many
irregul ar an d uncorre lated fluctuat ions ( Figure 3)
the averag ed flux w 0 r0 leads to a net upwar d mass
flux, which is usu ally expres sed a s a buoy ancy flux Jb:

Jb ¼ � g

r
w 0 r0 ½ 3�

Theref ore, we can interpre t vert ical mi xing as an
upwar d flux of mass , whi ch causes a change of the
potent ial energy of the stra tificatio n ( Figures 1 and 2),
expres sed as a buoyan cy flux (eqn. [3]). The requ ired
energy origi nates from the TKE, which is itself
extra cted from the mean (ho rizontal) flow. Approxi-
mately 90% of the TKE, howev er, doe s not contrib-
ute to the buoy ancy flux (and hence to vertical
mixing) but is instead diss ipated into heat by visc ous
friction, without any further effect. By defining local
rates of production P (Wkg�1) and viscous dissipa-
tion e(Wkg�1) of TKE, the simplest form of TKE
balance can be formulated as:

@

@t
TKE ¼ P � e� Jb ½4�
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Figure 3 Time series of O2 concentration (thin line, a) and vertical velocity w0 (thin line, b; positive¼ upward), as measured 10cm

above the sediment in reservoir Wohlensee (Switzerland) at a frequency of 64Hz. Red lines indicate the temporally varying

averages, determined as running mean, whereas the black horizontal line marks the averages. Panel (c) shows the instantaneous

eddy flux – covariance of w0 and O2
0: The average downward O2 flux over the 30 s (�1900 data pairs) is �6.4mmolm�2 day�1. Data

source: Claudia Lorrai, Eawag.
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As mentione d above, the diss ipation rate is usually
much larg er than the buoy ancy flux, and hence the
mixing eff iciency gmix , whi ch is de fined as the ratio

gmix ¼ Jb
e

¼ � g r�1w 0 r0

e 
½ 5�

is much small er than 1. A num ber of studi es in stra-
tified lakes and rese rvoirs have revea led typi cal mix-
ing efficienc ies in the rang e of 10–15 %.

Density Stratification and Mixing – the Turbulent

Transport

The local flux of a wat er con stituent is given by the
produ ct of the velocit y times the concent ration . In
strati fied waters , the time-aver aged vertical veloc ity
is often close to zero (negl igible) and thu s, the vertical
fluxes stem only from the fluctuations of veloc ity and
concent ration, such as ex plained above for the vert i-
cal mass flux w 0 r0 caused by the turbul ence. This
concept holds for any oth er water constitue nt, such
as for oxy gen, as exemplifi ed in Figure 3, where the in
situ measu red w 0, O2 

0 and the prod uct w 0 O2 
0 is shown

for a 30-s- long record. Although the momentar y
fluxes up and down are almost of equal variati ons
and amount s, the a veraging w 0 O0

2 revea ls slightly
larger fluxes downw ards to the sedi ment, wher e the
oxygen is con sumed.
Unt il recently, direct measurem ents of turbu lent

fluxes had not been possi ble a nd there fore turbulent
fluxes in stratifi ed waters are commo nly expres sed
using the eddy diffusi vity concept . Appl ied to the
mass flux w 0 r0 it implies assum ing that (i) a well-
defined local den sity gradi ent @ r =@ z ex ists (due to
the stratifi cation) and (ii) the flux – in analogy to
molecul ar diffusi on – can be expressed by the eddy
(or turbulent) diffusivit y Kz (m 2 s �1 ) multip lied by
this local gradien t:

w 0 r0 ¼ � Kz
@ r
@ z 

½ 6�

In this formulat ion, Kz descr ibes the vertica l trans port
of den sity caused by turbul ent veloc ity fluc tuations
w 0 ov er a typical eddy distan ce L0 give n by the level of
turbul ence and the stre ngth of the strati fication.
Theref ore, in co ntrast to the molecul ar diffu sion pro-
cess, eddy diffusivit y is neit her a funct ion of medium
(water ) nor of the water co nstituents (particu late or
disso lved), but rathe r a property of the turbul ent flow
within the stra tified wat er itself. In particul ar, Kz

reflec ts the extent of the veloc ity fluctuat ions w 0 and
the eddy siz es L0 : Kz can be inte rpreted as the stat isti-
cal averag e w 0 L0 of a larg e number of eddie s, which
exchange small water parcels as a resul t of the turbu-
lent flow (Figure s 2 and 3).

In ad dition to density, all other water pro perties –
such as tem peratu re or substa nces – are trans ported
and mixed in the same way via the turbul ent exchange
of small eddies or parcel s of wat er ( Figure 3). The eddy
diffusi vity con cept can be applied to any dissolve d
or particulate su bstance and the associat ed vert ical
fluxes F can be readily estim ated in an alogy to
eqn. [6] by

F ¼ �Kz @ C =@ z ½ 7�
where C is the appropri ate con centratio n.

Assumi ng stea dy-state conditions , i.e., by negle ct-
ing the left- hand side of eqn. [4], and combi ning eqn s.
[1], [5], and [6] yields:

Kz ¼ gmix

e
N 2 

½ 8�

This equatio n provides an expres sion to estim ate Kz

from field meas uremen ts of e and N 2 and, more over, it
demons trates the direct pro portiona lity of Kz on the
level of turbulence (e ) an d the inver se prop ortionality
on the stre ngth of stratifi cation (N 2 ). In the last dec-
ades, two fun damental ly differe nt approache s have
been us ed for the estim ation of Kz : (i) the microstruc-
ture method and (ii) the tracer meth od. Method (i), is
based on eqn. [8] where the diss ipation of TKE or of
temperat ure variatio ns are meas ured by usually free-
falling profile rs which meas ure either temperat ure or
velocity over small spatial scales. For example, spec-
tral analysis of the temperature gradient signal pro-
vides estimates of e and the local buoyancy frequency
is obtained from density computed from the tempera-
ture and salinity profiles. For the application of tracer
method (ii), one has to measure the three-dimensional
spreading of a tracer (artificial or natural) and then
infer the diffusivities (Kz) from the observations. Heat
is also used as a tracer and Kz is obtained by comput-
ing a time series of the heat budget below the respec-
tive depth of a lake. Typical values in stratified natural
waters are listed in Table 1 and Figures 4 and 5.

Turbulence is caused by current shear, breaking
surface waves, and instabilities in the internal wave
field. Currents induce shear near boundaries regard-
less of whether the flow is stratified. Thus, the concept
of eddy diffusivity is also applied to surface mixing
layers and to nonstratified systems such as rivers.

Turbulence and Mixing in Stratified
Lakes and Reservoirs

Turbulence Production in the Surface and

Bottom Boundaries

There are fundamentally two mechanisms generating
turbulence in the SL: (i) the action of wind causing
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wave breaki ng and shear in the top few meters of the
water colum n and (ii) surfa ce coolin g causi ng the
sinkin g of heavier water parcels. Tempe ratur e-driven
mixing (case (ii)) leads to homo genizatio n of the SL
and therefore to nonstra tified condit ions – at least for
a few hours or days before heat fluxe s from /to the
atmo sphere restrat ify the SL . Thi s proces s is discussed
in detail elsew here in this encyclopedi a. Only in shal-
low ponds or basins with rel atively high through- flow
will turbul ence have other case- specific sou rces.

For wind-driven mixing (cas e (i)), the crucial
param eter governin g the dyn amics of turbu lence in
the SL is the surfa ce shear stre ss t (N m� 2 ), the force
per unit area exerted on the water by the wind. This
stress is equ al to the downward ed dy-transpo rt of
horiz ontal mom entum from the atm osphere . Part
of t is consum ed in the acceler ation and maintena nce
of wave s (tWave ), whereas the rem aining momentum
flux tSL genera tes curre nts and turbul ence in the SL.
By assum ing a co nstant stress across the air– water
interfa ce, the two mom entum fluxes on the water
side equal the total wind stress ( t ¼ tSL þ tWave ).

Immedi ately below the wave s, the momentum flux,
tSL , drive s the vert ical profile s of hor izontal veloc ity
u( z ) in the SL. If the win d remains relati vely cons-
tant for hour s, qua si-stead y-state co nditions may
develo p in the SL: u( z ) then depic ts the Law-of-
the-Wall @ u =@ z ¼ u�ðk z Þ� 1 ¼ ðt SL =rÞ 1 =2 ð kz Þ� 1 , where
u� ¼ ðt SL =rÞ 1 = 2 is the frictional v elocity and k ( ¼ 0.41)
is the von Kar man consta nt. Because the buoy ancy
flux in the SL (def ined in eqn. [3]) is not a larg e
contrib ution in eqn. [4], we can assume a balanc e
between the producti on of TKE and the rate of vis-
cous diss ipation (e ) of TKE . Thi s local balanc e
between prod uction an d dissipat ion of turbul ence
determi nes the turbul ence inten sity as a function of
depth throughout the SL. Under those assum ptions,
the dissipat ion

e ¼ ðtSL =r Þ @ u =@ z ¼ u � 3ðkz Þ�1 ½ 9�
is only a funct ion of the wind-in duced stre ss tSL (here
expressed as u*) and of depth z. Several experiments
have demonstrated that dissipation is indeed inversely
propo rtional to depth (eqn. [9]) , if averag ed for long
enough. However, one has to be critical about the
validit y of eqn. [9] for two reasons : Firs t, at the very
top of the water column, breaking waves, in addition
to shear stress, produce a significant part of the turbu-
lence in the SL. This additional TKE generation at the
surface can be interpreted as an injection of TKE from
above. Therefore, in the uppermost layer, the turbu-
lence excee ds the level descr ibed by eq n. [9], depend-
ing on the intensity of the wave breaking. Second,

Table 1 Typical values of dissipation, stability and vertical diffusivity in stratified waters

Dissipationa « (Wkg�1) Stability N2 (s�2) Diffusivity* Kz (m
2 s�1)

Ocean thermocline 10�10–10�8 �10�4 (0.3–3)� 10�5

Surface layer 10–6–10–9 0–�10–5 10–5–10–2

Lake interior only (without BBL) 10–12–10–10 10–8–10–3 10–7–10–5

Metalimnion (basin scale) 10–10–10–8 �10–3 (0.5–50)�10–7

Near-shore metalimnion 10–10–10–6 �10–3 (0.3–3)� 10–4

Deep hypolimnion (basin scale) 10–12–10–10 10–8–10–6 (0.03–3)�10–4

aDuring storm events values are larger by orders of magnitudes for short.
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Figure 4 Vertical spreading of the tracer Uranine after injection

at 25m depth in Lake Alpnach (Switzerland). The vertical line
demarcates the initial period of 7 days, during which Uranine

resided in the interior of the stratified deep water. The two insets

show the lake area at the surface and at the depth of the Uranine
injection, as well as the horizontal distribution of the Uranine

cloud (shaded in gray) after 4 and 28days. The slow growth of the

spreading in the first 7 days illustrates the quietness in the

interior. The fast growth of the vertical spreading after day 7 is
due to the increasing contribution of BBL mixing after the tracer

has reached the sediment at 25m depth. Reproduced from

Goudsmit GH, Peeters F, Gloor M, andWüest A (1997) Boundary

versus internal diapycnal mixing in stratified natural waters.
Journal of Geophysical Research 102: 27903–27914, with

permission from American Geophysical Union.
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eqn. [9] rel ies on qua si-steady-s tate cond itions which
may hold applicabl e for limi ted epis odes only.
Des pite these restri ctions, eqn . [9] give s a goo d

estim ate of the diffusi vity in the SL, if it is weakly
strati fied. Equatio ns [8] a nd [9] reveal that the rate of
mixing incr eases sub stantiall y within the SL as the
surfa ce is approache d. The correspo nding stability
N 2 decreases at the surface and maintains rapid mixing.
Therefore, gradients of temperature, nutrients, and par-
ticulates are usually smallest at the surface and increase
with depth. During sunny days, diurnal thermoclines
for m wit h m ixing r educ ed be low them . On cloudy,
windy days, the SL may mix fully and may even deepen
de pe nd ing upon the s urf ac e for ci ng. Fac tor s tha t af fe ct
the depth of mixing are discussed elsewhere in this
encyclopedia. It is typically a few m during the warm
season and a few tens of meters during the cold season.
Be low, a st rong dens ity g radi ent (py cnoc line ) c an
de ve lo p le ading to the se par ation b e twe en the SL a nd
the me ta li mnion/hy polim nion. In t he s tr at if ied int er ior
(away from the BBL; see below), the effect of wind is
shielded and the mixing regime is completely different.
As discu ssed in g reater detail (see The Ben thic

Boundar y Layer (in Rivers, Lak es and Reservoirs ) ),
turbul ence genera tion and mixing along the bottom
bounda ries of water bodies can be described in anal-
ogy to the SL. Under stea dy-state co nditions, the
resulti ng bottom bounda ry layer (BBL) follo ws a

similar vert ical structure of (i) current shear (see
above), (ii) rate of TKE dissipation (eqn. [9]) and (iii)
rate of vertical mixing. Although the original indirect
driving force for turbulence in the BBL is also the
w ind, it is no t t he di re ct t ur bul en t m om en tum fl ux
from the atmosphere to the water which is the cause.
Rather, the mechanism is indirectly induced by wind
which causes large-scale currents and basin-wide inter-
nal waves (such as seiches) which act as intermediate
energy reservoirs that generate TKE by bottom fric-
tion. Along sloping boundaries in particular, the break-
ing of propagating internal waves and convective
processes – a secondary effect of bottom friction –
can produce additional TKE, leading to dissipation
and mixing in excess of that predicted by eqn. [9]. As
with the SL, the BBL is also usually partly (andweakly)
stratified. Again, mixing (eqn. [8]) increases substan-
tially when approaching the sediment and often a
completely homogenized layer a few m thick develops
at the bottom.

Internal Waves and Turbulence in the

Stratified Interior

In the lake interior, away from surface and bottom
boundaries (Figure 1), the water body is stratified and
quiescent, and it does not feel the direct effects of the
turbulence sources at the surface and above the
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of methane in Lake Baikal: A synthesis of measurements and modeling. Limnology and Oceanography 52: 1824–1837, with

permission from American Society of Liminology and Oceanography.
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sediment . This stra tified interi or consists of an upper
region , the met alimnion where gradients in temp era-
ture and densi ty are strong est, an d a lower region , the
hypo limnion , which is only wea kly stra tified a nd
most water propert ies are homogene ous . Internal
waves are prevalent .
The rate of mi xing in the interi or water body is

low because (i) curren ts and shear are weak and
the resulting turbu lence produ ction is reduce d an d
(ii) stratifi cation sup presses the turbul ent mix ing.
The mec hanica l energy originat es mai nly from ba sin-
scale inte rnal currents and waves (see above), whereas
the waves of smal ler scale an d higher freque ncies –
potent ially genera ted at a few speci fic locat ions – are
not contributi ng much to the energy budget of the
deep-wat er. At the trans ition betw een small - an d
large-s cale wave s are the near-inertial curre nts,
which can carry – espec ially in large lakes – a signi-
ficant portion of the mechanic al energy typi cally in
the order of � 1 Jm� 3 . Given that obs erved energy
residence time-scales are days (small lakes) to weeks
(deepest lakes), the dissipation of the internal energy
is � 10� 12 –�10 � 10 Wkg� 1 (Table 1). Consider ing
typical values for stra tificatio n N 2 (eqn. [1]) of
10�8–10�3 s�2 and gmix � 0 :1 (eqn. [5]), interior diffu-
sivities of 10�7–10�5m2 s�1 can be expected (Table 1;
Figure 4). The stratified interior – away from the SL
and the BBL – is by far the most quite zone in lakes.
Important for the generation of small-scale mixing

are local instabilities related to internal (baroclinic)
motions, such as illustrated in Figure 2. Instabilities
occur mostly where the usually weak background
shear is enhanced by nonlinear steepening of internal
waves or by superposition of the shear with small-
scale propagating internal waves.
Direct observations of turbulence and mixing,

using microstructure and tracer techniques, confirm
that turbulence is indeed very weak in the stratified
interior. Typically, only a few percent of the water
column is found to be actively mixing. The occur-
rence of such turbulent patches is highly intermittent
in space and time. During periods when the fluid is
nonturbulent, we can expect laminar conditions
and thus the dominance of molecular transport. The
observable average diffusivity can be considered
the superposition of a few turbulent events separated
by molecular diffusion for most of the time. The
resulting transport in the stratified interior will
therefore be close to molecular. Tracer experiments
and microstructure profiling conducted in small and
medium-sized lakes confirm these quiet conditions in
the interior and enhanced turbulence in the bottom
boundary. In Figure 4 the vertical spreading of a
tracer, injected into the hypolimnion, is shown for
the interior (first few days) and for a basin-wide

volume including the BBL (after a few days). From
Figure 4 it is evident that turbulent diffusivity in the
interior is at least one order of magnitude lower than
in the basin-wide deep-water volume, including the
bottom boundary. In addition to these spatial differ-
ences, one has to be aware of the temporal variability.
During storms, turbulence can be several orders of
magnitude larger for short episodes. The transition
from quiescent to actively mixing occurs rapidly once
winds increase above a certain threshold relative to
the stratification. The internal wave field is energized
and turbulence can develop. But the greatest increases
occur in the benthic BBL. It is during such storms that
most of the vertical flux takes place.

The turbulent patches, where vertical fluxes are
generated (as exemplified in Figure 3) vary in size
depending in part upon the turbulence intensity e
and the stratification N2. Several length scales have
been developed to characterize the sizes of turbulent
eddies. One is the Ozmidov scale

LO ¼ ðe=N 3Þ1=2 ½10�
and the other is the Thorpe scale, LT, which is based
on direct observations of the size of unstable regions.
The ratio of the two numbers varies depending upon
the strength of stratification and is useful for predict-
ing the efficiency of mixing, gmix in eqn. [5] Typical
values for LO and LT range from a few centimeters to
a meter but for weak stratification eddies are larger
and on scales of tens of meters to 100m as found in
weakly stratified Lake Baikal.

The spatial and temporal dynamics of mixing chal-
lenges not only the experimental estimation, but also
the numerical simulation of its net effect, in terms of a
turbulent diffusivity Kz. Local measurements of Kz

following eqn. [8] often neither resolve its spatial nor
its temporal dynamics and the coarse grid sizes used in
numerical simulations do not capture the small scales
relevant for mixing processes in the interior.

Turbulent Energy Flux through the Water
Column – Synthesis

From the discussion above, we can draw the follow-
ing overall scheme of the energy flux through the
stratified waters of a lake. The origin of the energy
for turbulent mixing is usually wind, which is
imposing momentum onto the surface of the water.
Approximately 3% of the wind energy from the
atmosphere reaches the epilimnion in the form of
horizontal currents and about 10% thereof is finally
transferred to the stratified water body underneath.
The major part of the energy is dissipated by bottom
interaction, and the minor part is dissipated in the
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interi or by shear inst abilities an d breaki ng of interna l
waves. Of this diss ipated energy, only about 10%
produ ce buoy ancy flux (mixi ng efficienc y gmix , eqn.
[5]) increasi ng the potent ial energy of the stratifica-
tion. Compared to the wind energy flux in the atmo-
sphere, only a small fraction of �0.0003 actually
causes the mixing against the stratification in the
deep water, whereas the large fraction of �0.9997 is
dissipated somewhere along the flux path. Although
this partitioning depends on many factors, the overall
scheme likely holds within a factor of 2–3 based on
comparisons between different lakes.
The small amount of energy available for mixing –

compared to the potential energy stored in the
stratification – explains why lakes deeper than a few
meters remain permanently stratified during the warm
season. Consistent with this conclusion, the enhanced
turbulence in the surface and bottom boundary layers
cannot erode the stable – and partly very strong –
stratification in the interior. Turbulent patches are
intermittent and the eddies within them are small com-
pared to the depth. As an example, the timescales to
transport heat, solutes or particulates over a distance
of 10m would be (10m)2 Kz

�1; i.e., several years for a
Kz¼ 10�6m2 s�1 in the metalimnion (Table 1). There-
fore, two-dimensional processes, such as upwelling
become important for vertical exchanges as well.

See also: The Benthic Boundary Layer (in Rivers, Lakes
and Reservoirs); 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; Hydrodynamical
Modeling; Mixing Dynamics in Lakes Across Climatic
Zones; The Surface Mixed Layer in Lakes and Reservoirs;
Water as a Human Resource.
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