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Abstract. Simultaneous measmements of current velocity and density profiles 
at the SHl of Matuau (western Lake Constance) enabled the observation of the 
internal l'C'.Spouse of the lake and the calculation of gradient Richat·dson number 
over the entit·c water column at the sampling site. Periodic changes of cuncnt 
direction cm·rcspoudnd with predicted periods of the t.wo-la.yer oscillation and could 
be confirmed with thermocline oscillation data. In general, the current profiles 
confirmed a two-layer structure. However, an activating wind of speeds higher than 
4 m/s pmduced t.hrec-layer profiles for a period of several hours at the sampling 
site, when the velocities due to the two-layer oscillation tt·aversed zero. At times the 
implied current shear produced supcrcritical V!tlucs of gradient Richardson numbE'r 
on a vertical scale of a few meters. This occurred during winds in the epilimnion and 
after st.rong (> 4m/s) winds in the lower thermocline and the hypolimnion. In the 
20 Ill above the lake bed, topographical conditions helped the gradient Richardson 
number to go supercdtical sporadically. Across the thermocline, no supercritical 
gradient. Richardson numbers could be confirmed at the measuring site. A lower 
boundary for vertical mixing in the measuring site due to current shear could be 
evaluated. 

1. Introduction 
Lake Constance (in German, Bodensee) in central 

Europe can be classified as a deep lake, and with its vol­
ume of 48.5 km3 it may be called a small, large lake. It 
is !orated at the northern edge of the Alps at a latitude 
of 4i<>N. We consider the upper two parts (Fjgure 1 ): 
Obersee contains 94% of the water and is 2.53 m deep. 
Connected with it across. the 99m deep Sill of Mainau is 
the relatively narrow and deep (145m) Uberlinger See. 
(For details on the hydrological aspects, see Dii.11erle. et 
al. {1998]) In some long and deep lakes, current veloc­
ities have previously been measured, but either only a 
small portion of a seiclw period {Tliorpe, 1977) was cov­
ered, or only 3 to 5 current meters were used over the 
Cll~ire depth [e.g, Hollan and Simons, 1978; Hamblir1 
a.nd Hollan, 1978; Hutter, 1986]. 

According to the simple two-layer model, a stratified 
lake reacts to a wind with an internal oscillation [Wed-
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derbum, 1907; Mortimer, 1952; Tharpe, 1972; Zenger, 
1989]. Two layers sepru·ated by the thermocline flow 
in opposite directions and reverse periodically. The pe­
riod of the oscillation can be estimated and compadson 
with field data generally yields a good agreement (for 
Lake Constance, soo Zenger [1989)). Numerical. models 
have successfully reproduced the two-layer oscillation 
also including the oscillations of hori2.ontal higher or­
der (Bauerle, 1981; Zenger, 1989; Bauer et al., 1994; 
Hertkom, 1996; Hutter et al., 1998]. 

Also more-layer oscillations can be considered and 
their oscillation pedods. can be evaluated; however; 
nature shows a dominant first bamclinic mode (t.wcr 
layer oscillation) in most lakes. Frequency analyses of 
temperature time series yield smaller contributions. of. 
higher modes. In only few lakes a higher mode, pre-. 
vails [Wiegand and Chamber·lain, 1987; Mil'nnich et al;,: 
1992]. 

Yet only little is known about the thickness of. 'thg 
transition zone between the flowing layers. Add~tian~ 
ally, it is a challenge to investigate ~hl;l current. prc)~le. 
at the momenl of the direction change of the. pre<i<mH~ 
nant fust bllroclinic mode. If th~ theor(ltical consider~ 
ations of interfering waves of vru-ious baraclinic moiici.i 
is correct, the higher modes should show up, if.:their, 

28,82l 



28.824 BOEHllER ET AL.: CURRENTS lN WESTERN LAKE CONSTANCE 

L-......1 
10 knl 

Figure 1. The Western part of Lake Constance including the location of the smupling 
stations (double capitnls) and the cross SL>ction (Figure2) which fm·ms the dividing line 
between the lake parts Ube~·lingct· See at1d Obennm. 

contribution is large enough. Lake Constnttce's large 
depth, as well as its elongated shape and its steep side­
walls make it a well-suited laboratory for clearly defined 
velocity l)tofiles, 

Sills and nl!.trows can enhance current velocities and 
restrict flows to a smaller vm·tical scale and thus im­
ply higher velocity shear in a water column. Hence 
it has been assumed and shown that they can be re­
sponsible for much of the vertical transport in a water 
body !e.g., Kocsis et a/., 1998}. A prominent candi­
date for investigating these effects in Lake Constance is 
tbe Sill of Mainau which separates the wider basin of 
Obersee from the narrower channel of Uberlinger See. 
Vertical transport coefficients in the lower thermocline 
{Heinz, 1990; Heinz et al., 1990J are enhanced in Lake 
Con11tance and measurements of the turbulent structure 
of the water column at the Sill of Mainuu could prove 
tl1at dissipation of the internal wave energy is enhanced 
w.ithin this region, contributing about 40% of the basin­
wide dissipation [Kocsis et al., 1998). 

In this contribution we present current profile mea­
surf;lments in Lake Constance at the Sill of Mainau far 
off the shoreline with a high resolution over the entire 
depth. Four events of an excited internal response of 
Ll\ke Constance have been covered with current veloc­
itypt'ofiles, Frorn simultaneous current velocity profiles 
and temperature profiles we evaluate gradient Richard­
s(.m numbers and confirm supercritical values on a scale 
of several meters aud describe the spatial and temporal 
}:!a~~~rn. We try to clarify, whether at all and at what 
qep~J1s the sl1ear induced by tl1e internal waves can con­
t.ii~ute considerably to the vel'tical transport through 
the stratified water column. 

2. Measurements 

All sampling sites were named with double capitals 
(KN, BM, MR, and MM in Figurel). At BM1 thermis· 
tor chains were deployed. Sampling site MM carried 
two current meters in depths of 25 and 80 m. At KN 
the "Deutscher Wetterdienst" ran a meteorological sta­
tion, which delivered the information about the wind 
speed in this article. For a closer description or any of 
these sampling sites and the deployed probes, we refer 
to Heinz (1990]. 

The profile cm·rent meter (PCM, Aanderaa, Norway) 
was deployed at MR. The site was on the shallowest 
part or the connection of Obersee and Uberlinger See, 
where the water depth measured about 99 m. An anchor 
was set at 1100 m from the shoreline (Figure 2) with a 
pulley mounted which led a rope. The lake side end 
of the rope was tied to the PCM which was can·icd by 
a buoy {together they applied a force of about 200N 
in the rope), while its other end was tied to a winch on 
the shoreline. This mechanism allowed sampling depths 
between 5 m below the surface and 1m above the bed. 

The PCM cl:ll'ried sensors (or pressure, temperature, 
current direction, and current speed. For the current 
direction a magnetic compass was used, and tile speed 
was measured mechanically. All sensors we~e read at a.. 
sampling rate of 30 s and the data were transferred to 
an electronic memory. 

Usually, the PCM was pulled deeper at intervals of 
1 min, synchronously with the sam{lllng periods, The 
measurements during the pulling action were removed, 
leaving only the data acquired while resting at. con­
stant depth .. Sixty eight profiles were taken (64 of those 
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winch 

Figure 2. Cross section of Uberlinger See through sampling site MR, including the construction 
of the profile current meter (PCM): current meter, anchor carrying a pulley, winch, and buoys. 

from surface to bottom) in a field experiment between 
September 29, 1989 and November 9, 1989, all during 
autumnal temperature stratification (Figure 3) at inter­
vals of 8 or 16 hours .. The depth resolution was about 
1.40m, which resulted in 70 data points per profile and 
a duration of 70 min for the acquisition of most profiles. 

A discussion of the accuracy of the velocity measure­
ments was done by Bohre1· [1990]. He considered the 
following sources of error: the threshhold of 2 cm/s, 
the accuracy of the current meter in standard use, and 
the impact of the vertical transport, for example trans­
port against the current in the angle of the rope by 
the pulling action, possible pendulum movements, and 
hidden effects, In conclusion, be claimed an accuracy of 
1.4 cmfs plus 30% of the velocity difference in the previ­
ous step. The temperature wa$ measured by a sensor ou 
top of the current meter. The absolute accuracy of the 
temperature measurements was of the order of 0.17K. 
Th~ rer.olution of the thermistor was 0.023s with are­
sponse time of 70s [Bohrer, 1990]. 
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In Lake Constance the stratification was due to the 
temperature gradient. The electrical conductivity gra­
dient indicated a much subordinate contribution due 
to dissolved ions, gaining some importance only be­
low 75 m of depth. We included additional informa­
tion from a conductivity-temperature-depth probe at a 
nearby station and calculated density using the formula 
by Biihrer and Ambiilll [1975] with a correction by Heinz 
[1990] (included in the work by Bauerle et al. [1998]) 
for Lake Constan(e water. One example of the den­
sity profile was included in Figure3. During the entire 
period of velocity measurements, thermistor data were 
acquired at BM. Their reading supplied the information 
for the depth of the 9°C isotherm shown in Figures 4 -
7, third panel. 

3. Results and Discussion 

After a wind a stratified lake reacts with an internal 
osdllation. Two layers separated by the thermocline 
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Figure 3. Autumn profiles (profile 40, October 12, 1989) of Lake Constance; density and Brunt­
Vliisiilii.-lrequency calculated from the same measurements. 
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flow in opposite directions and reverse periodically. For 
many purposes, the Merian formula [e.g. Mortimer, 
1952] is sufficient to estimate the oscillation period: 

2L 
t = . (1) 

. I ~ ..llJL.!w._ 
y9 p h~+hu 

lncluding the accelf'ration due to Earth's gravity g = 
9.8 mjs2

, and the values from Lake Constance of basin 
length L = 60 km, relative density difference !l.p/ p = 
0.8 x 10-3

, thickness of epilimnion and hypolimnion 
hE = 20m and hH :::: 80 m, we yielded an oscillation 
period of about 4 days, which confirmed results of pre­
vious studies [Zenger, 1989; Heinz, 1990; Schimmele, 
1993]. 

3.1. Weak Wind Events and Two-Layer 
Oscillation 

Two observations of weak wind events (Figure 4 and 
Figure 5) were made, both confirming the simple imag­
ination of the two-layer model. The oscillation started 
after the exciting wind had released (Figure4, first 
panel), and the thermocline showed a close to sinusoidal 
oscillation (third panel). Coinciding with the maxima 
and minima of the elevation of the thermocline, the cur­
rent direction at 80 m depth in station MM changed 
abruptly (fourth panel). In the top panels we find the 
temporal locations of the velocity profiles displayed in 
the bottom panel as a staggered plot. 

The reversal of current direction coincided with the 
thermocline elevation in BM. The period for a cycle was 
close to the predicted t = 4days. The zero transition of 
the reversal of the current direction at the end of a half 
cycle happened smoothly, at least no unexpected fea­
tures were observed. Neither did the wind blowing from 
a northerly to northeasterly direction from day 2.2 to 
2.5 affect this simple structure. Con~idering an Ekman 
deflection to the right, the wind might have supported 
the epilimnion with its flow to the west. The results of 
a simple two-layer structure were confirmed by a second 
weak wind event (FigureS). 

3.2. Strong Wind Events and Three.Layer 
Profiles 

After strong winds (Figure 6 and Figure 7, first panel), 
the oscillatim, could be confirmed with an oscillation 
period of about 4 days (third panel). The maxima and 
minima. of the thermocline elevation coincided with the 
current direction reversal (fourth panel). Most of the 
profiles showed a two-layer structure (bottom panel). 

The profile measured at the time of rev~;rsal of the 
current direction showed a. clear three-layer structure 
(proille37, Figure6, bottom panel). This feature was 
clearly reproduced in the second strong wind event (Fig­
ure7, bottom panel) by profiles 80, 81 and 82. The lat­
ter sequence could even prove that the feature persisted 
for as long as 6 hours. 

The origin of th waters of intermediate density which 
flow out of Uberlinger See in the three-layer profiles is 

not known reliably. The most probable process for the 
production is an upwelling at the upwind e.nd duri~g the 
wind event, a.s it was observed a~ other t1mes (Bauerle 
et al., 1998]. Also propagation speed o£ a second-mode 
wave (c2 ::: 0.1 m/s [Boehrer, this i~su;Jl an~ the dis· 
tance upwind end to MR (15 km} comc1ded w1th 2 days 
pretty well. Howewr, a quantitative evaluation of the 
contributing effects was not feasible with t~w presl!~lt 
data. As indicated below, the current sheat'" Ill MR d1d 
not suffice to make the gradient Richardson number go 
supercritical across the thermocline to enhance diapyc­
nal mixing in the thermocline sufficiently. 

3.3. Indication of Lateral Structure 

The internal Ross by radius r R = c / f = 3.5 km for n 
two-layer oscillation using a phase vetJcity c ": 2LJ t, 
with t = 4 days the period of the two-layer osclllatlOII, 
and the Coriolis parameter f = 1.06 x 10-4 /s nt lat­
itude 47°N, was larger than the width b = 2.5km, of 
Lake Constance at the Sill of Maiuau. For higher mode 
oscillations [see Boehrer, this issue], the result for the 
Rossby radius would be considerably (and increasingly) 
smaller. This indicated a two-layer flow would be only 
slightly affected by Earth rotation in Uberlinger See, 
while in Obersee effects should be visible. Because of 
decreasing phase speeds [Boehrer, this issue}, second­
mode waves in Uberlinger See were expected to show 
rotational effects, while it was doubtful whether higher 
(than second) modes could exist in pelagic waters (MR) 
at all. 

A close investigation of the lateral structure was be­
yond the scope of this paper; however, the data were 
suited to give some clues whether lateral str~.cture was 
present. The net transport into the basin of Uberlinger 
See included the fluxes through all boundaries. Neglect­
ing groundwater flows, only the dividing cross section 
through MR had to be considered: 

1 1
98m 

VN=fv·la= il·da=- u(z)b(z)d::, (2) 
S .=Otn 

where i1 and u represented current velocity and current 
speed, b(z) included the width of the cross section in 
MR as a function of depth. The results are listed in 
Tablel. 

If the net transport yielded a higher value than sur­
face seiche (16cm from minimum to ma."'<imum water 
level in 27 min; Hamblin and Hollan, [1978]} and mea­
surement accuracy would allow (together 1800 rna /s), 
:orne lateral structure had to be present. This was the 
case for early profiles (during the internal response af.. 
ter strong winds) as well as for the three-layer profiles. 
While for the former case a definite answer could not he 
evaluated, the latter might be attributed to rotationa\ 
effects [see also Boehrer, this issue]. 

4. Gradient Richardson Number 
The gradient Richardson number represents the ra­

tio of inertial and buoyancy terms. Miles (1962] and 
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Howard [1962] proved that a shear flow can go unsta· 
ble, if the gradient Richardson number falls below 0.25. 
In this section we derive the st<>.bility criterion from en­
ergy arguments and consider an overturning process a 
fully inelastic impact of two water parcels. 

In a shear flow, two water parcels of finite thickness 
and equal size are considered. Relative to the center of 
mass, each parcel moves at a speed of Au/2 (s:ee Fig· 
ure8), Together their motion includes a kinetic energy 
of 
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Figure 4. Interncl response after September 27th, 1989 displayed by the wind speed1 wind 
direction, the depth of the 9°0-isotherm and the current direction. Acquisition ~Jtes are marked 
in the upper right corner of the respective panel. The temporal location of ~a.ch velocity profile 
was marked by a dotted line in the upper panels, while the bottom panel includes the velocity 
profiles in a staggered plot with an offset of 20cm/s between profiles. Negative speeds indicate 
flow into Uberlinger See. 
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(3
) energy source is the kinetic energy of the respective 

overturning water parcels. Potential energy would be 
gained: where p is the average density and V is the volume of 

the parcels (which is valid for a small relative density 
difference Ap/ p). 

E11 =gVApAz, (4) 

tly some process the parcels may be forced to ex­
change their position in the vertical. The only available 

where 9 is the acceleration due to gravity, Ap ls the 
density difference between the parcels, and finally A: Is: 
the vertical distance of the centers of the water parcels. 
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Figure 5. Internal response after October 14, 1989~ For more details, ~ee Figure4 caption. 
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Table 1. Cakulated Net Ttntlsport at Cross St~ction 
Through ~•leasuring Site i\tR Bused on the Assumption 
of no Lateral Structnr(l 

Profile 

18 
35 
49 
j"(i 

19 
36 
50 
78 
3i 
so 
52 

Nct TriU18llOtt 
ma/s 

-2362 
-9900 
1181 

-l738 
-25 

2187 
7511 
768 

-2526 
-2647 
·22i8 

Rmnnrks 

strong wlnrl, cm·h· (lrnfih• 
stroug wiud, early l>rofilc 
Wl'nk whHl, enrly 1>rolilc 
\\'{~<lk wind. t!lll'ly profile 
strong wind, lntc profile 
strong wind, Into )lrolil~ 
wunk will((, late profile 
weak wind, late proHio 

strong wind, thl'Cl'-ln:.•er profile 
stroug wi11d, thrcc-ln.)lt!r profile 

'"enk wi11d, dh·m:tion chnugc 

be cah:ulated with 1\11)' an~Unlcy. Outside this contour 
the velocity h'indients were too small aud thus prohahl~· 
of minor impm·tance. 

In the hypolimnion, good results of Richardson mnu­
bers could be achie\·~d during the internal response to 
a strong wind, where the J'c:mlts become denser (pro­
files 36 to 30 and profiles 82 and 83). Reliable evaluation 
of Richardson numbers was possible more frequently in 
the bottom :ZO m where bottom st1·oss might be felt, m· 
the topography might imply higher gmdicuts. Tltc oc­
casions when the upper bound of tho Richm·dson uum­
ber foil below critical ( < 0.25) arc mnrkod dark in Fig· 
urc 10. Only isolated events force supo!·critical Ri on u 
vm·ticallength scale Q[ several meters. 

4.2. Temporal Pattern 

Abm•e the thermocline, supcrcrttical Richardson num­
bers are found in profiles 32 to 34, and 68 to 74 during 
strong winds. Two days after the wind released, high 
\'elocity g1·adients were created by the three-layct' pro­
files in the lower thermocline {30 to 40111 depth). Af­
te~; both events of a strong wind, Richardson numbers 

6.u/2 

dropped below 0.25, probably only i'or a relntlvely short 
period ot time, whill! the flrstrmodc internal wave trnns­
vcrscd ~cro. Later during the response, supercrltlcnl 
Richardson numbers werE! iouncl in the hypolimnion. 

Close to the lnko bed (below 75 m depth), supercritl· 
cal Richu.rdsol\ ntnuhet•s appeared sporndicn.lly1 without 
a clear t.emporal pattern, though events seemed to oc• 
em· lllot·c densely during winds and toward tlu: end of 
the modal response. 

In all cases the it1ternal response was t.-xcitt!d by wcst.­
erly winds, which were known to prevail at least dur~ 
ing t.he stratification period, Unfortunately, the Kocsis 
et td. [1998] measurements took place during t.he rnre 
occasion of NE winds, whicll were 110t covered by this 
appmach. As a consequence, the I<ocsis et al. measurt!­
ments could tlot be dil·ectly inserted into the observed 
pattcm, 

4.3. Implication for Vertical Transport 

The energy consideration above showed that for Ri < 
0.25, instabilities can be sustained from the energy im­
plied by thll cunent shear. As a consequence, below this 
critical vnlue an additional vertical t.rausport process is 
permitted, which naturally wiU result in a. rapid change 
of vertical transport coefficients in the neighborhood of 
Ri = 0.25. 

Modified hy interaction with any kind of disturbance, 
we will see a more smooth transition in a nntut•al wa­
ters. Peters et al. (1988) and Muu11icli et a/. (1992] 
performed measurements to connect gradient Richat·d­
sou numbc1· witb vertical transport processes, in the 
equatorial undercurrent or an alpine lake, respectively. 
Imboden and Wiiest [1995] combined the results in a 
plot fwm which we read the turbulent diffusi\•ity vet· 
sus gradient Richardson number as 

Ku 3 X w-u m-D.f> + 7 X w-a Ri- La 

+ 1.4 x 10-1 (m2 /s] for Ri > 0.22, (6) 

where we also added the molecular diffusion of heat. 
This curve yielded roughly a value of2 x 10-3m2 /s nt 

the critical value of Ri = 0.25. H was very improbable 

A:u./2 

6.z, 

1-- .__ 

Figure 8. TwQ wa.ter parcels in a cutrent shear. 



BOEHRER. ET AL.: CURRENTS IN WESTERN LAKE CONSTANCE 

CUmll\1 [mlsj 

35 

-eo 

-0.4 0 0.4 .01 
dan&it!r [kg/m:l-1000) 

§:-40 

i 
.@ -60 

-80 

currant [llllsl 

37 

-0.4 0 0.4 .01 
dan&IIY [kglm3-1000] 

I 
1,. 'l ::······ 

: ·:·:·{.',; ~ :-~ ..... 
·· :r·.l 

r:.,t· 

1 
Rl 

~ 
Rl 

current [mls} 

38 

-0.4 0 0.4 .o1 
denslly (kglm3-10001 

current [mfs] 

38 
-20 

-0.4 0 0.4 .01 
density [kg/m3-1000] 

l 
··········· 

~.-: ·, ... 
I I"·:.~ 

.·· .... :~ 
......... 
. ·r ... I 

·.::··:·:·.'L·: .. , .. 
··::'(:::c ....... . 

1 
AI 
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l!igure 10. Contour plot of upper bound of the gradient Richardson number in measuring site 
MR. The outer contour comprise the area where ap upper bound could be supplied. The shaded 
arJ;laindioates 0.25 < Ri < 1, and the soUd area indicates Ri < 0.25. Profiles with no current 
veloclt.y measurements bave been shaded 011 the plot. 
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that Kr~ kept on rising at the slope at Ri-9.11 toward 
smaller Ri. In fact, the hourly averages displayed by 
Peters et al. [1988, Fig. 15] indicated a coefficient 2 x 
w-3 m2/s < Kr~ < 2 X 10-2 m2/s for 0.1 < Ri < 0.25. 
In conclusion, J(rt = 2 x to-a m2 /s for 0.1 < Ri < 0.25 
could be considered a lower boundary. 

It could be shown that /(d :5 5 X 10-2 m2 /s for 
0.1 < Ri < 0.25: the assumption of 1(,1 = 5 x 10-~ m2/s 
and claiming the velocity profiles at MR represented the 
conditions of at least 1 % of the area of Lake Constance 
(~ 0.5 km2), the vertical transport in this area sur­
mounted the vertical transport within the entire lake, 
as from Heinz [1090] (see below). 

The observations included 55 velocity profiles from 
the lake surface to the lake bed. We assumed they were 
distributed statistically over the entire period (at least 
within the required accuracy) and they we1·e assumed 
to represent current shear over the entire period appro­
priately. Hence we took the average of the diffusion 
coefficient (calculated following (6)) ovm· all profiles at 
all depths. 

As the Richardson number, and thus the value for J(d, 

was evaluated from differences over a depth increment 
of the order of 5 rn, we additionally displayed averages 
over 5m in the vertical (Figure 11, solid line). 

The vertical diffusivities were compared to the results 
by Heinz [1990) and Heinz et al. [1990] calculated with 
the gradient flux method each over a period of most of 
a summer: 198i, 1988, or 1989, respectively. Both ap­
proaches yielded a similar pattern. The vertical trans­
port coefficients in Lake Constance showed a minimum 
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at the depth of the therinocline ( .... 2Q..30m) with a value 
In the range of to-o to 10-& m~ fs. In the eplllmnlon nnd 
in the hypolimnion the transport coeffidents were ris• 
ing to values around w-4 m2/s. The talculatlon using 
the gradient Richardson number yielded hlghct values 
(roughly tactor4), though lower boundary values were 
applied and only mixing due to internal waves shear was 
considered. 

Kocsis et al. [1998] calculated that. mixing above Sill 
of lVIainau should be enhanced by a factor of 34 com­
pared to the lake average, which explains the discrep­
ancy of a factor 4 from above. Keeping in mind that 
the Kocsis et al. measurement was done under different 
conditions (easterlies), and the factor 34 is a rough es­
timate, the ratio indicates that at least (upper estima•e 
for Ri) 4/34 = 12% of the vertical dispersive transport 
in MR is caused by large-scale current shear. 

5. Conclusions 

During the internal response the velocity profiles in 
western Lake Constance showed a two-layer structure, 
periodically changing direction as expected from mea­
surements of the thermocline oscillation. Measurements 
were conducted at the measuring site MR on the Sill of 
Mainau in western Lake Constance. The velocity pro­
files corresponded well with meteorological data and the 
measurements at other stations. 

During the zero transition of the two-layer oscilla­
tion, current profiles were measured, showing a three­
layer structure, if the exciting winds exceeded 4mfs. 
For weaker winds no similar feature could be found. 

100~7~--~~------~--~~~~~--~ 

10- 1 o-6 1 o-s 1 o-4 10-3 

vertical diffusivity (m2/s] 

Fjgure 11. Vertical diffusivities versus depth; solid line: calculation from measured Richardson 
number in measuring site MR; symbols: measurements and calculations according to gradient 
flux method Hein:t et al. [1990] for various years Heim: [1990}. 
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Calculating dlsch<wges O\'l!t the sill showed that some 
lateral structure had to be present at the beginning o( 
the response and during period!\ exhibiting thtee-ltwer 
profiles. 

Together wit.h the simulh\1\1'!0\lslJ· acquired temper­
ature profiles, the \•elocit.y profiles wero suited for cal­
culating the gradient Richardson number in tlw epil­
hnnion and in the thermocline ruul at times in the hy­
polimnion ou a vertical length scale of about 5m. At 
vru·ious depths, supcrcritical values were confirmed on 
several occasions. 

In the epUlumion we confirl\led supcrcriticul Ridmrd­
son numbers in the upper 10m quite frequently, during 
winds especially during strong winds. With one single 
exception, no supercritical Richarson number was found 
in the thermocline. The three-layer velocity profiles 
caused supercritical Rldaardson numbers in the upper 
hypolimnion, 2 days after a strong wind. Later veloc· 
ity profiles iudicated supercritical Richardson numlJcrs 
in the lower hypolimnion. In the bottom 20m, super­
critical Richardson numbers could be confirmed spo­
radicall~', with a slightly higher freqm~ncy during the 
internal response to strong winds. 

Upper estimates for the gradient Richardson num!Jer 
allowed a lowo::r estimate for the implication for ver­
tical mixing. In conclusion, the vertical t.ransport at 
MR due to large scale current shear was showu to be 
a factor 4 abO\'e the lake-average transport coefficient 
calcu!a~d by Hainz [1990] using tbe gradient flux ap­
proach through all depths. These results conliro1ed th<! 
importance o£ the sill ow~rllow foa· vertical mixing in tim 
lake during stratification. 
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