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1, Introduction

The past decade has seen rapid advances in our understanding of the structure
of turbulence in the atmospheric surface layer, both in convective and stable
conditions. However it is still fair to say that relatively little information
exists on the rather inaccessible regions above the surface layer, more especially
those above the reach of tall towers. To meet this need the Boundary Layer Branch
of the British Meteorological Office has developed, over the course of the last
twenty years, instrument packages suitable for mounting on the tethering cable of
large (1300 m ) balloons and capable of making accurate, fast response ,
measurements of the turbulent flow for periods of up to 24 hours at heights up to
about 2 km.

The present version of the turbulence probe consists essentially of a set of
sensors mounted on a vane which is attached to the balloon tethering cable in a way
that leaves it free to rotate and thus keep the sensors facing into wind. The
temperature (T) sensor consists of 180 c¢m, 26~y diameter platinum wire wound
non-inductively on a plastic former. A double V-shaped hot wire inclinometer
mounted on a damped pendulum measures the inclination (@) of the wind to the horizon
while a second inclinometer, orientated at 90 to the first, measures the
instantaneous horizontal wind direction (8), relative to the vane direction.

A magnetic flux valve is used to sense the vane direction (D), relative to the
earth's magnetic field. Wind speed (V) is measured with a multislot photo-
electric anemometer fitted with an eight-cup polystyrene rotor. From the four
basic quantities i.e. ¥, V, 8, and D the three orthogonal wind components (U,V,

and W) are derived. Some of the supporting electronics is housed in the fin of the
vane and the remainder in a box (which also contains the power supply) attached

to the cable a short distance below the probe. All signals are relayed to

the ground by radio telemetry and recorded on magnetic tape.

A series of evaluation experiments have been carried out jointly with AFCRL
using their sonic instrumentation as a standard. Side by side comparisons
on fixed supports showed excellent agreement between the average statistics
from the two systems. In order to assess the significance of balloon/cable
movement effects the MR probes were flown at 300 and 150 m on the balloon whilst
the AFCRL sensors were positioned at the same heights on a tall tower. These
results are discussed in detail by Haugen et.al. (1975) and show that the
vertical velocity and temperature measurements are negligibly affected by balloon
movement whereas the horizontal wind components are somewhat overestimated
(10 -20% ) ( Figs. ! and 2).

During the last six or seven years the instrumentation has yielded much
useful information on the higher regions of the boundary layer and in this talk
I can do little more than describe a selection of the results obtained. Early
work consisted cf raising a single package through the depth of the convective
boundary layer with short duration stops at standard levels. These studies
yielded useful results on the behaviour of the vertical profiles of the
rates of dissipation of turbulent kinetic energy (€) and temperature variance
(N) (Caughey and Rayment, 1974). 1In cases with strong convective mixing €
showed little decrease with height whereas in neutral conditions a marked
decrease with height was observed . On the other hand N was found to decrease
rapidly with height at all times.,
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2. Convective conditions - the Minnesota Boundary Layer Experimert

In the autumn of 1973 a full-scale boundary layer experiment was carried out
jointly with AFCRL in a sparsely populated region of northwestern Minnesota
(Kaimal et. al. 1976). The AFCRL instrumentation was mounted at standard levels
on a 32 m tower and the MRU turbulence probes at heights of 61, 152, 305, 610
and 1200 m on the ballocon cable. During periods of data gathering the actual
heights of the probes were measured periodically with a double theodolite system.
The observational periods included in this data set fall within the time interval
1200 to 1800 CDT when the height of the lowest inversion base was roughly constant
and the surface heat flux directed upwards. The common averaging period for all
data is 75 min., A detailed discussion of data reduction procedures is given by
Izumi and Caughey (1976).

In midlatitudes over land the convective boundary layer typically reaches
a height of 1 to 2 km by mid-afternoon, and is often capped by an inversion.
This layer exhibits a near-constant distribution of wind speed and potential
temperature, obvicusly a consequence of the strong vertical mixing produced
by convection. The name ' mixed layer ° is thus often used synonymously with
the convective boundary laver.

Illustrated in Figure (3) are the wind speed and temperature profiles for run
2A1 and these are fairly typical of daytime convective conditions. Almost
all the wind shear and all the potential temperature gradient in the boundary
layer are confined to a very shallow region close to the ground. The boundary
layer over land may be idealized as a three layer structure in terms of the
parameters considered relevant to the turbulence in each.

Proceeding upward from the surface,

a. The surface shear layer where wind shear plays a dominant role. Here
Monin-Obukhov similarity applies and the controlling parameters arezl’!’;) &,

and 3/4r . The scaling velocity and temperature for this layer are,
respectively :
A
u, = (%./€) (1
Ta = - (ao /U,g\

The expectation is that dimensionless groups formed with Us and Te become universal
functions of Z/L. Widespread support for these ideas (with the exception of

the U and V statistics) can be found in the literature {Businger et.al. 1971,
Wyngaard and Cot€ 1971, Kaimal et. al. 1972, Busch 1973, Caughey and Readings 1974,
1975). The shear layer is confined to a height ® € -[ .

b. The free convection layer where 25 is no longer important but height, Z,
continues to be the significant length scale. The governing parameters
reduce to three: 7 , Qﬁ and /T which yield a scaling velocity, Uf , and
scaling temperature, T} , given by

U = [Q@?(g/-r)]ys (2)
’% = [ Q,/Uf}

According to the local free convection predictions of Wyngaard et. al, (1971}
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dimensional groups formed with U , T should be constants. The very unstable
(- 2/L>1 ) data from Kansas support these predictions in the main., Our present
data set suggests an upper limit of approximately 0.1 Zi for this layer.

¢. The mixed laver in which the structure of turbulence is insensitive to 2
as well as ® . The thickness of the boundary layer, defined as the height of
the lowest igversion base 2 , is taken to be the controlling length scale,
so that the scaling velocity and temperature for this layer become

We = [Qo f,; B/T]I/s

Bx = QO /w# (3)

Within this region dimensionless groups formed with We and @+ should be functions
only of 2/2,. This expectation is based on model studies (Deardorff 1972, Wyngaard
et, al. , 1@74) which show wind and temperature data scaling with We and s .

The Minnesota data will be presented within this framework of mixed layer similarity.

Controversy still exists regarding the choice of %, for the thickness of the
convective boundary layer and it is worth noting that the Minnesota data set does
not add much further support for the usefulness of Z, as a boundary layer length
scale. This arises primarily because of the small variation in Z, between the
various days (a factor of two) and the important processes not acCounted for in the
presently used mixed layer similarity theory e.g. entrainment, baroclinicity etc.,
which are presumably contributing to the scatter in the data points. In this respect
the removal of Z, from many of the mixed-layer similarity plots does not signi-
ficantly increase the scatter. Some investigators (Tennekes, 1970y Zilitinkevich,1972;
Clarke and Hess, 1973) have suggested that this thickness is a function of Ue/&
the Ekman layer depth. However, the modelling studies of Deardorff (1974a) show that
Zi the height of the lowest inversion base determines the boundary layer depth.
He found the heights of the boundary layer for both heat and momentum to be nearly
the same and approximated by Zi&

Estimating Z, presented no difficulty in these observations as the base of the
capping inversion was sharply defined in all the radiosonde ascents. Between sunrise
and noon Z, grew rapidly in response to the steadily increasing surface heat flux.
The growth of 2, slowed down between 1300 and 1600 CDT as Q reached its maximum
value. BAs Q décreased through the late afternoon Z, began to level off to a nearly
constant vallle which it maintained even after Qo turned negative ( see Fig. 4).

2.1 Spectra of Velocity Components:-

Atmospheric surface layer spectra and cospectra ,when expressed in appropriate
similarity coordinates, reduce to a set of universal curves that converge into a
single curve in the inertial subrange, but spread out as a function of Z/L at lower
frequencies (Kaimal et.al, 1972}, It is of interest to see whether the spectral

properties of the convective boundary layer can similarly be generalized through
proper normalization of the spectral intensities and frequency scales,

Two facts emerged from an examination of velocity spectra obtained from the
mixed layer. The energy in the inertial subrange remains essentially constant with
height (in contrast with the sharp decrease with Z observed near the ground) and
the spectral peaks tend to be invariant both in their intensities and their
positions on the frequency scale, These observations imply near uniform spectral
behaviour over much of the boundary layer, so the use of mixed layer scaling appears
logical. Extending the similaritg argument to the mixed layer, we can expect the
velocity spectrum normalized by Wi to be a function of only two variables, Z/Zi and
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A/gy (where A is the wavelength approximated by U/p). Thus, the one-dimensional
logarithmic U spectrum can be expressed as

" S“(n) - A qjyg\ggﬂa (4)
wWe (21"
where a is the spectral constant for U,V is the dimenslonless dissipation rate
( '§ appropriate to the mixed layer and f, is the dimensionless frequency P
for that layer. By our similarity argument, Y , the ratio of local kingE
energy dissipation to buoyancy production at the surface should be a universal function
of 2/Z, and there is strong evidence from the Minnesota data in support of this

contention. Taking o, = .5 and rearranging terms Eq (4) becomes
n S“(“) =43
—_—M ) 5
TRVl 0.1 §, (5)

Spectral forms for the one-dimensional V and W spectra differ from Eq (5) by a factor
of 4/3 as a consequence of isotropy, so that

R
l,:_&@ - A SW (n) - O gof : (6)
we ¢ et "

Logarithmic spectra normalized in this manner show systematic behaviour when plotted
as a function of fi(see Fig. 5). 1Inclusion of Wﬁ in the normalization forces all
spectra to collapse into a single curve in the inertial subrange. At lower
frequencies we find the curves separating as a function of 2/Z,. However the
separation is not nearly s¢ systematic as In the Kansas spectrd but the demarcation
between categories is , nevertheless, clear enocugh to justify the curves in Fig. (5).
The spectra used for constructing the composite plots were subjected to minor
smoothing by eye to remove the distortions introduced by balloon movement at the

high freguency end.

Of the three velocity components W shows the largest spread with height. The
normalization tends to exaggerate the spread in the ordinate but the separation in the
abgcissa is expected since the length scales of W are known to be strongly height
dependent in the lower lavers of the atmosphere. BAs Z/Z, increases from 0.01 to 1.0
the spectral peak shifts to lower values of f ; rather rapidly at first up to
2/z, = 0.1 then more gradually above that. For U and V only two categories exist:(, 01
to 9.02 + 0.02 toipand the shift in the spectral peak is virtually insignificant.

The dimensionless dissipation rate,{ , which appears in the normalization of the
spectral intensities, assumes a nearly constant value in the mixed layer,falling
between C.5 and 0.7 . The limiting wavelength for the inertial subrange appears to be
a function of Z, in the mixed layer. Based on Fig. (5) we can define the limit as
A < 0.1 2, , 1In the surface layer this limiting wavelength is approximately the height
above the ground (Kaimal et.al. 1972) so we have to assume the transition from the 2
to Zi dependence occurs within the height range 0.01 to 0.1 Zi'

The peak wavelength,A , in the W component also undergoes a similar transition
with height. This wavelength is important for studies of turbulent transport in the
boundary layer and therefore merits close examination. 1In Fig. (6) we have)sw
normalised with Z, plotted as a function of Z/Z At 2 < 0.1 Zi the
relationship is a"linear one,

A

_m z_
Z :
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Fig. 6: Dimensionless peak wavelength for the velocity components and temperature
plotted as a function of 2Z/Z,. Scatter in the U, V and 6 data points
(not shown) is about twice as large as for W.
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-1
which is precisely the free-convection limit %r= 6‘7) observed in the Kansas
data (Kaimal et.al, 1972). Above 0.1 2 ,A"| increases more gradually and finally
approaches a constant value (~1.5 2 ) in the range 0.52, - Z,. An exponential
relatirnship for its behaviour above 0.1 Z. has been suggésted by D B Lenschow
(personal communication) whose aircraft W épectra show similar behaviour. Combining
the Kansas and Minnesota results we can approximate A  for W in different regions of
the convective boundary layer as follows o

E/(0'55- 03g Y/{L|)3 osZ2%-L
()'\) s 92 ; TLeaz € o0& (7)

W
1-€2:[1- exp(-52/2)];, o2 s g,
For U and vV components, Am /2. shows little, if any, variation with thd.

The scatter in the data (not shown in this plot) is larger than for W, by at least

a factor of 2. But their average value 1.3, shown by the dashed line came close to
the asymptotic limit of 1.5 for W. Thus, in the mixed layer, we see a strong tendency
for the wavelength in all components to be the same and roughly equal to 1.5 times the
boundary layer thickness.

These observations are in general accord with those reported by other investigators.
Deardorff's (1974b) numerical experiments showed Am/2;, for the W spectra to be
approximately 1.0 for Z/Z, between 0.38 and 0.69. The aircraft measurements of
Kukharets (1974) showed }; for W increasing with height between 50 and 500 m and
approaching a constant vaiue above 500 m. He also found Am sensitive to changes
in terrain type (steppe, desert and ocean) which might possibly be the response
to changes in 2,. In the surface layer it had been found that U and V do not obey
Monin-Obukhov similarity under unstable conditions. The absence of any systematic
variation with 2/L indicated that some length scale other than Z and L controls the
behaviour of X . It appears from the Minnesota data that this controlling length scale
is of the ordef of zi.

The observed ) matches the horizontal length scale of large convective plumes or
thermals which exPend through the depth of the boundary layer. The existence of
organised convection on this scale has been observed by other investigators: Hardy
and Ottersten (1969) and Konrad (1970) with the help of high-powered radars, Rowland
and Arnold (1975) with FM-CW radar and Frisch et. al. (1975) with a combination of dual
Doppler radar, acoustic sounder and microbarograph array. In the Minnesota data
evidence of such structures can be found in the temperature records from heights above
0.1 Zi' The traces show positive bursts spaced 4 to 5 minutes apart, i.e. the time
scale represented by X  in the mixed layer. The records show a high degree of
correlation between these fluctuations and the fluctuations in the velocity field
responsible for the peaks in Fig. (5) ,which suggest that the length scales of three-
dimensional turbulence in the boundary layer are determined primarily by the
convection pattern. In the U and V components these long-period fluctuations can be
observed down to very small heights above the ground.

2.2 Spectrum of Temperature

The spectrum of temperature, unlike velocity spectra, cannot be conveniently
generalized within the framework of mixed layer similarity. The difficulty arises
mainly from run-to-run variations in the low frequency variance introduced by entrain-
ment effects in the upper half of the boundary layer. However some useful general-
izations can be made about spectral shape and inertial subrange intensities in the
convective boundary layer.



-120-

These are contained in the set of indealized sgpectral curves shown in the lower

plot of Fig. (7). At the low frequency end they all converge to a single curve which
extends upward, reflecting the diurnal trend in temperature. At inertial subrange
frequencies the spectral intensity drops steadily with height up to 0.5 %Z,, stays at a
low value between 0.5 and 0.7 2, and starts to rise again above 0.7 2Z,. he

leveling off and subsequent increase in the spectral level in the upper regions of the
boundary layer clearly reflect the mixing produced by the entrainment of warm air
through the capping inversion.

The only region in which generalization is possible is in the height range
Z2=0.1g2, where the ® spectra behave much like those obtained in the Kansas experiment
(Kaimal ét.a1.1972). The controlling length scale here ig Z not zi, therefore we use £
for the dimensionless frequency scale.

The logarithmic one-dimensional & spectrum for the inertial subrange can be
expressed in the form (Kaimal et.al.l1972)

. B s s 7 (8)
Y\Se()'@g{ngsz }

where ?n is the spectral constant for &, assumed to be 0.8 (from Kansas results),

and N is the dissipation rate of ©2/Z. Substituting the value for £ ,normalising the
spectral intensity with Ty ,where Tf is the free-convection scaling temperature,and
rearranging terms, we have

-1

Qniﬁgg = = ﬂL;—”*’*ﬂﬁmiﬁh

2520 o™k G
This normalisation brings all & spectra into coincidence in the inertial subrange as
seen in the upper plot of Fig (7). &At mid and low frequencies they collapse into a
fairly narrow band with no clear tendency to separate according to Z/Z ;)m
for this composite spectrum approximates 202, the free convection limi% in the Kansas
spectra. As Z approaches 0.1 2, we see ) approaching the characteristic wavelength
1.5 24, found in the velocity cOmponents. Above .1 zi’km shows a tendency to increase
a little with height up to 0.5 Z; and to decrease again above 0.7 Zj.

- ’&/!

The function ¥ is essentially a dimensionless form of the structure parameter,
CT2 . We can write,

-/ -V
«:;:4,&.NE§ a z2nE " (10)

The Kansas data provide the relationship between C2 and surface layer parameters for
local free convection (Wyngaard et.al. 1971).
&3 Wi -4
e -
¢tz o076, (%) 2 (11)
From (10) and (11) combined with (9) we have &~ 0.83 for the free convection 12yer,
The value of § stays surprisingly constant up to 0.5 Z;, indicating that the Z
decrease in the inertial subrange intensity continues well above 0.1 Z; (see plot
in Fig. 7 ). The variation of N 5”1/3 above 0.1 2., non-dimensionalized with mixed
layer parameters, ©« and Z; is shown in Fig. (il% and can be approximated as follows:

N £~'/3 o 93 (Z/a.;)—#/3 ; B20852,
v . . psz_$E2 & 07B
ey Z: a ’ (12)

et (22 5 032 6B & 2.

This behaviour of the temperature spectrum agrees qualitatively with the £ and N
profiles presented by Caughey and Rayment (1974).
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The above empirical relationship can be used to collapse all inertial subrange
temperature spectra into a single curve in a plot similar to Fig. 5. Here the
dimensionless ratio of (12) plays the same role as 2/3 in Eq. (4). Bringing the
inertial subrange © spectra together in this manner causes the low fregquency end to
spread out, but no systematic trend emerges in the composite plots because of run-to-
run variations in the details of their low frequency behaviour.

It seems clear that the increase in inertial subrange variance above .7 Z, is
a direct consequence of mixing produced by the entrainment of warm air from the
inversion into the boundary layer. The temperature and heat flux traces in Fig. (8)
provide clear evidence of such entrainment. Only portions of the We traces where
significant heat flux exists are shown and these regions are shaded to distinguish
them from temperature traces. The regions of upward heat flux are thermals which
originate near the surface layer. The regions of downward heat flux appear
between the tops of the thermals, and these are also characterized by positive bursts
in the temperature trace. The structure of the bursts suggests that the entraining
warm air descends in the form of discrete plumes. Further evidence for this inter-
pretation comes from recent acoustic sounder results obtained at Cardington.
Figure (9) shows a strong subsidence inversion perturbed by convective elements,the
regions of entrained air descending into the boundary layer are clearly visible.

The entrainment mechanism has been studied in some detail by Rayment and
Readings (1974). They observed small rolls on the convective hummocks which
eventually ‘broke’ and resulted in the transfer of warm air across the inversion inter-
face (Fig. 10). wWhether this mechanism is generally applicable must await a further
series of multilevel measurements, preferably in association with remote techniques.

2.3 Variances and Structure Parameters

As mentioned earlier the free convection predictions for the peak wavelengths in

W and @ spectra are valid to == 0.1 Z -

2 7
The asymptotic predictions for W and § expressed in surface layer parameters
(Wyngaard et. al. 1971a) are

w3
T x 36 (-2 (13)
—_ -1/3
or/ T, x 09 (-2/t) (14)

These expressions convert directly to mixed layer parameters with only a change in the
value of the constant. Thus, we have, replacing equations (13) and (14),

e 1,/
WX/ Wy o g (2/2) : (15)
— . -2
ot/ 8k o~ 1g (2/2) 3 (16)

These predictions are shown as dashed lines in Fig. !1 and form a reasonable fit to
the data to a height of about 0.1 Z,. Above this level the data exhibits more scatter
than is apparent at the lower levels,

Comparing the Minnesota W variance data above 0.1 2, with aircraft, water tank
and numerical model results (surveyed by Deardorff and Wiilis,1974) one finds the
aircraft results fall within the scatter of the present data points. The magnitudes
in the tank and numerical experiments tend to be slightly greater than the
atmospheric measurements., As for the height of the maximum variance the tank data
show a peak around 0.5 Z. - as in the aircraft data and barely suggested in the
Minnesota data - while the numerical data show a peak somewhat lower. The most
significant departure from the tank and numerical results is the absence of any marked
drop in W variance near the inversion base.
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fluctuations traced above it.
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This is consistent with the spectral behaviour observed in Pig. (5) showing no
appreciable change in spectral intensity or shape above 0.1 Zi and probably reflects
the different upper boundary conditions that exist in the atmosphere compared to the
experiments.,

The @ variance above 0.1 Z, shows a steeper decrease with height than predicted
by local free-convection similar%ty@ The decrease continues to 0.5 Z,, where it
reaches a minimum value. &Above 0.5 2,, the variance increases with height, clearly
the result of mixing produced by entrainment of warm air into the boundary layer
through the inversion.

The structure parameters, Ci and C2 reflect the inertial subrange behaviour
in the velocity and temperature spectra respectively. Their chief application is to
studies of wave propagation in the atmosphere., The expression for Cv ¢ analogous to

the one for CT is (Kaimal,1973)

L

Cy = 4« E%’ ~ 25% (17)

The asymptotic surface laver prediction for Cif derived from the surface layer
relationship (Wyngaard and Coté&, 1971) gives

2 %
Cy zéﬁv

W
which ls unity for the Kansas data but higher for the Minnesota data. A useful
approximation for the dimensionless Cé in the range 0.01 2; 2 0.1 Zi is,

W,

&

Ci;k - .3 fai(g/@&}m%

(18)
= constant

(19}

The C2 measurements provide, by fayr, the best agreement to the Kansas free-convection
predictions in the lower half of the boundary laver, with considerably less scatter
than any other parameter considered. From Eg's (10) and 12) we find,
! Y -
r E 1.L7 (ﬁ/’%ﬁﬁ&% (20)

Ok
which is indicated by the dashed line in Fig. (11}. These results are in agreement
with Tsvang®s (1969) observations that showed the -4/3 power law extending to heights
of order 500 m. The trend stops at 0.5 2; and begins to increase with height above
0.7 25, once more reflecting the mixing produced by warm air entraining into
the boundary layer.

3. Stable Conditions

In stable conditions the atmosphere can support wave motion and this coexistence
of waves and turbulence complicates the investigation of the turbulence characteristics
Shown in Fig. (12) is a somewhat typical acoustic sounder record taken during stable
conditions. Well defined ‘wave like® features are present and the patchy nature of
the turbulence activity is clearly illustrated. Atmospheric spectra recorded in such
conditions show a double peaked character,with evidence of a spectral ‘gap' (or
minimum) at intermediate frequencies {(approx. 1072 Hz). To proceed with the
classification/understanding of the turbulence spectra obtained in such conditions it
is obviously necessary to remove the contributions (at low freguency} arising from
the oscillations in the time series. This is possible provided the major fluctuations
from turbulence and waves fall in different frequency bands. In the surface layer this
is generally the case (Caughey, 1976} but at the higher levels the gpectral gap closes,
s0 that by about 100 m height the spectrum assumes an almost single peaked character,
Fig. (13). Results indicate that the peak at low frequency falls in the meighbourhood
of the Brunt-Viasala frequency.




-127-

1.0 T 2 T T I T T T T |
B . S egqew | L K [ 4 .
.o .:. 7 * L] .. ¢
. ‘e V)
- oo -~ - oo -
~ % . . ofe,
~ ol , 4 F —
~N Y =c\
. A ‘o i
L4 A
58 A
- V4 - - < -
0'3 ® e
0.0} 1 1 11 1 1 l 1 i l [ N 1
0.01 0.1 1.0 10 o] 100
2, .2
w2 / w2 8° 764
1.0 T ™ T T I T 1 T T T
- » .. . - -~ %0 w0 bt ] (: "
» ¢ [ ] - o b 0,® @
= ° ° o -1 - s 0 o A
; ° ° ., . o ¢ o9
~ Ol — p— -
N « * d %
o o / -4 - :\' -
[ ] ,’ ’\ [
e® e o [}
= Il" - = [ \\ -
5, \
ool o L 7% | I B
0.0l (0} ] 1.0 Ol 1.0 10
w29/w"." 6, wezlw.ef
1.0 -1 v
1 | I‘. : T | . J 1 1 r 1 ]
- ...‘. - b 4° -
o ¢ .‘..’\‘
[ ) r ° .t.\
- ° :- - b “\ -
o r. 2y
~ Ot} : — — RN _—
N n .
o Yo . L e .
LN S
: " ) ‘\\
- : 9 - - “ -
] \ "s
0.0i H 1 | : 1 I l 1 1 l 1 1
0. 1.0 [e} 10 100 1000
c 223/ w? ct 2,23/ g2

Figure 11:

Vertical profiles of higher-order moments and structure
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By integrating over frequencies greater than & chosen ‘cut-off’ value Raimal (1973)
computed variances/covariances relevant to the turbulence subrange alone. When
presented in the non-dimensional form all spectra and cospectra were found to
collapse into a set of universal curves., These curves have been found applicable
to spectra recorded over the Cardington site,which is considerably less ideal than
that in Kansas, Figs. (14) and (15). The behaviour of the scaling parameter (£,
with Richardson number was also in agreement with the findings of Kaimal (1973).
This approach may offer a way for describing the characteristics of atmospheric
spectra in stable boundary layers at heights less than the upper limit of the
nocturnal inversion.

U,

Conclusions:

The main points from the results described in this paper may be summarised
as follows :

1. Convective conditionsg,

o amn e oz o e s w e e

(a) The spectra of velocity components in the boundary layer can be generalised
within the framework of mixed layer similarity. With appropriate normalization,the W
spectrum can be reduced to a famlily of curves which spreads out as a function of
2/2; at low freguencies, but converge to a single universal curve in the inertial
subrange. The U and V spectra generalised in the same manner show universal
behaviour,but without the Z/Z; dependence apparent in W. The onset of the inertial
subrange in the mixed layer occurs at a wavelengthisg0.1 Zy

(b) The temperature spectra above 0,1 z; cannot be generalised in the same manner as
the velocity spectra because of the variability in the low frequency behavicura
However, the inertial subrange level is more predictable decreasing as (3/%4)° up
to 0.5 Z; and increasing as (2/2;)3 above 0.7 Zy. Below 0.1 21 they behave much like
surface layer spectra.

{c} The characteristic wavelengthg)m, for W and @ increases linearly with Z in the
height range eLe== (.1 Z; following free convection prediction,but levels off to a
nearly constant value (km ~1.5 Z;) above that height. A gy for U and V stays
approximately the same (=1.5 Z;} throughout the depth of the boundary layer.

(d) The wavelength Agp=1.5 Z; , observed in the velocity and temperature spectra,
corresponds to the length scale of large thermals that appear to dominate the
circulation in the boundary layer.

(e} There is evidence of substantial heat entrainment into the boundary layer
through the capping inversion. The entrained warm air descends in the form of
‘inverted plumes® strongly affecting the temperature and heat flux statistics in the
upper half of the boundary layer.

ion amd O ale anmmesny fn he valid
en =
i

lf\ Fr convec G © 24,80 aggyca&. Sod Dol U e b wd

ee convect
to a height of 0.1 Z The triple moments indicate a much shallowgr free-convection
layer but this may be the result of inadeguate averaging time. reaches its real
constant value only above 0.1 Zj, while C fite the prediction to a helght of 0.5 Z4.

4 ce
redicticons for the varlan

iel
#h
®

'.a.

2. Stable conditions,

- e e = o o e e e e

(a) In the first few tens of metres the power and co-spectra can be generalised and
described in terms of the Richardson number when the low frequency contributions
arising from wavesg etc., have been removed.

(b) At higher levels the fluctuations arising from wave motion and turbulence begin
to overlap in frequency and this increases the difficulty in isolating a turbulence
subrange.
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List of Symbols

u = mean wind speed

u,v,w = fluctuating wind components in the longitudinal,lateral and vertical
directions.

T = mean temperature

- fluctuating temperature

e ~ air density
<, -~ surface shear stress (=X -€ UW, 4m)
Q - vertical temperature flux (= We )
Q, - surface temperature flux (=< W& ,h 4*)

g/T ~ buoyancy parameter

& - dissipation rate of turbulent kinetic energy

k - von Karman's constant

¥ - dimensionless dissipation rate 57/3, Qo

N - dissipation rate for half the temperature variance

-8/ &3 ¥y - 43

d— - a dimensionless structure parameter, N & /Q,, (’/T’) z
o, - spectral constant for l-dimensional U spectra ("' 0-5)

P - spectral constant for the 1-dimensional @ spectra (~o0. ?)
2 = height above ground

2 - height of the lowest inversion base
L = Monin-Obukhov length

2] = ¢yclic frequency

Nom - frequency of the logarithmic spectral peak

Am - wavelength corresponding to "m (= u/"”\)

£ - dimeusicnless frequency n 2/4

£ - Gimensionlecss frequency n2:/Q
C; = structure parameter for temperature
C“, = structure rarameter for velocity
Us,Te = scaliag velocity and temperature for the surface shear layer

Uf 'Tf = sceling velocity and temperature for the free-convection layer
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scaling velocity and temperature
for the mixed layer

the intercept on a reduced freguency

scale (f'i = }  at which the

extrapolated inertial gsubrange slope meets

A Smgm\

the line = =1,

for X = U and T.
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