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Abstract. Turbulent characteristics of a 50 to 100 m deep convective internal boundary layer (I.B.L.) have 
been studied. The data were gathered at a flat coastal site (Ngsudden on the island of Gotland, Sweden) 

during three consecutive days in May 1980 which were characterized by a steady, very stable stratified 
marine approach flow. The site is situated on a flat area ca. 1500 m from the shoreline. Only daytime runs 
have been analysed in the present paper. The sensible heat flux at the ground was typically 200 W mm2 and 

was found to decrease more or less linearly with height throughout the I.B.L., being slightly negative at 
greater heights. The momentum flux was also found to decrease with height, but nevertheless shear 
production of turbulent kinetic energy was found to be large throughout the entire I.B.L. 

The analysis shows that the turbulent regime has a mixed character. Certain characteristics, such as the 
rate of growth of the I.B.L., appear to be almost entirely controlled by mechanical turbulence, while others, 
notably temperature variance and the spectrum of vertical velocity, scale remarkably well with w. and Z, , 
in accordance with the results found in fully convective conditions during the experiments at Minnesota and 
Aschurch. Other turbulent characteristics, such as spectra of the horizontal wind components measured 
near the top of the I.B.L. tend to adhere to mixed-layer scaling in the high frequency range, exhibiting much 
increased energy in the lower (reduced) frequency range. 

Spectra of the velocity components from 10 m are shown to be in general agreement with findings from 
‘ideal’, homogeneous sites (Kansas) when properly normalized, although the low frequency part of u- and 
u-spectra are slightly reduced compared to the case with deep convection. 

1. Introduction 

The study presented in this paper is based on measurements from three days in 
May 1980 at the Ngsudden wind power test site (a 2.5 MW machine began operating 
in late 1982) on the island of Gotland in the Baltic. The site is situated on a flat peninsula, 
covered mainly with scattered juniper bushes. During the measurement period analysed 
here, May 28 to May 30, 1980, there was a steady flow from a sector between east and 
southeast. As seen from Figure 1, this means that the flow, coming from the Baltic, has 
to pass a ca. 5 km wide strip of land - a fairly flat, mainly agricultural area - and then 
again encounters a ca. 3 km wide stretch of open water, before it enters the Ngsudden 
peninsula, where the measurement site is situated 1200-1800 m farther inland. 

In this paper only daytime data are analysed. The data set thus selected comprises 
continuous wind and temperature profiles up to 145 m on a tower and eight hours of 
turbulence measurements, from the levels 10, 75, and 135 m, although not all the time 
at three levels simultaneously, cf. next section. In addition, radiosonde data from the 
site are used as a general background. 

The turbulence data were obtained using a fast response windvane-based hotwire 
system, which measures the instantaneous values of temperature, wind direction and 
the three components of the wind (HiSgstriim et al., 1980). Data were sampled at 20 Hz 
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Fig. 1. The island of Gotland showing the measuring site NBsudden. 

on magnetic tape in one-hour periods and processed on a 1BM 360/370 computer. 
Before moments and spectra were evaluated, the data were corrected for an 
aerodynamic error, according to the findings in Hogstrom (1982). A 1024-point Fast 
Fourier Transform routine (Statistical Analysis System) was used to compute spectra 
in two separate, slightly overlapping bands. 

2. Observed Characteristics 

The general meteorological situation in the area of the Baltic Sea was quite steady during 
the period of our measurements, which lasted from 10 h on May 28 to about 14 h on 
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May 30, 1980. The 1000 mb geostrophic wind was from a southeasterly direction, 
lo-14 m s-l most of the time, decreasing, however, to 5 m SK’ on May 30. The 
temperature of the sea surface was quite low, ca. 5 “C over most of the area between 
the mainland of the Baltic states and Gotland. As the air mass was appreciably warmer 
- midday temperatures in Estonia were typically 20-22 “C - a strong inversion 
characterized the lower parts of the atmosphere over the sea. According to the tempera- 
ture soundings, the top of this inversion was at ca. 200 m above the sea surface, with 
a corresponding temperature maximum of 17 “C. This very strong inversion was also 
present in the daytime temperature profiles from the Nasudden 145 m tower, as is seen 
from the typical profiles shown in Figure 2a and b. These figures also show the unstable 
internal boundary layer formed in the lowest layer over the heated land of the Nasudden 
peninsula. A detailed study of the turbulent characteristics of this layer is the main theme 
of this paper. But before we embark on that task, we want to get an idea of the turbulence 
structure in the inversion layer above. 

Four daytime runs were performed at 135 m. The gradient Richardson number, Ri, 
for three of them was far above the critical value, 0.25, while Ri = 0.22 for the remaining 
case. 

Fig. 2a. Various profiles from N&sudden, run Nl (cf. Table I). The profiles are, from left to right: wind- 
speed, potential temperature, temperature flux and momentum flux. The two mixing-height concepts used 
in the paper are illustrated, h, being the ‘z,’ of Table I and h, ‘the slab model height’ (cf. Figure 5 and the 

text). 

fbl 

Fig. 2b. Same as Figure 2a but run N2 (cf. Table I). 



214 ANN-SOFI SMEDMAN AND ULF HijGSTRiiM 

Figure 3 shows spectra of the vertical velocity component for one of the runs with 
Ri > RiCri, (N2; cf. Table I) and for the run with Ri = 0.22 (Nil). It is clear that the 
flow at 135 m is not fully turbulent in run N2 in contrast with the flow in run Nil. 
Generally speaking, the flow at 135 m is not fully turbulent, and the spectra are close 
to the noise level in the high frequency end, but bursts of turbulence occur; at lower 
frequencies, waves and other mesoscale motions are present - phenomena which will 
be the subject of a forthcoming study. 

Fig. 3. Examples of spectra of the vertical wind component from 135 m. Symbols: 0 = run N2, with 
Ri = 0.6; A = run Nil, with Ri = 0.22. 

Table I is a summary of some relevant data for the turbulence runs. Figure 2a and b 
show examples of profiles of wind-speed, potential temperature, temperature flux and 
momentum flux. As seen from these plots, the temperature flux (or heat flux) decreases 
more or less linearly up to a certain level where the flux changes sign, attains a negative 
maximum, the magnitude of which is of the order 20 y0 of the surface heat flux, and then 
gradually approaches zero with height. In Table I the mixing height zj has been defined 
as the height where the heat flux is zero. The momentum flux also decreases with height 
- in all cases except runs NO and Nl (Figure 2a) - rather rapidly. 

3. Framework of Analysis 

Figure 4 is from Nicholls and Readings (1979) showing idealized limits of validity of 
various scaling techniques used in atmospheric boundary layer studies. As discussed by 
these authors, Monin-Obukhov surface-layer theory, including the special case of free 
convection, is expected to be valid below the horizontal line z/zi = 0.1, while mixed-layer 
scaling is likely to be valid in the rhombic area in the upper right-hand corner, denoted 
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0.1 

0.01 

Fig. 4. Schematic diagram showing idealized limits of validity of certain scaling techniques (see text for 
description). After Nicholls and Readings (1979). 

by ‘Mixed layer’. Nicholls and Readings present results from measurements representing 
the area ‘A’ of the diagram and show that it is necessary to introduce a scaling technique 
that takes into account both thermal convection and mechanical mixing in order to 
describe the turbulent characteristics of the particular flow regime that they were 
studying (the unstable marine boundary layer). From Table I we conclude that our 10 m 
data fall in the (upper part of) the lower left corner, whereas some of the 75 m runs fall 
in the area denoted by ‘B’ (those having z/zi-values less than 1.0). The remaining 75 m 
runs as well as the 135 m runs represent conditions outside the boundary layer (z > z,), 
which are not included in the diagram. 

The above general considerations will serve as a background to the analysis of the 
turbulence characteristics within the convective internal boundary layer to be presented 
in the next few sections. 

4. The Height of the Convective Layer 

As a first task, we shall try to determine the mechanism mainly responsible for the 
growth of the unstable internal boundary layer. In our attempt to do so, we shall take 
account of the fact that turbulence was intermittent in the upper stable part of the 150 m 
deep profile observed on the mast. It is reasonable then to make the following 
assumptions concerning the approach flow: 

(1) There is a strong, ground-based inversion in the lowest 200 m of the atmosphere 
at the point where the air first encounters the Nasudden peninsula. Such a temperature 
profile is indeed likely in view of the profiles observed at the mast 1300-1800 m inland 
- see Figure 2a and b - knowing that the surface temperature of the bay east of the 
peninsula was ca. 8 “C. 
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(2) The level of turbulence of the approach flow is very low. This is confirmed by the 
measurements at 135 m referred to in Section 2. 

Thus it is reasonable to assume that the turbulence observed in the lowest 50-100 m 
at the mast is almost exclusively generated by the combined action of thermal convection 
and shearing stress set up at the land-air interface during the passage of the air from 
the shoreline to the mast. We now propose to study this modification process by analogy 
with the continuous build-up of a convective boundary layer over an horizontally 
homogeneous area. This implies that in the rate equation, i.e., in the equation for dh/dt, 
x/U is substituted for time, where x is travel distance from the shoreline and U is the 
corresponding wind speed. Analysing an extensive set of field data, Driedonks (198 1) 
showed that the rate of growth of the horizontally homogeneous convective daytime 
boundary layer is well described by the following formula by Tennekes: 

dh 
- = c,a;/hAb 
dt 

(1) 

with 

and 

0; = w,3 + (‘4/C,)d 

Ab = (g/Z-,)A8 

wi’ = (g/&)%&h. (4) 

Here h is the ‘height of the boundary layer’ (definition, see below) at time t and A8 is 
the temperature jump at the top of that layer, according to the concept of the idealized 
‘slab model’ (see below), and C, and A are constants. With C, = 0.2 and A = 5, 
Driedonks found that Equation (l), after integration, describes observed h-values over 
the entire range of observations from almost zero to over 1000 m without significant 
bias. 

Equations (1) and (2) stem from a parameterization of the equation of turbulent 
energy in the entrainment zone, cf., Tennekes and Driedonks (1981). The inclusion of 
the two terms w? and (A/C,)u! in (2) means that convective mixing (through w!) as 
well as mechanical mixing are taken into account. As shown by Driedonks (198 l), the 
mechanical term strongly dominates the early morning stage of development, whereas 
the convective term alone gives a good estimate of the midday height. 

‘The slab model’ referred to above implies a constant potential temperature layer up 
to a height h, where there is a positive jump A0 in the potential temperature; above h, 
0 increases at a constant rate LM/az = yO, see Figure 5. That figure also shows how h 
and AB are obtained from a real &profile. It should be observed that the boundary-layer 
height defined in this way differs from the definition adopted in Table I for zi. 

We shall now apply Tennekes’ model, Equations (l)-(4), to our present data from 
Nasudden. Equations (l)-(4) can be combined to give: 

dh c 8’+/T,, 1 
dt= F A0 

__. -. 
gA.8 h 

(6) 
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This differential equation can be integrated numerically, if we are able to specify the 
parameters 8’, At), and U. as functions of time. In our case, we have access to data 
for these parameters only at the tower, so we take the observed values as constants over 
the integration regime, i.e., 

dh 1 

-=,+%i dt 
(6b) 

with a and Bconstant for the individual runs. The temperature jump AB is obtained from 
the profiles in the way schematically illustrated in Figure 5. Figure 2a and b illustrate 
the procedure for two of the runs (h, of Figure 2a and b). 

-e %l 8 00 

Fig. 5. Measured profile of 0 (-) and ‘the slab model assumption (--)‘, giving the mixing depth h. After 
Driedonks (1981). 

The integration of Equation (6b) should start from h = h, # 0 at t = 0 as shown by 
Driedonks (1981). But this requires detailed information about the initial temperature 
profile which we do not have, so we simply assume h, = 0. 

In order to get an idea of the relative importance of the various possible mechanisms 
in creating the observing unstable I.B.L., three simplified approaches for determining 
h were applied in addition to the solution of Equation (6b). They are: 

(1) ‘Encroachment’, i.e., no entrainment is assumed to occur. The resulting equation 
is (cf., Driedonks, 1981): 

(2) Tennekes’ formula with the u,-term equal to zero, which implies boundary-layer 
growth simply due to convection. This assumption is equivalent to fi = 0 in 
Equation (6b), so that 

h=a.t=h,. 
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(3) Tennekes’ formula with the thermal convection term equal to zero, i.e., c( = 0. 
From Equation (6b) we get 

h = J2Bt = h, . 

The result of the calculation (based on 8 out of the 9 cases listed in Table It) is 

bobs h, h, h* h, 
103 41 9 95 99 

where bobs is the mean of the observed heights, h, the mean height calculated with the 
full Equation (6b) and the remaining symbols are as listed above. Apparently Tennekes’ 
Equation gives a good estimate of the height: the bias Lobs - 71, being 4 m and the 
corresponding standard deviation 26 m. The fact that h, has nearly the same value as 
h, but h, is a factor 10 lower shows the dominating influence of mechanical turbulence 
on the growth of the I.B.L. This is not at all a trivial result, as the heat flux at the ground 
is fairly large, 150-200 W m-*. We also observe that h, is low by a factor 2.5 compared 
with the observed mean height. This clearly indicates that entrainment is important for 
the formation of the I.B.L. 

Although the simplifications introduced in the analysis - fluxes and A0 independent 
of travel time, h, = 0 - prohibit a truly quantitative test of the various formulae, the 
general conclusions, as stated above, are likely to be valid. 

5. Variances of the Wind Components and of Temperature 

The standard deviation of the vertical component normalized with U* is known to be 
a function of z/L in the homogeneous surface layer. Figure 6 shows that this holds true 

% ‘“* 

1.5 

1.0 

0.5 

-0.5 -0.4 -0.3 -0.2 - 0.1 0 

Fig. 6. Measured values of the normalized standard deviation of the vertical velocity, o,, /u., at 10 m as 
a function of z/L. 

’ In one of the runs, N15, the slab model could not be applied. 
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(ZIZi) 
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* 

1.2 -. 
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(a) 
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* ‘. I 

(b) 
. 

Fig. 7. (a) Normalized vertical velocity variance uz/w?. The solid line is the free convection prediction, 
Symbols: 6 are data from Nasudden (10 and 75 m) and the remaining data points are from Minnesota and 
Aschurch. (b) Horizontal velocity variances normalized by w?. Symbols Q : u,‘/w: from Nasudden and A: 

ot/wf from Nasudden. Other symbols are the average of the horizontal components 02, u from Minnesota 
and from Aschurch. Dashed lines represent the average of the Sl and S2 cases in Willis and Deardorff 

(1974). Adapted after Caughey and Palmer (1979). 
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for the Nasudden 10 m data also, the trend being similar to that found in Kansas 
(Haugen etal., 1970) and the scatter being small. In Figure 7a, the 10 m data as well 
as the 75 m data for crz have been normalized with w? and plotted against z/zi together 
with the data obtained in the Minnesota and the Aschurch experiments (from Caughey 
and Palmer, 1979). The solid line is the free convection prediction. Five of the nine data 
points from 10 m fall very close to this line, while the remaining four are far out, being 
larger by a factor of 2 or 3. Inspection of the data reveals the reason for this behaviour. 
The five points on the line have -z/L-values above ca. 0.3 while the other four have 
values below or close to 0.1. The latter group of data thus represent forced convection 
conditions. 

The 75 m data are generally larger than the data from Minnesota and Aschurch for 
corresponding z/z,-values. The difference is relatively small near z/zi = 0.8, but 
increases with dimensionless height. This increase is probably due to mechanical mixing, 
which was shown in the last section to be an active mechanism for the growth of the 
I.B.L. and hence for entrainment. This explanation is further substantiated by the 
magnitude of the shear production term of the turbulent kinetic energy budget at 75 m. 
If normalized with mixed-layer scales, this term equals: 

( 
77 ai -++ 

aZ 
2) (ZJW?) . 

A typical value of this quantity for the Nasudden 75 m data is 0.5. According to Caughey 
and Wyngaard (1979), this term is about 0.1 at z/zi = 0.1 in the well mixed boundary 
layer and decreases rapidly to very insignificant values. It is interesting to note that the 
buoyancy production term 

is about 1.0 at 10 m at Nasudden (z/zi z O.l), which is in general agreement with the 
findings reported in Caughey and Wyngaard, as is also the general linear decrease of 
this term up to the top of the I.B.L. 

For the horizontal wind components, normalization of the standard deviations at 
10 m with U* gives the following results: 

au/u, = 2.04 f 0.15 

a,/~, = 1.71 k 0.25 , 

According to Panofsky et al. (1977), these quantities have been found to scale with z,/L: 

au/u* = fJJu* = (12 - 0.5 ZJLy . 

In our case, this yields values in a very narrow range: 2.29 - 2.39, and it was not possible 
to distinguish such a trend. It is also noted that the observed a,/u,-values are ca. 10% 
lower than expected and the a,/u,-values ca. 25 y0 lower. We will return to this anomaly 
when discussing the corresponding spectra in the next section. 

In Figure 7b the variance data for the horizontal components have been expressed 
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in mixed-layer scaling terms and can therefore be compared with measurements from 
Minnesota and Aschurch. The 10 m-data form two groups: those with -z/L > 0.3 have 
02/w?-values l-2 times larger than the average mixed-layer data; and those with 
-z/L < 0.1 have values 5-10 times larger. The 75 m data are much larger than the 
Aschurch data in the upper part of the entrainment zone but seem to converge to these 
data near z/zi = 0.8, like the w-data do. 

0.8 

0.6 

I . I 
. 

. 

100 
uf /TZ 

10' 
* 

Fig. 8. The normalized temperature variance. The solid line represents the free convection prediction and 
the dashed line the Sl case from Willis and Deardorff (1974). Symbols 6 are data from NIsudden (10 and 
75 m); the remaining data points are from Minnesota and Aschurch. Adapted after Caughey and Palmer 

(1979). 

The temperature variance data from 10 and 75 m have been expressed in mixed-layer 
scales and plotted in Figure 8 together with corresponding data from Minnesota and 
Aschurch. The 10 m data come remarkably close to the dashed line which represent 
laboratory data of Willis and Deardorff (1974) (their S 1 case). Also the three 75 m 
points having the lowest z/z,-values come close to that curve, while 3 out of the 
4 remaining cases agree quite well with the Aschurch data. The reason why the 
temperature data follow the trend of the ‘ideal’ mixed-layer data is not clear. In analysing 
the Kansas surface-layer data, Wyngaard et al. (1971) noted that the normalized 
temperature variance approached the free convection prediction limit at remarkably low 
-z/L-values, a result also found by Hogstrom and Smedman-Hogstrom (1974). 
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6. Wind Spectra 

Spectra of the wind components at 10 m have been normalized by u? &“, where $J~ is 
the nondimensional dissipation rate, This quantity has been evaluated from the 
expression (Kaimal et al., 1972): 

@f” = 1 + 0.5 lZ/L/2’3. 

Figure 9 and 10 show w-, and u-spectral plots, respectively. The curves drawn are from 
the Kansas experiment (Kaimal et al., 1972). In the inertial subrange region, the data 
points cluster without noticable bias along the respective curve, the scatter being least 
for the u-component. In the low frequency region, the Kansas curves for the three 
components behave differently with respect to separation according to z/L. Thus the 
w-spectra order themselves nicely in the region 0 > z/L > - 0.3, while the more unstable 
runs fill up a relatively limited area, cf. Figure 9. Our data lie in the interval 
- 0.02 > z/L > - 0.45 with a mean z/L = - 0.22. It is not possible to distinguish a 
trend among our data points, but in the mean, they do come close to the Kansas curve 
for our mean z/L. 

0 

00 

r I I I I I 

. . 
z/L:0 

: l 

I I I 

f 
I I 

0.001 0.0 1 0.1 1.0 10.0 

Fig. 9. Surface-layer normalized 10 m vertical velocity spectra together with the corresponding curves 
from Kaimal et al. (1972) for unstable and neutral stratification. 

The low-frequency range of the Kansas u-spectra exhibit ‘an excluded region’, 
between the curve for z/L = 0 and a curve delineating the lower limit of the range for 
the unstable spectral curves. Our spectra for u (Figure 10) exhibit appreciable scatter 
in the low frequency range. Rather than avoiding ‘the excluded region’, the data points 
have their center of gravity in this area. Referring back to the discussion of the 
normalized variance CJ~,/U* of the previous section, we can now trace the relative 
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0.001 0.01 0.1 1.0 10.0 

Fig. 10. Surface layer normalized IO m longitudinal spectra together with the corresponding curves from 
Kaimal ef al. (1972) for unstable and neutral stratification. 

reduction in the magnitude of this quantity to the low frequency end of the spectrum. 
The reason for this reduction is no doubt the very limited depth of the convective layer, 
the energy of the horizontal components in this spectral region being largely derived from 
deep convection return flow (Wyngaard and Cot& 1974). The same general reasoning 
also applies to the v-spectra (not shown here). 

In three of our runs, the 75 m level is below the inversion (actually five runs, but no 
spectra were evaluated for runs NO and N15, cf. Table I), z/zi in these cases being in 
the range 0.83 to 0.87. Figure 11 and 12 display the measured w-, and u-spectra 
respectively normalized with w? Yz13 and plotted against A = nz,/E The solid curves 
drawn are the corresponding curves observed in the Minnesota experiment (Kaimal 
et al., 1976) for the z/z,-range 0.2-1.0 for w and 0.02-1.0 for U. For the dimensionless 
dissipation parameter ‘PS, a value was chosen so as to get the inertial subrange data for 
the u-spectrum as close as possible to the Minnesota curve. This procedure gives 
‘I”, = 0.8. The corresponding mean value obtained in the Aschurch experiment for 
z/z; z 0.8 is ca. 0.5 (Caughey and Palmer, 1979), but the data points scatter in the range 
0.3 to 0.8. Kaimal et al. (1976) obtain values between 0.5 and 0.7 “for the fully 
convective runs” and “slightly larger values in the near transition runs”, their Figure 4 
indicating a value near 0.8 for these cases. 

As seen from Figure 11, the w-spectra appear to follow the corresponding Minnesota 
curve reasonably well over the entire frequency range. The observed spectra values near 
the peak are, however, larger, but it is doubtful whether this result is significant. 

The observed spectra of the longitudinal wind components, Figure 12, have 
appreciably more low frequency energy than the corresponding Minnesota curves (if the 
spectra are compared on a reduced frequency scale, as here). It is reasonable to think 
that this excess energy is due to mechanical turbulence, which is absent in the fully 
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convective layer, decreasing linearly with height in the I.B.L. In contrast to the fully 
convective case, however, shear production was also large, even in the upper layers of 
the I.B.L. 

The rate of growth of the I.B.L. was shown to be controlled almost entirely by 
mechanical mixing, the observed height of the I.B.L. at the measuring site ca. 1.5 km 
from the shoreline being remarkably well predicted by a formula based on the Tennekes 
entrainment hypothesis. 

Velocity variances and spectra at 10 m normalized with surface-layer scales were 
found to be in general agreement with corresponding values from Kansas and other 
homogeneous sites, the most notable deviations being a,/~. and Q’u,, which were 
smaller than their ideal counterparts by 10 and 25%, respectively. 

The variances of the velocity components divided by w? for 10 and 7.5 m were 
compared with corresponding results from fully convective conditions in Minnesota and 
Aschurch. The 10 m data for c~/w? were found to fall into two distinct groups according 
to z/L-values: those with -z/L > 0.3, representing free convection, are in agreement 
with earlier data; the other group with -z/L-values < 0.1, representing forced con- 
vection, are far out. The 75 m data appear to converge to the ‘fully convective’ results 
in their lower z/z,-range around 0.8, while those data that represent the upper part of 
the entrainment zone (z/zi z 1.1) are larger than the corresponding Aschurch data by 
almost a factor of 10. This feature is attributed to increased entrainment by mechanical 
mixing. 

The normalized variance data for the horizontal components show a very similar 
behaviour in the z/z+ange 0.8-l. 1 as does the variance of the vertical component. At 
the lower level, much higher normalized variances are observed compared to the fully 
convective case. 

The normalized temperature variance c$/@, where 8, = w’/w,, was also compared 
with corresponding data from Minnesota and Aschurch and with laboratory data of 
Willis and DeardorlI (1974). The data from Nasudden were found to be in agreement 
with these data over the entire range of z/zi, 0.1-1.1. 

Velocity spectra were available for three runs for the z/z,-range 0.8-0.9. These spectra 
were normalized with w? Yz/’ and plotted against A = nz,/Z. The normalized spectral 
data for u and w were found to be in agreement with ‘the fully convective’ results in the 
inertial subrange provided \y, was made equal to 0.8. This value is only slightly higher 
than the mean value obtained in Aschurch for this quantity at z/zi around 0.8. In the 
low frequency range (in f;), the spectral estimates for w agree with ‘the fully convective’ 
curve, while those for the U- and u-components have much higher energy than the 
corresponding curves in this frequency range. 
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Fig. 11. Mixed-layer normalized 75 m vertical velocity spectra. The curve is from Kaimal er al. (1976) for 
z/z, = 0.2-1.0 and with Ye = 0.8. 

Fig. 12. Mixed-layer normalized 75 m u-spectra. The curve is from Kaimal et al. (1976) for z/zi = 0.02-1.0, 
with Ye = 0.8. 

convective cases represented by the solid curves. A very similar result was found for 
the v-spectra (not shown here). 

7. Conclusions 

The analysis has shown how the turbulent characteristics of the shallow unstable 
internal boundary layer studied are mechanically as well as thermally induced. Thus 
buoyant production of turbulent kinetic energy is shown to be as large as in the fully 
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