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Bottom Boundary Mixing: The Role of Near­
Sediment Density Stratification 

A. Wuest and M. Gloor 

Abstract 

The turbulent dynamics and stratification of bottom boundary layers, as well as the net 
diapycnal buoyancy flux in the deep water, have been observed to vary strongly among 
lakes. The most relevant parameters governing the different regimes are the bottom 
current stress and the rate of release of dissolved solids from the sediment. The ratio of 
boundary-induced mixing to the density flux associated with the flux of ions from the 
sediment determines whether the bottom boundary layer is extremely stably stratified or 
well-mixed. The aim of this contribution is (1) to demonstrate these two boundary 
phenomena, (2) to give a physical criterion for assessing the two mixing regimes, (3) to 
present a potential model to quantify the boundary-induced buoyancy flux and the basin­
wide diapycnal diffusivity, and (4) to test the model with data from two representative 
lakes with significantly different deep-water mixing characteristics. 

The Stratification of the Bottom Boundary in Lakes 

Limnologists often observe a distinctly different vertical stratification of water. 
properties within the region directly above the sediment of lakes. Even though it is 
evident that this fact has implications for the ecology of the entire aquatic system, little 
attention has been paid so far to the detailed physical mechanisms within lacustrine 
bottom boundaries. Therefore, compared to the ocean, where the role of the bottom 
boundaries for basin-wide diapycnal mixing and transport has frequently been recognized 
and investigated (Wunsch, 1970; Armi, 1978; Garrett, 1979; Phillips et al., 1986; Ivey, 
1987; Thorpe, 1988; Garrett, 1990; Toole et al., 1994), the number of studies in lakes is 
rather small (lmberger and Patterson, 1990; Imboden and WUest, 1995). 

In the first part of the paper we present data sets of currents and stratification from the 
bottom boundary of two lakes which are subjected to distinctly different external forcing 
and hence show drastically different deep-water mixing characteristics. The bottom 
boundary layer is considered here as the zone above the sediment which is predominantly 
affected by the stress due to bottom friction. The first example is from Alpnachersee 
(Figure 1), which is representative for lakes in which the bottom boundary layer is mostly 
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Zugersee 

' 

Figure 1. LocationofthetwoSwisslakesAlpnachersee and Zugersee. Alpnachersee is shallow (maximum 
depth34m)andsmall(surfacearea 4.8 km2, volume: 0.1 km3). It is exposed to a diel wind regime during 
surnrner(seeinset)andismesotrophicwithrespectto primary productivity. In contrast, Zugersee is a deep 
(maximum depth 198m), medium-sized (surface area 38.3 km2, volume: 3.2 km3) lake which is sheltered 
from the prevailing Westerlies, and is highly productive. Depth contours are labelled in m. The marked 
positionsrefertosamplingstationsmentionedinthetextandinFigures2and3. 

of the well-mixed type, the second is from Zugersee (Figure 1), an example of a lake 
showing very strong near-sediment density stratification. 

In the second part, we discuss the physical characteristics of the two boundary layers 
with extremely different stratification. Finally, we evaluate the relevance of bottom 
boundary stratification for the basin-wide diapycnal fluxes by presenting and applying a 
boundary mixing model. As the results of the model are consistent with basin-wide tracer 
diffusivity observations, we conclude that the model provides a reasonable description of 
the diapycnal fluxes in stratified enclosed water bodies with simple shapes. 

(a) The "Alpnachersee case": Internal Seiches as the Source of Bottom 
Boundary Mixing 

Alpnachersee is a small and relatively shallow (max. depth = 34 m) side-basin of Lake 
Lucerne (see morphometry in Figure 1). In summer, the mountain and valley breezes along 
the nearby mountains result in a predominantly diel wind that blows regularly parallel to 
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the major axis of the lake (Figure 1; for details see Milnnich et al., 1992). Under such 
conditions, internal seiching and corresponding deep-water currents are excited in this 
lake (Gloor et al., 1994), as illustrated in Figure 2 for a two-month period during the 
summer of 1994. 

In June and July 1994, the bottom boundary current oscillated with an amplitude of 
about 3-5 cms·1 and sporadically reached maximum speeds of up to 6-7 cms·I. Power 
spectral analysis (Press et al., 1986) of the current and isotherm time series reveal that the 
two dominant periods (of about 8 and 24 hours: Gloor et al., 1994), correspond to the first 
vertical first horizontal and second vertical first horizontal seiche modes, schematically 
shown in Figure 3 and described mathematically by MUnnich et al. (1992). For both 
modes, bottom currents along the major axis of the lake correlate well with the 
displacements of the hypolimnetic isotherms, as shown in detail by Gloor et al. (1994). 
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Figure 2. Upper panels: Time series of the depths of two selected isotherms at mooring A (Figure 1). 

The 7 °C and 13 °C isotherms refer to the right-hand and left-hand depth scales, respectively. The data, 
slightly filtered (time window: lh), show the dominance of the strong second vertical seiche mode 
(Figure 3). Lower panels: Component of the bottom current along the major axis of Alpnachersee, 
measured at mooring B (Figure 1), 1.4 m above the sediment at the deepest part of the lake (positive 
values indicate current flowing towards ENE). Data from Gloor (1995). 
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Figure 3. Schematic illustration of the vertical structure of the displacement of the first vertical (two­
layer), and the second vertical (three-layer) seiche modes revealed in the data of Figure 2. The arrows 
indicate flow directions after maximum displacement of the layers. 
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Figure 4a. An example of a temperature microstructure profile measured at mooring B (Figure 1) on 
June 2, 1994, down to a distance of about 8 em above the sediment. In the well-mixed bottom layer of 
thickness Smix .. 4.2 m (left-hand panel) the temperature is homogeneous to within about 1 mK (middle 
panel). The double-sided gradient of the temperature microstructure indicates active mixing (right-hand 
panel). 

The corresponding phases demonstrate that the whole hypolimnetic water body is excited 
by seiches of the first horizontal modes. 

As an effect of the basin-wide hypolimnetic current field, the lower part of the bottom 
boundary is well-mixed (Figure 4a). The stability N2 = -gp-1 i)p/i)z (g =acceleration due to 
gravity; p = water density; z = vertical co-ordinate, positive upwards) dropped by more 
than an order of magnitude from 2·1 0-5 s-2 in the overlying stratified water column to 
7·10-7 s-2within the well-mixed layer. (The temporal average of =1.5·10-6 s-2 is twice as 
large as this due to seiching motion as observed from within a Eulerian frame). Tempera­
ture microstructure measurements reveal that the layer is actively mixed by turbulence 
generated near the sediment (Figure 4a). This is not surprising, as the Richardson gradient 
number Ri = N2 (du/oz)-2 is approximately unity within the well-mixed layer if the shear is 
approximated by the law of the wall, i.e. du/az = u*(kz)-1 (where u* is the friction velocity 
and k = 0.41 is the von K~rm~n constant). Strong signals of temperature microstructure at 
the top of the well-mixed layer indicate entrainment from the thermally stratified 
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overlying water column. In the thermocline, double-sided signals, characteristic of active 
mixing, are only occasionally observed (as in Figure 4a). 

For 300 temperature microstructure profiles taken along the main axis of the lake, the 
thickness Bmix of the well-mixed layer was determined semi-automatically (and checked 
visually) by a gradient criterion for an abrupt change in the temperature profile. The 
thickness was observed to vary with the phase and intensity of the seiching motion and 
the depth of the lake bottom at the site. The frequency distribution of the occurrence of the 
mixed layer thicknesses (Fi~ure 4b) shows that the arithmetic mean of the thickness of the 
well-mixed layer <Bmix> = J B'mix . P(B'mix) dB'mix was about 2.6 m in the deepest part and 
0.6 m at mid-depth in Alpnachersee (where P(B'mix) dB' mix is the frequency of occurrence of 
the thickness B'mix to B'mix + dB'mix of the well-mixed layer). Due to the seiching motion, 
averaging Bmix at maximum depth underestimates the true thickness, which is maximally 
about 4 to 5 m (Figure 4a,b). 

(b) The uzugersee Case": Stratification by Dissolved Solids Emanating 
from the Sediment 

A completely different density structure has been found in Zugersee, a medium-sized 
lake with a maximum depth of 198m (see morphometry in Figure 1), characterized by high 
primary productivity and ineffective vertical mixing at large depths (Wehrli et al., 1994). 
Due to the correspondingly high gross sedimentation and mineralization rates of algal 
matter, significant quantities of dissolved solids (mainly HC03· and Ca2+) are released into 

the deep hypolimnion. Combined with the low wind exposure (the lake is sheltered from 
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Figure 4b. Relative frequency of occurrence of the thickness amix of well-mixed bottom layers such as 
that depicted in (a). The upper numbers indicate the height above maximum depth (i.e. 16-19 m) and the 
lower number represents the average mixed layer thickness found in that depth range (i.e. 0.56 m). Data 
from Gloor ( 1995). 
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Figure 5. (a) Vertical profiles of temperature, salinity and stability N2 (Position ZG5; Figure 1), 
measured in August 1993. The deep water of Zugersee, below about 80 m depth, is permanently 
biogenically density-stratified due to the release of dissolved solids from the sediment. (Structures above 
80 m depth are remnants from mixing during the previous winter). The geothermal heat flux (= 0.1 
wm-2; Finckh, 1981) is the cause of the inverse temperature gradient. The stabilizing effect of the 
dissolved solids is however several times greater than the destabilizing effect of the geothermal heat flux 
(Wehrli et al., 1995). Figure 5. (b) Profiles of density and P04 at the sediment interface at position ZG5 
(Figure 1), the deepest part of Zugersee (note the vertical scale). The stability N2 within the first 20 em 
above the sediment is== 8·10·3 s·2, which is extremely high compared to the open-water stability. 

the prevailing Westerlies, and southerly winds are only sporadic: see Imboden et al., 
1988), the mineralization-induced redissolution from the sediments has led to an 
accumulation of dissolved solids (Figure 5a), and consequently to a permanent biogenic 
density stratification in the deep water (Wehrli et al., 1995). The effect of salinity (defined 
as the mass of dissolved solids in g per kg of water) on the density stratification was 
determined following the procedure given by WUest et al. (1996b), using molal volumes of 
the specific chemical composition of the lake water. 

In the last few decades, vertical mixing during the cold winter period has not reached 
further than about 50 to 80 m depth, despite the increase in the temperature in the lower 
hypolimnion due to geothermal heating from the earth's interior (Figure 5a). The deep­
water density stratification shows an interesting structure: the stability N2 reaches a 
minim~m of =10-7 s-2 at 160m depth, but increases again to =10-6 s-2 towards the maxi­
mum depth (198 m). A microscopic view of the sediment-water interface reveals an even 
stronger gradient just above the sediment surface. Within an extremely stratified 20 em 
thick near-sediment layer (Figure 5b), the stability N2 jumps by several orders of 
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magnitude to = 8·1 Q-3 s-2. The density profile in Figure 5b was determined based on HC03-

and Ca2+ concentrations measured by the peeper technique (Brandl and Hanselmann, 1991) 
with a 1.5 em vertical resolution. 

Such strong gradients indicate that turbulent mixing above the sediment is being 
drastically reduced to nearly molecular level. This can be concluded by two arguments: (1) 
The time required to accumulate the measured ion concentration of HC03- and Ca2+ within 
the 20 em thick stratified near-sediment layer is comparable to the seasonal time scale. 
Given a rate of release of dissolved solids from the sediment of Fsed = (2 to 3)·1 0-6 gm-2s-1 
(Wehrli et al., 1995) and the amount of ions (HC03- and Ca2+) contained within the 20 em 
thick bottom layer shown in Figure 5b, a time scale of 2 months is obtained. (2) The 
molecular flux associated with the gradient of that layer is compatible (within a factor <: 
2) to Fsed· This observation is also consistent with the phosphorus flux from the sediment 
and its accumulation shown in Figure 5b. 

Having observed such strong stratification above the sediment, we were curious about 
the magnitude of the bottom current velocities in the deep hypolimnion. Measurements 
conducted at the deepest location during the period of low overall stratification in winter 
1992-1993 revealed oscillating currents with typical amplitudes smaller than 2 cms-1 
(Figure 6a,b). Unfortunately, during summer (the sampling time of the profile in Figure 
5b), data collection at the deepest position failed. However, measurements near the mean 
lake depth during summer indicate that the current at the deepest location must have been 
even smaller (Figure 6c). 

The Effect of the Release of Dissolved Solids on Mixing 

As shown in the previous section, the near-sediment density gradients in Alpnachersee 
and Zugersee are completely different. In order to evaluate these differences we make use of 
the turbulent kinetic energy (TKE) balance. In non-stratified water, the production of TKE, 
driven by bottom friction, can be characterized by the scaling law (Dewey and Crawford, 
1988) 

u~ 
£ = = kZ 

c3t2 
lm 

k z 
3 

ulm' [Wkg-1] (1) 

which quantifies dissipation e as a function of the bottom velocity u1m (1 m above bottom) 
and as a function of the distance z from the sediment (u* = Ctm112 u1m• and C1m is the 
bottom drag coefficient). In turn, "negative" TKE is introduced by the buoyancy flux 
(local rate of change of potential energy) due to the flux of dissolved solids Fsed from the 
sediment. For Fsed = 2.5·10-6 gm-2 s-1, the related buoyancy flux Jbsed = (gptp)·Fsed = 
2·10-11 Wkg-1 CP is the coefficient of haline contraction, with P = 0.79 %o-1 for calcareous 
water: Chen and Millero, 1986; Wuest et al., 1996b). The Monin-Obukhov length scale 

; 

u~ 
LMo = sed • 

Jb 
[m] (2) 

the distance above the bottom where the production of turbulence due to the bottom current 
u1m and its consumption due to the buoyancy flux Jbsed are equal, provides a measure for the 
suppressing effect of the flux of dissolved solids (Figure 7). The comparison for 
Alpnachersee and Zugersee yields: 
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Figure 6. The component of the bottom current along the major axis of Zugersee during the winter 
considered in this paper (upper two panels) and the following summer period (lower panel). 
Measurements in the deepest part were carried out in the southern basin (position ZG5; Figure 1), 
whereas measurements near the mean depth were performed in the northern basin (position ZG3; Figure 
1). The current speed at the deepest location was slightly lower than that measured at the mean depth. 

a) The "Alpnachersee case": For a typical bottom current velocity Utm = 2.6 cms-1 (as 
determined from Figure 2, see details below), (2) yields LMo > 100 m (Figure 7), a length 
which is several times larger than the depth of the hypolimnion. Consequently, biogenic 
stratification cannot build up in such a system, since bottom-induced mixing overcomes 
the stratifying effect of the dissolved solids. 

b) The "Zugersee case": During the winter period under consideration, u1m = 1.7 cms-1 
(as determined from Figure 6a, see details below), and (2) yields LMo = 35 m (Figure 7). 
The fact that LMo is indeed much smaller than the thickness of the permanently stratified 
deep-water body, which typically extends from about 80 m down to the lake bottom 
(Figure 5a), is consistent with the long-term stability of the water mass. It means that 
deep bottom currents are not energetic enough to erode the permanent biogenic stratifica­
tion over a long period of time. Indeed, an extreme storm event in 1982 was able to ho­
mogenize the deep water body- beginning at maximum depth- only minimally (Imboden 
et al., 1988). 
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The Monin-Obukhov argument explains the difference in large-scale vertical structure 
in the deep water between the two lakes, but not the difference in near-sediment density 
gradient. In order to understand why the internal seiche-induced bottom currents in 
Alpnachersee are apparently capable of redistributing the released ions, whereas in 
Zugersee the dissolved solids become accumulated above the sediment surface, we use 
another energy criterion. Laboratory experiments with density-stratified water have 
shown that the dissipation of turbulent kinetic energy has to fulfil the condition 

£ > (15 to 25) · v N2 = 20 v N2 [Wkg·l] (3) 

(Stillinger et al., 1983; Rohr et al., 1987) to produce "active" turbulence; i.e. irreversible 
diapycnal mixing with a non-vanishing buoyancy flux Jb (= ~ N2 > 0). Equation (3) 
expresses the fact that for irreversible diapycnal mixing to occur (diffusivity ~ > 0), the 
turbulent eddies have to overcome the suppressing effects of viscosity v and stability N2. 

In Figure 7, the energy criterion of (3) has been applied to the near-sediment stability 
N2 of the two situations discussed above (Figures 4a and 5b); i.e. to N2 = 7 ·1 0·7s-2 
(Alpnachersee) and N2 = 8·10·3 s-2 (Zugersee). The corresponding turbulence levels 20vN2 
(Alpnachersee: = 2·1 O-Il Wkg·I; Zugersee: = 2·1 O· 7 Wkg-1) are compared to the turbulent 
dissipation of a steady, logarithmic boundary layer, as described by (1). It turns out that in 
the case of Alpnachersee, even for small currents of 1 cms·I, £ = u*3/(kz) overcomes the 
critical activity level 20vN2 at a distance from the sediment as great as the maximum 
thickness Omix = 4 m (Figure 7). However, in the case of Zugersee, a current of 3 cms·I 
(which we regard as a long-term maximum in the deepest part of this lake) would not be 
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Figure 7. Rates of dissipation of turbulent kinetic energy calculated by similarity scaling (drag 
coefficient c1m = 1.6·10-3) as a function of distance from the sediment, and as a function of the bottom 
current velocity u1m (dashed lines), are compared to: (1) Jbsed"" 2·to·ll Wkg·l, the buoyancy flux due 
to the release of dissolved solids (black line, left), and (2) 20vN2 (thin lines), the criterion for active 
turbulence in stratified water, applied to the near-sediment stratification of Alpnachersee (A) and 
Zugersee (Z) (20 em thick suppression layer) (note: Jbsed coincides with 20vN2 in Alpnachersee). 
Monin-Obukhov lengths LMO• the intersections of the lines of Jbsed and e, lay beyond the upper 
boundary of the figure (see text). 
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able to mix more than a layer of 2 em above the sediment (Figure 7). As this scale is equal 
to the thickness Bv of the viscous sublayer of a non-stratified fluid, given by Bv = lOv/u 
(Hinze, 1975), we conclude that turbulence is suppressed in the 20 em thick stratified near~ 
sediment layer of Figure 5b. Consequently, the exchange within this layer is not 
turbulent, but drops progressively to the molecular level and thereby sustains the 
accumulation of dissolved solids. In the following, we will call this zone the 
"suppression" layer, the thickness of which will be denoted by Bsup· 

As an effect of suppressed turbulence and high density stratification above the 
sediment, the vertical exchange in the deepest part of Zugersee is expected to decrease. 
Indeed, analysis of the temperature profiles in Zugersee for a six-month winter period in 
1992-93 (MUller, 1993) reveals a decrease in the diapycnal diffusivity ~ towards the 
sediment at the deepest part of the lake. In contrast, in Alpnachersee ~ is increasing in 
that zone. This difference will be discussed in the following two sections. 

The Effectiveness of Bottom Boundary Mixing 

In this section we evaluate the effect of the near-sediment stratification on the basin­
wide (total bulk) diapycnal diffusivity in the deep-water body. The idea of expressing the 
basin-wide diapycnal diffusivity as a function of the mixing rate at the sediment boundary 
is not new, since Munk (1966) has already suggested that much of the ocean mixing might 
take place at the sloping boundary. Based on the observation of signatures of well-mixed 
layers advected away from sloping ocean bottom boundaries, Armi (1978, 1979) suggested 
estimating the basin-wide oceanic vertical diffusivity K<t by distinguishing between an 
interior diffusivity, Kdl, and a boundary layer diffusivity, KdB· He proposed scaling the 
near-sediment diffusivity KdB, determined by the Rn-222 method (Broecker et al., 1968; 
Sarmiento et al., 1976; Chung and Kim, 1980), by the aspect ratio ()A(z)/{)z·Bmix(z)·A-l(z), 
which expresses the ratio of the ocean sediment surface of the mixed bottom layer Ased(z) = 
()A(z)/{)z · Bmix(z) at depth z (Figure 8) to the ocean cross-sectional area A(z): 

Kd (z) = K~(z) + K~(z) · {aA(z) I az · Bmix(z) · A- 1 (z)} [m2 s-1] (4) 

Garrett (1979, 1990) questioned the correctness of this formulation, since mixing of 
already well-mixed water near the sediment is less efficient. Instead, he proposed first 
determining the area-averaged buoyancy flux Jbtot(z) at depth z (Figure 8) and then 
calculating the diapycnal diffusivity 

[m2 s-1] (5) 

by using the background (interior) stratification N2(z). A different approach was made, 
following Phillips' (1970) solution, to express the diapycnal diffusivity ~ as a function 
of the thickness Bmix of the mixed bottom layer and the diffusivity KdB within that layer. 
Garrett (1990) showed that the total buoyancy flux Jbtot(z) is reduced by an effectiveness 
factor (defined below), which takes into account the fact that the stratification is not 
maintained all the way to the sediment. As this effectiveness factor is strongly dependent 
on KdB• which is difficult to determine experimentally, alternative models have to be 
considered. Imberger and Ivey (1993) extended Phillips' (1970) solution, valid for a 
sloping boundary, to a horizontal sediment bottom, and found a dependence of Kd- Bmix9• 
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Figure 8. Schematic illustration of the boundary-layer model describing the total buoyancy flux Jb tot as 
a function of the buoyancy fluxes Jbl and JbB from the interior and from the bottom boundary, 
respectively. Br_ and Smix denote the thicknesses of the logarithmic and the well-mixed layer, 
respectively. h is the local height above the sediment. ()AJ()V describes the sediment surface per unit 
volume of lake water as a function ofdepth. 

This relation is of limited applicability, as the uncertainties in Smix present in spatially 
and temporally complex natural systems (Figure 4b), are amplified dramatically (e.g. a 
shift of 30% in Smix would lead to a change of Kd of an order of magnitude). 

Faced with this unsatisfactory situation, we evaluate another boundary mixing model 
that is less sensitive to KdB and Smix· We follow Garrett's approach for the estimation of 
the total buoyancy flux Jbtot(z) at depth z by horizontally integrating the contributions 
from the interior Jbl(z) and the boundaryJbB(x,y,z),respectively, along the cross-sectional 

1 
Jb0 t(z) = Jb(z) + A(z) JA(z/~(x, y, z) dx ~ [Wkg-1] (6) 

area A(z), as depicted in Figure 8. Equation (6) is a simple balance for the potential energy 
and so far not specific to the model. The formulation of JbB(x,y,z) is, however, dependent 
on the model and has to be specified. The basin-wide diapycnal diffusivity ~ is finally 
determined using (5). 

To determine the buoyancy flux JbB(x,y,z) in the boundary layer, we make the 
following model assumptions: 
(a) The current in the bottom boundary follows a logarithmic profile up to a height SL, and 

·the rate of dissipation is given by the scaling law e = u.3(kz)-l = Ctm3/2 Utm3 (kz)-1. Water 
beyond SL is considered as interior water, with a dissipation rate E1 defined by interior 
processes. 
(b) The buoyancy flux JbB in the stratified part of the water column (interior or boundary 
layer) is a constant fraction 'Ymix of the dissipation rate e; i.e. JbB = 'Ymix . e. 
(c) Within the extremely stratified suppression layer of thickness Ssup• JbB = 0, ('Ymix = 0). 
(d) The heat flux between sediment and water is neglected. Consequently, the buoyancy 
flux JbB decreases linearly to zero within a well-mixed layer when approaching the 
sediment (as does the heat flux). 

Assumptiori (a) is based on several experimental observations (e.g. Dewey and 
Crawford, 1988; Weatherly and Martin, 1978; Weatherly and Wimbush, 1980), and 
assumption (c) is motivated by profiles of the type shown in Figure 5b. The mixing 
efficiency 'Ymix• required for assumption (b), is surely not a constant. However, since no 
practical parameterization is available, we use the constant 'Ymix = 0.12 (Peters and Gregg, 
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1988), which lies well within the range of other estimates (Osborn, 1980; I vey and 
Imberger, 1991). In addition this choice is justified by the finding that 'Ymix does not 
depend on the level of turbulence (Peters and Gregg, 1988). Assumption (d) has to be 
tested separately for each individual water basin (it is well fulfilled for Alpnachersee as the 
heat flux within the relatively shallow water column is much larger than sediment-water 
heat exchange). 

The weak point among assumptions (a) to (d) is the poorly defined choice of the 
thickness of the logarithmic layer, which, based on experiment (WUest et al., 1996a), has 
been chosen as 5L = 10m. However, changes in 5L by a factor of 2 modify the dissipation, 
and therefore the buoyancy flux Jbtot(z) (6), integrated over the logarithmic layer, by only 
10%, as can easily be calculated from (7). Given all the uncertainties in the available data 
andtheinhomogeneitiesofsuch natural basins, we considerthisdeficiencytobe acceptable. 

Based on the above assumptions (a) to (d), on the constants 'Ymix• 5L and C1m = 1.6·10·3 
(smooth bottom, Elliott, 1984), and on a specified topography, we are now able to 
determine the horizontally-averaged buoyancy flux Jbtot(z) from a given horizontal 
velocity field u1m(x,y,z) as a function of depth z using (6). In order to integrate (6), it is 
helpful to distinguish between (1) different distances from the maximum lake depth and (2) 
three different types of stratification. 

Close to the maximum depth of the lake, the total buoyancy flux of (6) is made up 
entirely of contributions from within the logarithmic layer (Figure 8, lower layer). It is 
therefore not possible to simplify (6), and the integration has to be carried out by an 
appropriate procedure over the entire cross-sectional area A(z). 

If, on the other hand, the vertical distance between z and the maximum depth is larger 
than the thickness ~ of the logarithmic layer, (6) is simplified considerably. The 
horizontal area within the bottom boundary can be approximated by the sediment surface 
within the layer being considered (i.e. dA-A-1 = aAJaV·dz). In addition, the horizontal 
integration can be replaced by vertical integration over the thickness 5L, as shown 
schematically in Figure 8. Consequently, the total buoyancy flux is then calculated by 

Jl,01(z) = JL(z) + ~(z) rL J:(h.z) dh [Wkg·'J (7) 

where h is the vertical co-ordinate originating at the local lake bottom (Figure 8). 
For a bottom boundary layer stratified all the way to the sediment (i.e. to the viscous 

sublayer 0v = 10vlu.), integration of (7) (neglecting small terms proportional to the sine 
of the bottom slope) yields 

[ 
iJA u~ (oL )] JbOt(z) = 'Ymix · e1(z) + iJV (z)Tln Ov [Wkg-1] (7a) 

where JbB(h) has been replaced by 'Ymix·E(h) and e(h) by u*3 (kh)-1 (the dependence of u*3 
and ~ on depth z is not indicated). If the bottom boundary layer consists of a stratified 
and a well-mixed layer of thicknesses 5L - 5mix and 5mix• respectively, as observed in 
Alpn'achersee (Figure 4a), then integration of (7) leads to 

[ { 
f0

mix f0
L }] 

Jl,"'(z) = Ymtx · e1(z) + ~¢(z) Jo J~(h,z) dh + J
5

mix J~(h,z) dh 
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[ aA {Smix B u~ ( SL ) }] = 'Ymix . Er(z) + dV(z) -2- Jb (Smix) + k In Smix 

_ [ aA u~ {I ( SL ) }] - 'Ymix . Er(z) + dV(z) k 2 + In Smix [Wkg·l] (7b) 

In cases such as Zugersee, where the bottom boundary layer is made up of a stratified 
layer and a suppression layer (Figure 5b), integration of (7) yields 

J~0t(z) = 'Ymix [EI(z) + ~(z) ~~In { ~~Jl [Wkg- 1] (7c) 

In order to make equation (7a,b,c) easier to interpret, we show in Figure 9a the vertical 
structure of the buoyancy fluxes JbB(h) for the three cases discussed. Whereas JbB(h) 
increases toward the sediment in the stratified case, JbB(h) decreases linearly within the 
well-mixed layer and drops to zero within the suppression layer. 

The effect of both the mixed and the suppression layers is to lead to a reduction in the 
effectiveness of boundary mixing with increasing thicknesses Smix and Ssup• respectively, 
of the layers. We define effectiveness identically to Garrett (1990) as the ratio Jbtot-mix, 
the total buoyancy flux including a well-mixed layer, to Jbtot-strat, the total buoyancy flux 
that would occur if there were stratification all the way down to the sediment. Figure 9 b 
shows quantitatively the effect of the well-mixed layer thickness Smix to the effectiveness 
of boundary mixing. For very thin well-mixed layers (Smix -+ Sv), the effectiveness is I 
by definition. It decreases to about 7% in the other extreme case, when the whole 
logarithmic layer is mixed (Smix -+ SL)· 
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Figure 9. (a) Buoyancy flux as a function of height above the sediment within the logarithmic layer for three 
cases, viz. "stratified", "well-mixed" and "suppression" layers. The break-off to interior values at 5r_ is 
drawn arbitrarily. Figure 9. (b) Effectiveness (definition in text) as a function of the relative thickness 
Bmixl5r. ofthemixedlayer(herewehaveset5r_ = IOmandBy= I em, butthesevaluesarenotcritical). 
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Application of the Boundary Mixing Model 

In this section, the model predictions (Equations 5 and 6) are compared to observations 
from Alpnachersee and Zugersee. Since these two lakes have relatively simple basin 
shapes (Figure 1), but are very different in terms of stratification, external forcing and 
mixing, we consider them as ideal candidates to test the model. As detailed information on 
the horizontal flow field Utm (x,y,z) is missing, we simplify the problem by using the two 
near-bottom current records Utm(t) shown in Figures 2 and 6. We consider this 
simplification to be appropriate in the deep hypolimnion of morphologically simple 
basins, as long as bottom currents are dominated by first horizontal internal seiche modes 
(MOnnich, 1993). In addition, we assume for both lakes that internal mixing can be 
neglected in the deep hypolimnion and therefore set e1 = 0. Tbis approximation is 
appropriate, as it has been shown for Alpnachersee by tracer experiments (Goudsmit et al., 
1996) and by microstructure measurements (WOest et al., 1996a) that mixing in the 
interior is an order of magnitude weaker than the horizontal basin average. This is even 
more pronounced in the very deep part, where i)AJi)V is large. 

a) Alpnachersee: As input to the model we use the current data shown in Figure 2, 
which were collected 1.4 m above the sediment at the deepest part of the lake (Figure 1) 
during a period of 56 days in June-July 1994. From this record, a mean value for u1m3 of 
(2.6 em s-1)3 was determined, which is used in (1), (6) and (7). The lower part of the bot­
tom boundary in Alpnachersee is a well-mixed layer, with a thickness 8mix of 4 to 5 m near 
maximum depth (Figure 4a). Upslope, the thicknessiscontinuouslydecreasing (Figure 4b). 

The total buoyancy flux Jbtot(z) is calculated using (6) and (7b), integrating over the 
entire cross-sectional area A(z) in vertical steps of 20 em, and using the lake-specific 
topographic function i)Afi)V(z) and the thickness Bmix(z). The diapycnal diffusivity Kd(z) 
is finally determined by applying (5) and using a representative water~.c.olumn stability 
N2(z) for the period during June-July 1994. 

Within the deepest 10m of the lake, the diapycnal diffusivity in Alpnachersee (Figure 
lOa) shows two main features. The diffusivity is (1) low due to the overall .strong 
stratification N2 and (2) increasing towards the sediment, since the stability N2 is 
extremely low in the well-mixed bottom layer. The comparison between model results and 
long-term basin-wide diffusivities determined by the heat-budget method (Powell and 
Jassby, 1974) is also shown in Figure lOa. It turns out that both (1) the absolute value and 
(2) the vertical shape of Kd(z) are in excellent agreement without having to tune any of the 
model parameters. Nevertheless, the agreement in the vertical structure of ~(z) is partly 
accidental, since the heat-budget method has a relatively large error within 4 m of 
maximum depth. The uncertainty is due to (1) the unknown sediment-water heat flux (the 
lake is not meromictic like Zugersee) and (2) the poorly defined vertical gradients in the 
"well-mixed" bottom layer. This second deficiency may be especially misleading when 
vertical gradients close to the deepest point in the lake are determined by averaging CID 
or thermistor profiles in vertical (Eulerian) bins and thereby - due to the seiching motion -
averaging over both well-mixed and stratified water layers. 

b) Zugersee: In applying the model to Zugersee we follow the same procedure as 
above. As input we use the current data shown in Figure 6, which were measured at 1.8 m 
above the sediment at the deepest point in the lake in February 1993 (during 37 days). Av­
eraging the third power of the bottom current u1m leads to a value of (utm)3 = (1.7 cms-1)3, 
which is again introduced into (1), (6) and (7). Since the hypolimnetic water column is 
stratified all the way down to the sediment, as shown in Figure 5a, the stratified bottom 
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boundary case is applicable. Consequently, the total buoyancy flux is determined by (7a) 
again using the topographic function aAJaV(z). Finally, the diapycnal diffusivity Kd(z) 
was calculated using(5)withthestabilityN2(z)determined fromCTD profilestakenin March 
1993. 

The result for ~(z) is shown in Figure 1 Ob, where it is also compared to the values 
determined by the heat-budget method for a six-month period during winter 1992-1993. 
Again, it turns out that both (1) the absolute value and (2) the approximate vertical shape 
of ~(z) are in good agreement without tuning any of the model parameters. Near 
maximum depth, the model apparently slightly overestimates the diffusivity. Besides the 
experimental uncertainties, this disagreement is most probably due to the suppression 
layer. Given the observed thickness of the suppression layer of about 20 em (Figure 5b), 
application of (7c) would indeed reduce the model diffusivity by the factor ln(~LfBy) I 
ln(~d~sup) = 1.8 (arrow in Figure lOb). Since the lateral structure of the suppression layer 
is not known, this correction is not defined well enough to be included in Figure 1 Ob. 
Even though the good agreement may to some extent be accidental, the decrease in the 
diapycnal diffusivity towards the sediment at maximum depth is consistent with the model. 

Although one should be cautious not to overinterpret the agreement between model and 
data (there are numerous possible sources of deviations: e.g. varying drag coefficients, 
irregular topography, etc.), we can conclude that the model is excellently consistent with 
the absolute values as well as with the vertical profile of diapycnal diffusivity, both of 
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Figure 10. Comparison of diapycnal diffusivity Kd in Alpnachersee (a) and Zugersee (b), determined 
by the heat budget method (black dots), with the boundary mixing model (line, Equations 5 and 6; see 
text). The heat budget was applied over periods of 6 months in Zugersee (winter 92/93) and 2 months in 
Alpnachersee (June/July 94) (note the different vertical scales). The value of 1.1 cm2 s·l obtained for 
Kd in the weakly stratified part of the hypolimnion of Zugersee (= 120 to 160 m depth) is supported by 
the long-term oxygen balance of the deep water (Wehrli et al., 1994). The effect of the suppression of 
turbulence (within a 20-cm inactive bottom layer) on the model result is shown by the arrow (factor 1.8). 
Data from Gloor (1995) and MUller (1993) for Alpnachersee and Zugersee, respectively. 
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which are caused by boundary mixing alone. Interestingly, near maximum depth the Kd's 
of the two lakes have about the same value, even though the mechanisms are very 
different: weak but efficient mixing in one case (Zugersee), strong and inefficient in the 
other case (Alpnachersee). 

Conclusions 

Based on experimental observations, theoretical considerations and modelling, an 
analysis of diapycnal (vertical) mixing was conducted in the deep water of two lakes 
exhibiting significantly different characteristics of density stratification and external 
forcing. The following conclusions can be drawn: 

( 1) The degree of stratification of the deep-water column is not only the result of 
external physical forcing at the surface, but also of the rate of release of dissolved solids 
from the sediment. The latter is determined mainly by long-term photosynthetic 
productivity in the epilimnion. 

(2) For lacustrine systems with low kinetic energy input over periods of weeks, the 
accumulation of dissolved solids above the sediment-water interface leads to the formation 
of a highly stratified layer. Within this layer turbulence is almost completely suppressed 
and diffusion drops to molecular levels. Consequently, the basin-wide diapycnal 
diffusivity decreases with increasing thickness of the suppression layer. 

(3) Aquatic systems with high kinetic energy input - relative to the buoyancy flux 
due to thereleaseofdissolvedsolids-revealwell-mixedlayersnearthesediment. 

(4) The most relevant parameters governing the two different regimes are the bottom 
current speed and the rate of release of dissolved solids from the sediment. The ratio of 
boundary-induced mixing to the flux of ions from the sediment determines whether the 
near-sediment layer is highly stratified or well-mixed. 

(5) The presence of such well-mixed or highly stratified near-sediment layers reduces 
the effectiveness of boundary mixing and diminishes the basin-wide buoyancy flux as well 
as the diapycnal diffusivity. 

(6) With a simple boundary mixing model, assuming (a) smooth flow in a 
logarithmic boundary layer of constant thickness, where the rate of turbulent dissipation 
follows the scaling law (Eq. 1), (b) constant mixing efficiency 'Ymix in the stratified water 
column, and (c) no heat flux through the sediment, we have been able to quantify the basin­
wide rate of diapycnal mixing. Application of the model to two lakes in which both 
density stratification and external forcing differ significantly reproduced astonishingly 
well the absolute values as well as the vertical structure of the diapycnal diffusivity in the 
deep hypolimnion. 

(7) The presented model is consistent with tracer ooservations in medium-sized lakes 
(Goudsmit et al., 1996), demonstrating that diapycnal mixing in the deep water is driven 
entirely by boundary mixing. Application of the model to other systems in which 
horizontal current structure is better defined will hopefully show the model to have a wide 
range of applicability. 
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