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ABSTRACT

A model of the atmospheric convective boundary layer (CBL) is realized in the thermally stratified wind
tunnel of the Institute of Hydrology and Water Resources, University of Karlsruhe. Further experimental results
from this model are presented. The wind tunnel with a test section 10 m long, 1.5 m wide, and 1.5 m high
alows one to generate a quasi-stationary, horizontally evolving CBL, characterized by convective Richardson
numbers Ri,; up to 10 and Ri, up to 20, with the bottom shear/buoyancy dynamic ratio u,/w, in the range of
0.2 to 0.5. The convective regime in the tunnel is dominated by bottom-up forcings. Effects of entrainment in
the simulated CBL play a secondary role.

The spectra of turbulence in the wind tunnel flow are calculated from high-resolution velocity component and
temperature time series, simultaneously measured using laser Doppler and resistance-wire technique, respectively.
The spectra from the mixed core of the CBL and in the entrainment zone display pronounced inertial subranges.
The ratio of vertical to horizontal velocity spectrain these subranges is within the interval from 1.3 to 2, which
is dlightly larger than could be expected for purely isotropic turbulence. Different maxima in the production
ranges of the spectra are related to dominant turbulence scales in the wind tunnel flow. The energy-containing
ranges of the wind tunnel spectra exhibit plateaulike shapes resulting from modification of the turbulence
production by the flow shear. The comparison with atmospheric spectra and spectral data from water tank and
large eddy simulation studies of the CBL suggests that the turbulence spectral regime in the tunnel flow has
much in common with its atmospheric prototype.

The turbulence kinetic energy dissipation rate and the destruction rate of temperature fluctuations are eval uated
based on the relationships resulting from the Kolmogorov theory for the inertial-subrange spectra. The dissipation
rates obtained are within the scatter ranges of data from atmospheric measurements and model studies of
convection. High dissipation values in the lower portion of the simulated CBL are indicative of the shear
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Turbulence Spectra and Dissipation Rates in a Wind Tunnel Model of the

enhancement of turbulence production in the wind tunnel convective flow.

1. Introduction

Motions of avariety of scales constitute the turbulent
flow in the atmospheric convective boundary layer
(CBL). In the absence of mean wind, which is the case
of a shear-free CBL, turbulence is solely maintained by
buoyant forcing. This forcing favors vertical motions
and leadsto the characteristic cellular convection pattern
composed of thermals (warm updrafts) and associated
cool downdrafts. Although buoyancy is the dominant
forcing mechanismin the CBL, wind shear at the surface
can substantially modify the CBL flow structure. With
an increasing shear contribution, the cellular flow pat-
tern is replaced by a composition of roll-like motions.
This transition between the two turbulence regimes
could be observed most clearly in the vertical velocity
patterns from the large eddy simulations (LES) of con-
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vection (Sykes and Henn 1989; Mason 1992; Moeng
and Sullivan 1994).

Under conditions (or assumptions) of statistical ho-
mogeneity on large horizontal scales, the CBL temporal
evolution may be regarded as a nonstationary process.
Most numerical and laboratory model studies carried
out so far dealt with this nonstationary CBL. Available
measurement data on the convective turbulence struc-
ture in the atmosphere also refer to such a CBL case.
Another case of the CBL is the horizontally evolving
one, which grows by advection-type entrainment in a
quasi-stationary, neutrally or stably stratified air flow
over the heated underlying surface. This type of CBL
can be reproduced in a wind tunnel. We are not aware
of any laboratory experiments on modeling the hori-
zontally evolving CBL in either water tanks or water
channels. In the atmosphere, especially with mean wind
and over nonuniform terrain, the CBL flow pattern var-
ies both in time and space. The comparison of turbu-
lence statistics, evaluated from the wind tunnel mea-
surements by temporal averaging, with spatial averages
from water tank and LES studies (Fedorovich et al.
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1996, hereafter referred to as FKRP) suggests that tur-
bulence regimes in the nonstationary CBL and in the
horizontally evolving CBL are quite similar.

In the present paper we show further model results
from the thermally stratified tunnel described in Poreh
et al. (1991) and Rau and Plate (1995). The design of
the tunnel, which has a 10 m X 1.5 m X 1.5 m test
section, allows preshaping the velocity and temperature
profiles at the inlet of the test section. This providesthe
opportunity to generate a developed CBL over com-
paratively short fetches.

For presenting spectral data in dimensionless form
we shall use the traditional Deardorff (1970) convective
scales for length, velocity, and temperature, which re-
spectively are

Zii W* = (BQsZi)l/37 T-k = Qs/W*v (l)

where z; isthe CBL depth, usually defined asthe altitude
of the most negative flux of entrainment at the CBL
top, Q. istheturbulent kinematic heat flux at the surface,
and B is the buoyancy parameter. The procedure for the
determination of the Deardorff (1970) scales from ve-
locity and temperature profiles measured in the wind
tunnel is described in FKRP.

The convective flow in the wind tunnel is character-
ized by moderate values of Richardson numbersRi,; =
Bw;2zAT (<10), representing the effect of the temper-
ature increment AT across the capping inversion, and
Riy = N2z2w,2 (<20), representing the damping effect
of the stable stratification above the CBL, with N as the
buoyancy frequency. These Ri values indicate that the
convective regime in the tunnel corresponds to such
conditions in the atmosphere, when both capping in-
version and hydrostatic stability of the upper air are not
very strong. Experimental results given in FKRP show
that the turbulence regimein the simulated CBL ismain-
ly determined by bottom-up forcings, which are con-
vective heat transfer and shear at the underlying surface.
The entrainment and associated negative turbulent heat
flux across the entrainment zone are weak. Moderate
inversion strength leads to smaller temperature fluctu-
ations in the upper part of the CBL as compared with
data from studies with larger Ri ,;, and monotonic decay
of the horizontal velocity variance within the entrain-
ment layer. The bottom-up buoyancy/shear ratio u, /w;
in the range from 0.2 to 0.5, where u, is the friction
velocity, resultsin anoticeableincrease of velocity com-
ponent variances in the lower portion of the layer com-
pared with the shear-free CBL.

Cells in the shear-free CBL and rolls in the sheared
CBL represent large-scale components of turbulent mo-
tion, which are quasi-steady and semiorganized. Such
large eddy coherent structures usually contain most of
the energy in the CBL turbulence spectra. Analyzing
vertical velocity spectra (hereafter w spectra) measured
in the atmospheric CBL, Grossman (1982) concluded
that persistent peaks and dips in these spectra at low
wavenumbers are caused by coherent structures. Nev-
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ertheless, most atmospheric studies of the CBL turbu-
lence spectra, for instance those of Kaimal et al. (1976),
Caughey and Palmer (1979), Young (1987), and Mann
et al. (1995), give no evidence of resolved spectral struc-
tures indicating the separation of scalesin the CBL or-
ganized motions. Usually, spectra measured in the bulk
of the atmospheric CBL merely reveal a peak of energy
at scales of the order of the CBL depth. This feature of
the atmospheric spectrais easy to explain by amultitude
of disturbing nonconvective forcings affecting the flow
pattern in the atmospheric CBL (Sorbjan 1991). In the
w spectra from the LES of the shear-free CBL, Schmidt
and Schumann (1989) found distinctive peaks at wave-
lengths corresponding to the horizontal scales of up-
drafts and downdrafts. Deardorff and Willis (1985) ob-
served similar peaks in spectra from their water tank
model of the shear-free CBL. They nevertheless did not
consider them as statistically significant due to dataran-
domness and finite sampling.

Smaller-scal e turbulent fluctuationsin the CBL do not
show consistent features of organization. One can ex-
pect, however, that their magnitude may be affected by
larger semiorganized motions as a result of the energy
cascade from larger eddies to smaller ones. From the
LES model of the shear-free CBL, Schmidt and Schu-
mann (1989) reported the persistent domination of ver-
tical motions over the horizontal ones at comparatively
large wavenumbers, where the effect of pressure fluc-
tuations was still not strong enough to create locally
isotropic turbulence. Nevertheless, the velocity spectra
values from this study approximately agreed with the
predictions of the inertial-subrange theory, which as-
sumesthat within theinertial energy cascade the spectral
density depends only upon the wavelength and the tur-
bulence kinetic energy (TKE) dissipation rate. In the
Deardorff and Willis (1985) water tank model of the
shear-free CBL, the inertial subranges in the velocity
spectra were quite short and might be observed only in
spectrareferring to the lower half of thewater tank CBL.
The ratio of w spectra to horizontal velocity spectra
(hereafter u spectra) in the Deardorff and Willis (1985)
experiments was closer to the theoretical value of 4/3
for isotropic turbulence.

The atmospheric CBL velocity spectrausually display
extended inertial subranges at large wavenumbers. Kai-
mal et a. (1976) from tethered balloon and Young
(1987) from aircraft measurements found that in the
inertial subrange the employment of Deardorff (1970)
convective scales together with the TKE dissipation rate
as controlling parameters allows one to project the CBL
spectra onto one curve. Young also tested the above
scales for normalizing the temperature spectra (hereafter
T spectra), with the temperature fluctuation destruction
rate used as one more controlling parameter. He came
to the conclusion that the normalization of temperature
spectra by convective scaling works within a shorter
range of wavenumbers compared to the vertical velocity
spectra. The normalized T spectra, in contrast to the w
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spectra, retain a marked dependence on the dimension-
less height z/z,. Besides the effect of entrainment, which
modifies the atmospheric temperature spectrain the up-
per portion of the CBL, they are additionally affected
by the mesoscale variability of the temperature field,
which mainly contributes to the longwave spectrum
components. Both forcings are not accounted for by the
Deardorff (1970) convective scaling. There is no clear
indication in the experimental and model data published
regarding the modification of the temperature variance
in the CBL by wind shear.

While the spectral structure of turbulence in the shear-
free CBL was comprehensively studied during the last
several decades, both experimentally and with numer-
ical models, the spectral characteristics of turbulence in
the sheared CBL are much lessinvestigated. I n the spec-
tra from atmospheric measurements, especially in those
of the horizontal velocity components, and at longer
wavelengths, the contribution of shear cannot be ap-
propriately determined due to the contamination of the
velocity field by mesoscale motions. When discussing
the well-known problem of discrepancies between LES
and atmospheric data on the horizontal velocity variance
in the CBL (Schmidt and Schumann 1989; Nieuwstadt
et al. 1993), the effects of shear and mesoscale vari-
ability in the atmosphere are often mentioned together
as a combined source of these discrepancies. We know
of no LES study published that focuses on the spectral
analysis of turbulence in the CBL with shear. If such a
study is done once [as can be concluded from Moeng
and Sullivan (1994) it is just a matter of time], the
problem of experimental verification of the LES pre-
dictionswill arise. Water tank models of the atmospheric
CBL can hardly be considered promising with this re-
spect. Traditionally, and due to certain technical prob-
lems, they deal only with the shear-free convection
(Deardorff and Willis 1985; Adrian et al. 1986; Kumar
and Adrian 1986; Cenedese and Querzoli 1994).

Spectral data presented below refer to the CBL cases
previously considered in FKRP. The spectra have been
derived from the same time series as used in FKRP for
evaluating mean-flow parameters and turbulence statis-
tics in the horizontally evolving sheared CBL. The em-
ployed procedure of spectra calculation will be de-
scribed in section 2 and in the appendix. Velocity, tem-
perature, and heat flux spectra at different fetches along
the test section of the tunnel and at different altitudes
within and above the simulated CBL will be discussed
in section 3. The comparison of the wind tunnel spectra
with the CBL spectral data from atmospheric measure-
ments, water tank, and LES studies will be presented
in this section as well. The TKE dissipation rate and
the destruction rate of temperature fluctuations in the
wind tunnel model of the CBL will be analyzed in sec-
tion 4 together with data from other CBL studies. Con-
cluding remarks are adduced in section 5.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 55

2. Spectra derivation from measured time series

For measuring vertical and horizontal flow velocity
components in the wind tunnel a two-component laser
Doppler velocimetry (LDV) system is used. Details of
the measuring procedure are given in FKRP. To obtain
velocity time series, the LDV processor is operated in
the even-time coincidence mode. In each even-timewin-
dow only thefirst velocity signal isregistered. Thewidth
of the even-time window is 0.01 s, which provides a
sampling frequency of 100 Hz. The typical data rate
value (number of particles crossing the control volume
per second) in the bulk of the CBL is within the range
from 300 to 1500 Hz depending on the measurement
atitude. With adatarate being from 3 to 15 times higher
than the sampling frequency, the velocity field is sam-
pled quasi-equidistantly in time. Each time series con-
sists of 16384 values.

The temperature in the wind tunnel flow is measured
by a 2.5-um resistance wire with a cutoff frequency of
300 Hz. Discretization of the analog signal of the re-
sistance wire is triggered by the LDV signal in order
to synchronize the velocity and temperature time series.
The temperature probe is placed at the same level as
the LDV measuring volume, and shifted 1 mm down-
stream. This shift desynchronizes velocity and temper-
ature measurements at frequencies of 1000 Hz and more
(the mean-flow velocity in the tunnel is 1 m s1). As
will be seen from the spectra shown below, at these
frequencies the energy of both velocity and temperature
turbulent fluctuationsis small compared with the energy
in the resolved frequency range. Thus, the velocity and
temperature measurementsin the tunnel can be regarded
as coincidental in time and space.

We calculate spectral densities by the finite Fourier
transforms of the original time series based on the Wie-
ner—Khinchin relationship. This relationship equatesthe
spectral densities to the one-sided spectral density func-
tions defined in terms of Fourier transforms of corre-
lation functions (Bendat and Piersol 1986; see appen-
dix). Since the introduction of algorithms for fast Fou-
rier transforms by Cooley and Tukey (1965), this ap-
proach toward the discrete spectra calculation has
become dominant.

3. Velocity, temperature, and heat flux spectra
a. Velocity spectra

Spectral data considered hereafter represent the basic
flow configuration from FKRP. We shall begin by dis-
cussing the vertical and horizontal variability of the ve-
locity spectrain the wind tunnel CBL.

Figure 1 illustrates the w-spectrum evolution within
the CBL entrainment zone. In the case under consid-
eration, this zone is located roughly between 0.8z/z, and
1.22/z,. All spectra shown refer to the first measurement
location within the developed CBL (see FKRP), that is
to x = 3.98 m. The largest spectral values in the plot
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Fic. 1. Changes of the vertical velocity spectrum with height in
the upper portion of the simulated CBL, at x = 3.98 m. The dashed
lines represent 90% confidence limits. The spectra correspond to z/
z = 0.75 (the uppermost spectrum), z/z, = 1, Z/z. = 1.2, and z/z, =
1.4 (the lowest spectrum).

are observed slightly beneath the entrainment region, at
zlz; = 0.75, where the turbulence regime is still mainly
governed by bottom-up buoyancy forcing and subor-
dinate shear forcing. The overall shape of the spectrum
near its maximum is quite flat. However, several loca
peaks can be identified in the spectrum at a number of
wavelengths. The two highest peaks, roughly of equal
magnitude, refer to kzz = 6 and kz; = 9, thus corre-
sponding approximately to the wavelengths of z and
0.7z, These peaks are apparently associated with typical
length scales of the vertical velocity perturbations pro-
duced by updrafts (thermals) and downdrafts passing
the measurement volume. The characteristic size of
large-scale convective structures revealed by flow vi-
sualizationsin FKRP is approximately within the above-
scale range. In the midst of the entrainment layer, at z/
z, = 1, the energy of the w fluctuations drops, and the
spectrum in the vicinity of its maximum, which is lo-
cated close to kz; = 9, gets relatively narrow, thus in-
dicating a narrower range of representative turbulence
scales. The comparison of the entrainment layer spec-
trum with the spectrum measured at z/z, = 0.75 certifies
that this reduction of production range length takes place
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mainly at the expense of the lower frequency pertur-
bations. Local peaks placed around the spectrum max-
imum are still persistent in the entrainment layer spec-
trum. Higher on, at z/z. = 1.2, the energy of the w
fluctuations reduces to values of an order of magnitude
smaller than at the lower interface of the entrainment
zone. The corresponding spectrum is characterized by
two distinct peaks at the wavelengths close to the po-
sitions of peaks pointed out in thefirst spectrum—name-
ly, at kz; = 6 and kz, = 9. Flow visualization patterns
and temperature skewness profiles from FKRP suggest
that the horizontal dimensions of the thermals in this
range of heights are of the same order as in the flow
region below the entrainment zone. However, the sep-
aration distances between the thermals are typically
larger in the vicinity of the CBL top.

Above the entrainment layer, in the stably stratified
flow (z/z, = 1.4), the high-wavenumber spectrum is no-
ticeably contaminated by both spectral aliasing and
high-frequency noise. Their combined effect is seenin
the right-hand field of the plot as arising of the spectral
curve. The influence of noise on the spectra essentially
depends on the signal-to-noise ratio, which isrelatively
small above the CBL. Main sources of noise in the
measured spectra are digitization of the analog laser
Doppler burst signal (due to the finite temporal reso-
lution of the analog to digital converter there is an es-
timated error of about 0.4% in the determination of the
Doppler frequency) and nonequidistant sampling of the
time series, which mainly affects the high-frequency
spectral range.

Examples of u and w spectra at different fetches cor-
responding to the progressive CBL growth, and at three
dimensionless el evations above the test-section floor are
given in Fig. 2. Generally, the normalized spectra of
both components at a given z/z retain their shapes dur-
ing the process of the CBL development. This is an
indication for the approximate self-similarity of the tur-
bulence spectral regimein the simulated CBL. The shear
contribution in the lower and middle portions of the
layer enhances the energy of the velocity fluctuations.
The role of shear in the enhancement of the velocity
component variances at early stages of the CBL evo-
lution, in particular at x = 3.98 m, was discussed in
FKRP. As seen from the spectra plotted, such enhance-
ment is more pronounced at larger wavenumbers (kz, >
7).

This suggests that, in the bulk of the CBL, the buoy-
ancy acts as the dominant factor of turbulence produc-
tion at smaller wavenumbers, while the contribution of
shear becomes important with increasing wavenumbers.
However, the scaling applied to the measured spectra
takesinto account solely the buoyancy contribution. The
joint effect of buoyant and shear forcings leads to an
elongation of the production range and to the relative
flatness of the normalized spectrain the high-wavenum-
ber portion of this range. Both of these features are
clearly seen in the w spectra and to a smaller extent in
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Fic. 2. Normalized horizontal (a) and vertical (b) velocity spectrain the simulated CBL at different fetches along the test
section: x = 3.98 m, solid lines; x = 5.63 m, dashed lines; and x = 7.28 m, dotted lines. Figures at the right edges of the
plots are multipliers for spectra measured at different heights: 0.1 for 'z = 0.2, 1 for Zz = 0.6, and 100 for z/z, = 1.

the u spectra measured at z/z, = 0.2 and z/z; = 0.6. Such
behavior of the velocity spectra in the near-wall region
is well in accordance with the theoretical analysis by
Tschen (1953) and Gisina (1966), who predicted a —1
spectral power dependency on k in regions where the
turbulence is affected by the mean-flow shear.

In the entrainment layer (z/z, = 1), the w spectrum
measured at x = 3.98 m displays a markedly smaller
energy level for large-scale fluctuations than the spectra
from subsequent locations (Fig. 2b). A reason for this
could be a stronger damping effect of the capping in-
version at smaller fetches, where the initially imposed
temperature increment is not yet diluted, see Fig. 3 in
FKRP The stronger damping results in a reduction of
the number and size of buoyant thermals overshooting
theinversion. The smaller-scalevertical motionsareless
affected by this damping. In the u spectra at the same
height (the upper group of curves Fig. 2a), the damping
effect of the capping inversion on larger-scale motions
is not observed. The suppressive influence of stable
stratification on the horizontal velocity fluctuations is
probably compensated here by sideward motions re-
sulting from the destruction of thermals in the entrain-
ment zone.

We continue the measured spectra evaluation with
consideration of the P, /P, spectral ratio within different
wavenumber ranges. This characteristic is essential for
making assumptions concerning the local isotropy of

turbulence and the existence of inertial subrangesin the
measured spectra. Both aspects are of practical impor-
tance when the TKE dissipation rate and the destruction
rate of the temperature fluctuations are evaluated using
the measured spectra.

Local isotropy wasintroduced by Kolmogorov (1941)
as homogeneity plus isotropy of the small scales of tur-
bulent motions (Mestayer 1982). Another concept put
forward by Kolmogorov was that of the inertial sub-
range, the energy cascade interval in the turbulence
spectrum where no energy enters the system from the
outside and no energy dissipates (Panofsky and Dutton
1984). In the inertial subrange, the energy spectrum is
isotropic and does not depend on viscosity. The spec-
trum shape is thus determined only by the energy flux
over the spectrum. This flux is equal to the energy dis-
sipation rate ¢. It follows from the dimensional analysis
by Kolmogorov (1941) that in the inertial subrange

Pl(k) ~ 82/3k75/3’ (2)

where P, (K) is the spectral density of the velocity com-
ponent u,. Obukhov (1949) has shown that the assump-
tions of the Kolmogorov theory lead aso to a —5/3 law
in the inertial subrange spectrum of temperature fluc-
tuations.

Local isotropy of turbulence and the presence of the
inertial subrange in spectra are conditioned by a suffi-
ciently high turbulent Reynolds number of the flow, Re,
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Fic. 3. Spectra ratio P,/P, at the 5.63-m fetch as a function of
the dimensionless wavenumber at different dimensionless elevations

in the simulated CBL: zZ/z = 0.2 (solid line), Z/z, = 0.6 (dashed line),
and 7'z, = 1 (dotted line).

= ul/v, where u isthe representative turbulence vel ocity
scale, | is the integral turbulence length scale, and v is
the kinematic air viscosity. According to the analysis of
Tennekes and Lumley (1982), Re, has to be of the order
102 or more to justify the employment of the Kolmo-
gorov theory relationships for spectrain theinertial sub-
range. In the wind tunnel experiments considered, u is
of the order 0.1 m s7%, and | is about 0.5 m (FKRP),
which gives Re, = 3 X 102 (with » = 1.5 X 105 m?
s 1), thus providing grounds for expecting local isotropy
features of turbulence in larger-wavenumber spectral
ranges. Characteristic value of the Reynolds number Re,
= uMv based on the Taylor microscale A in the wind
tunnel CBL isabout 50 (with A = 10-2 m). The estimate
of A results from A2 = 15vu?/e, where ¢ is taken equal
10-2 m? s~2 (see the dissipation rate data in section 4).

Under conditions of local isotropy, the Kolmogorov
theory predicts the P, /P, ratio in the inertial subrange
to be equal to 4/3. The velocity spectra from the wind
tunnel are checked against this criterion in Fig. 3. In
the main portion of the CBL, the log-spectra of both
velocity components (see Figs. 1 and 2) have linear parts
at kz, > 10, which may be evidence of the inertial spec-
tral regime. With these wavenumbers, the values of P,/
P, for al altitudes given in Fig. 3 are between 1.3 and
2, and therefore slightly exceed the local-isotropy pre-
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diction. There may be a physical reason for this excess,
for example, the insufficiency of the pressure fluctua-
tions to isotropize turbulence in the presence of domi-
nating buoyant forcing, which favors vertical motions.
This explanation is presented in Schmidt and Schumann
(1989), who have found even stronger departure from
local isotropy in their LES velocity spectra. Neverthe-
less, the proximity of the turbulence regimein the wind
tunnel CBL to the conditions of local isotropy may be
inferred from Fig. 3 for the wavenumber range 10 <
kz, < 80.

For small and moderate wavenumbers (kz, < 10), the
behavior of P,/P, differs in the CBL mixed core and
in the entrainment zone. In the mixed layer region (two
lower dimensionless elevations in Fig. 3), the P, /P,
ratio displays an overall tendency to decrease with an
increasing wavenumber. The shapes of the two corre-
sponding curves closely resemble each other within the
range of kz, from 1 to 6, but the P, /P, function at z/z
= 0.6 is shifted to larger wavenumbers compared to P,/
P, at z/lz, = 0.2. Such atranslation of scale dependence
from lower to higher levels inside the mixed layer is
quite aremarkable feature of the obtained spectral ratio.
From a physical point of view, this means that the dis-
tribution of energy between the vertical and horizontal
velocity fluctuations at smaller wavenumbers contains
a hidden length scale, which is apparently related to the
distance from the wall. This may be a manifestation of
the self-similarity of the large-scale turbulent structures
in the CBL mixed core.

The dependence of P,,/P, on k at small wavenumbers
within the entrainment zone supports our earlier findings
concerning the vertical motion suppression at the CBL
top and the enhancement of the horizontal velocity fluc-
tuations by the sideward spreading of air from rising
thermals.

One more important characteristic of the CBL tur-
bulence regime is the wavelength A,,,, corresponding to
the maximum in the vertical velocity spectrumkP,,. Val-
ues of A, from the wind tunnel CBL model are given
in Fig. 4 together with data from other sources.

Closeto the CBL top our measurements do not predict
a drastic decay of A,,, as observed in the data from the
atmospheric study by Caughey and Palmer (1979). The
small values of A, in their case could be the effect of
avery strong capping inversion. However, in thevicinity
of 'z, = 1 the wind tunnel data are reasonably close to
the atmospheric data of Graf and Schumann (1992), who
in addition used a LES model to reproduce the atmo-
spheric situation. The wavelengths of spectral maxima
from the wind tunnel model increase above the entrain-
ment zone. Similar behavior of A,,,, was observed and
modeled by Graf and Schumann (1992). The increase
of A, in the atmosphere can be associated with waves
generated above the inversion under the condition of a
sufficiently strong stable stratification (large Ri ). Inthe
wind tunnel model, Ri, is comparatively small, and the
Aum growth above the entrainment region results from
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Fic. 4. Changes with the height of the wavelength corresponding
to the maximum in the vertical velocity spectrum. Data from the wind
tunnel model at x = 3.98 m, x = 5.63 m, and x = 7.28 m are shown
by solid, dashed, and dotted lines, respectively. Points are atmospheric
measurements of (squares) Caughey and Palmer (1979) and (circles)
Graf and Schumann (1992). The heavy solid line represents the LES
model data from Graf and Schumann (1992).

the increase of the separation distances between the nar-
row updrafts, overshooting into the turbulence-free
zone.

In the lower part of the CBL, where A, rapidly in-
creases with height, all data sources represented in Fig.
4 provide close results. There is a noticeable scatter of
the wind tunnel data from the mixed core of the CBL.
The main reason for the scatter is the ambiguity of de-
fining the spectrum maximum due to the flatness of
spectral curves in this flow region, see discussion to
Fig. 2. In this situation, the w spectrum often has two
or more peaks approximately of the same magnitude
within an extended range of k.

A comparison of thewind tunnel velocity spectrawith
spectral datafrom the water tank study of Deardorff and
Willis (1985), and from the LES study by Schmidt and
Schumann (1989) is presented in Fig. 5. In both studies,
the shear-free atmospheric CBL was modeled. The CBL
turbulence statistics from these studies were compared
with their wind tunnel counterpartsin FKRR, wherelarg-
er values of the u- and w-velocity component variances
were discovered in the sheared wind tunnel CBL. These
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larger values are clearly seen in the u and w spectra
corresponding to the two lower measurement locations
in Figs. 5a and 5b. At smaller wavenumbers (kz, < 8),
the wind tunnel u spectra (Fig. 5a) are smaller than the
water tank ones and only slightly exceed the LES spec-
tral values. The water tank data in this scale range pre-
sumably exhibit the effect of horizontal inhomogeneity
of the surface heat flux, which was first pointed out by
Schmidt and Schumann (1989) [see also discussion in
Fedorovich and Mironov (1995) and in FKRP]. Larger
w-spectral values from the wind tunnel model in the
low-wavenumber interval may be explained by the con-
tribution of quasi-steady cellular circulations to the ve-
locity variance in the wind tunnel CBL. This contri-
bution was discussed in FKRP. Near the CBL top, at z/
z, = 1, where the turbulence reglme is practically
unaffected by the surface shear, the wind tunnel spectra
are close to the spectral curves from the other model
studies.

With an increasing wavenumber, the LES spectra de-
crease while the wind tunnel spectral curves enter their
characteristic flat parts. As aresult, with kz; larger than
10, the wind tunnel spectra of both vel ocity components
are larger than their water tank and LES counterparts.
At all altitudes represented in Fig. 5, the normalized
velocity spectra from the wind tunnel model display
linear parts, which can be fairly approximated by the
—5/3 (for the normalized spectra by —2/3) power laws
of the Kolmogorov (1941) inertial-subrange theory.
These linear parts, although clearly seen in the plots,
are rather short.

The estimation of the Kolmogorov turbulence mi-
croscale n = (v3/£)¥* in thetunnel flow yields n = 103
m. At the same time, the observed linear subranges in
the wind tunnel spectra are within 30 m=* < k < 250
m-*, which corresponds to 3 X 102 < kn < 2.5 X
10-*. The upper limit in the last expression is of the
order of kn magnitude found by Champagne (1978) to
be critical for existence of the inertial subrange. Con-
sidering the above estimate together with previously ob-
tained estimates for Re, and Re,, taking into account
the measured P, /P, ratio and shortness of the —5/3
intervals in spectra, we admit that the reproduced tur-
bulence regimeis just at the border of what is required
for existence of the inertial subrange in the turbulence
spectra.

The turbulence timescales in the wind tunnel CBL
may be evaluated in the following way.

The characteristic turbulence timescale:

'u 0lmst

Timescale corresponding to the Taylor microscale:

Kolmogorov timescale:
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(lines). Heights and corresponding multipliers are the same as in Fig. 2. Straight lines represent —5/3 spectral law in the
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Convective timescale:

In the wind tunnel CBL, the mean-flow deformation is
about 0.1 m s* over 5 m. Therefore, the timescale of
the mean-flow evolution (50 s) is much larger than any
of the turbulence scales in the CBL. This leads to the
assumption that turbulent fluctuations are in the quasi-
equilibrium with the mean flow, and therefore the flow
may be considered homogeneous with respect to its tur-
bulence regime.

In the spectra from LES models, as pointed out by
Deardorff (1971) and Schmidt and Schumann (1989),
the high-wavenumber ranges are deformed due to the
artificial smoothing on the shortest resolved scales and
due to the inability of LES models to resolve a signif-
icant portion of the larger-scale end of the inertial sub-
range. Both of these effects are responsible for the com-
paratively fast decay and the excessive curvature of the
spectra from the LES at large wavenumbers.

Published velocity spectrafrom the atmospheric CBL
are often not sufficiently documented to use them for

verification of the wind tunnel data. Many of these spec-
tra are either plotted in schematic or generalized form
like those from Kaimal et a. (1976), presented in di-
mensionless form using special scales like spectrafrom
Mann et al. (1995), grouped within height ranges as in
Young (1987), or given in initial form without a clear
indication of the integral parameters of the convective
regime studied (Caughey and Palmer 1979). The above
circumstances greatly hamper a direct comparison be-
tween the wind tunnel velocity spectra and the atmo-
spheric CBL spectral data.

In order to transform the atmospheric spectra of
Caughey and Palmer (1979) and the wind tunnel spectral
measurements into a common domain we have used a
kind of internal spectral normalization. It implies the
normalization of the energy spectrum nP; by its maxi-
mum value in the production range, (nP;)., and the
normalization of the frequency by the value n,,, at which
this maximum is achieved. Resulting dimensionless
spectra are not suited for making quantitative conclu-
sions, but can be useful for evaluating the similarity of
the spectral shape. In Fig. 6, the wind tunnel velocity
component spectra are plotted together with the atmo-
spheric spectra measured at z/z, = 0.9, which isin the
lower portion of the entrainment zone. The shapes of
the modeled and measured spectra at this elevation are
similar in the vicinity of the spectral maxima, where
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Fic. 6. Normalized horizontal (a) and vertical (b) velocity spectrain the simulated CBL at x = 5.63 m (lines) compared
with the atmospheric CBL data of Caughey and Palmer (1979) (points) for z/z, = 0.9. Straight lines correspond to —5/3

law.

several distinctive peaks are resolved in the wind tunnel
spectra. The atmospheric data follow the inertial-sub-
range power law within longer frequency bands than
the wind tunnel spectra. The comparison presented gives
a general idea of the proportion between extensions of
theinertial subrangesin the atmospheric and in thewind
tunnel CBL velocity spectra. The inertial subranges of
the atmospheric spectra are typicaly an order of mag-
nitude longer.

b. Temperature spectra

The temperature spectra from the wind tunnel model
are grouped in Fig. 7. At the two lower elevations in
the simulated CBL the T spectra are similar to the u
spectra (Fig. 2a). They are relatively flat in the produc-
tion region and bear evidence of a vast range of the
temperature fluctuation scales, which almost equally
contribute to the spectral energy, see Fig. 7a. The lon-
gitudinal variability of the T spectra in the CBL lower
portion is small compared with the velocity spectra, and
the normalized temperature spectra at all fetches almost
coincide. In the entrainment zone, at z/z, = 1, the tem-
perature spectra have pronounced maxima at a kz, of
about 3, and their decay in the high-wavenumber range
is faster than that of the T spectra measured at lower
levels. From the spectraat z/z, = 1 the effect of inversion
strength on the temperature fluctuation magnitude is

clearly seen. Larger temperature variance, and thuslarg-
er T spectra values, are observed at x = 3.98 m, where
the comparatively large temperature increment across
the entrainment zone enhances temperature fluctuations
(see temperature variances at the inversion in Fig. 6a
of FKRP). This enhancement is rather uniformly dis-
tributed over the entire spectral range.

A smaller inversion strength in the wind tunnel ex-
periments is the reason for the lower position of the
corresponding spectrum curve in Fig. 7b as compared
with temperature spectra from the water tank and LES
studies. In the bulk of the CBL, the wind tunnel spectra
are located close to the LES spectra, but are not as
protuberant as the latter ones. It is not clear to us what
the source of the exaggeration of the small-scale tem-
perature fluctuations in the water tank simulations of
Deardorff and Willis (1985) could be.

The comparison of Fig. 7b and Fig. 5 shows that the
—5/3 linear intervals in the temperature log-spectra
from the wind tunnel model are even shorter that in the
velocity spectra. However, we still consider them to be
sufficiently pronounced in order to use the assumptions
of the inertial-subrange theory for the evaluation of the
temperature destruction rates from the measured spectra.
In Fig. 7c, the wind tunnel and atmospheric spectra are
plotted together using the same scaling as applied to the
velocity spectra in Fig. 6. It is easy to notice that the
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Dashed and dotted lines indicate vertical changes of spectra maxima positions in the mixed layer;
dashed lines envelope regions of negative wT correlation within the entrainment zone.

—5/3 law part in the atmospheric spectrum extends
much farther than in the wind tunnel spectrum.

¢. Heat flux spectra

In this section we consider spectra of the vertical
turbulent kinematic heat flux w'T" (also called the tem-
perature flux), which are actually cospectra of the ver-
tical velocity and temperature fluctuations. In Fig. 8, the
heat flux spectra from the wind tunnel model are plotted
in the same form as the LES spectra of Schmidt and
Schumann (1989) in order to facilitate their comparison.
It is clear from the plot that in the wind tunnel CBL
heat is transported upward by comparatively large-scale
turbulent structures. The shape of the wind tunnel co-
spectrum at z/z, = 0.03 is very similar to that of the
heat flux spectrum measured by Kaimal et al. (1976) in

the atmospheric CBL at z'z, = 0.04, while the LES
spectrum corresponding to z/z, = 0.02 more resembles
the atmospheric heat flux spectrum from Kaimal et al.
(1976) at a much smaller height, zZz, = 0.003. The in-
fluence of the surface shear in the wind tunnel CBL can
be one reason for a comparatively weak correlation be-
tween w and T fluctuations at larger wavenumbers. We
have already noted that the shear influence apparently
shifts the w spectra to higher frequencies. Velocity fluc-
tuations induced by shear are not coupled with tem-
perature disturbances, rather merely stochastically
mixed with them. Near the surface (at z/z, = 0.03), this
results in the comparatively fast decay of the wind tun-
nel cospectrum with increasing wavenumber.

In the lower quarter of the CBL, the wind tunnel
spectra consistently display two peaks at small wav-
enumbers. These peaks may be related to narrow warm
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updrafts (positive w' correlate with positive T') and to
wide cold downdrafts (negative w' correlate with neg-
ative T'). With increasing height, these peaks mergeinto
one comparatively broad maximum located close to kz,
= 5. The LES spectra in the main portion of the CBL
have their maxima approximately at the same wave-
number. These locations of the cospectra maxima are
in accordance with the observation of Kaimal et al.
(1976), who found that motions with scales of the order
of z (which corresponds to kz; = 6.28) are main con-
tributors to the turbulent transport of heat in the at-
mospheric CBL.

The magnitude of the cospectrum decreases toward
the upper part of the CBL, and the spectral maximum
shifts to larger wavenumbers. In the lower portion of
the entrainment region, at z/z, > 0.8, negative spectral
components appear at small wavenumbers. These com-
ponents represent large-scale cold updrafts and warm
downdrafts, responsible for the negative heat flux of
entrainment. An association of the entrainment in the
atmospheric CBL with larger-scale turbulent motions
was revealed by the experimental studies of Kaimal et
al. (1976), Wilczak and Businger (1983), and Mahrt and
Paumier (1984). Higher-frequency components of the
heat flux in the entrainment zone retain positive values
and gradually decay toward the CBL top (z/z, = 1.2).
In the wind tunnel cospectra above this level we have
not found ‘““small but significantly positive heat flux
values,” discovered by Schmidt and Schumann (1989)
in their LES cospectra.

4. Dissipation rate of TKE and destruction rate of
temper atur e fluctuations

For the evaluation of the TKE dissipation rate £ from
the wind tunnel velocity spectra we employ the follow-
ing relationships of the Kolmogorov inertial-subrange
theory (Tennekes and Lumley 1982):

P.(K) = ag??k5? (3a)

P,(k) = gas%k-%, (3b)
where the value of the dimensionless parameter « is
taken equal 0.52 as recommended in Andreas (1987)
and Schmidt and Schumann (1989). From a practical
point of view, the procedure of the determination of &
consists of separating out theinertial subrangein agiven
log-spectrum using the —5/3 law criterion, and of con-
sequent derivation of ¢ from (3a) or (3b) using the least-
squares approximation of the inertial-subrange spec-
trum.

Our analysisin section 3 has shown that assumptions
of the inertial-subrange theory, including the assump-
tion of the local isotropy, are only approximately sat-
isfied in the wind tunnel CBL. Thus we cannot expect
horizontal and vertical velocity spectra to provide ex-
actly the same values of . The applicability of Egs. (3)
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to spectra obtained near the upper edge of the entrain-
ment zone and in the outer flow, where spectral inertial
subranges are very short, seems to be rather question-
able.

Thisisthe reason why e profiles from the wind tunnel
model shown in Fig. 9a are truncated at z/z, > 1.2,
although the velocity spectra have also been measured
at much higher levels. In the main portion of the CBL,
discrepancies between the values of the dissipation rate
alternatively derived from the u spectra[using Eq. (33)]
and from the w spectra[using Eq. (3b)] aremuch smaller
than the scatter of data from other sources represented
in Fig. 9a. The smallest dissipation rate values in this
plot are from the LES of Schmidt and Schumann (1989),
who have modeled a pure shear-free CBL. Larger values
of & in the lower portion of the CBL from the water
tank model of Deardorff and Willis (1985) are presum-
ably aresult of the TKE overproduction dueto the afore-
mentioned horizontal variations of the bottom heat flux
in their experiments. The profiles of & measured in na-
ture (in the ocean and in the atmosphere) are in relative
accordance with each other and are characterized by the
enhancement of data scatter toward the CBL top. Ap-
parently, this is the effect of nonbuoyant contributions
to the TKE production in natural convective flows.
Comparatively large ¢ values in the wind tunnel CBL
result from the combined influence of shear, cellular
circulations, and the weak damping effect of capping
inversion. All these factors have been considered in pre-
vious sections of the paper and in FKRP In the lower
third of the CBL, the wind tunnel model gives higher
£ values than any other data source. We believe this to
be a result of the essential shear contribution in this
region, as well as the disclosure of a certain insuffi-
ciency of the inertial-subrange assumptions in the near-
surface region of the flow. Thisinsufficiency also causes
marked divergence of ¢ profiles, derived from Eq. (3a)
and Eq. (3b), respectively, in the close vicinity of the
surface.

The local integral budgets of TKE have been eval-
uated in order to quantify the ratio between the TKE
production and dissipation in the CBL model (see also
the TKE budget considerations in FKRP). In terms of
(Iroa — laiss)/1roa» the budget discrepancy turned out to
be of the order 0.1.

The destruction rate of the temperature fluctuations,
g; (we define it here as destruction of the temperature
half-variance), is obtained from the inertial-subrange
temperature spectra using the Obukhov (1949) law ex-
pressed by

Pr( = Bore 2k =, @

where B8 = 0.8 is a dimensionless coefficient (Andreas
1987; Schmidt and Schumann 1989). The procedure for
the derivation of &; from the T spectra is analogous to
the evaluation of & from the velocity spectra, but in this
case we have the choice of substituting ¢ in Eq. (10)
determined either from Eq. (3a) or from Eqg. (3b). It is
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Fic. 9. Normalized profiles of the TKE dissipation rate (a) and the
temperature fluctuations destruction rate (b). Dashed lines and dotted
lines show & values derived from the wind tunnel u spectrum and w
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seen, however, from Fig. 9b that the difference between
the resulting &, profiles is small. Thisis not surprising
because the dependence of P (k) on £in Eq. (4) israther
weak. In the lower half of the layer, where the Deardorff
(1970) scaling works appropriately, the discrepancies
between &; from the three datasets represented in Fig.
9b are not very large. At the CBL upper interface, where
the turbulence regime is essentially governed by the
damping effect of capping inversion, the &; profilesfrom
the wind tunnel, atmospheric, and LES studies drasti-
cally diverge. The wind tunnel model with typically
moderate Ri,; gives the smallest values of &;. Both
atmospheric and LES datasets reveal maxima in the e
profiles in the vicinity of z/z, = 1. These maxima are
products of exaggerated temperature fluctuations in the
entrainment layer with a strong stable temperature gra-
dient (large Ri,;). The budget evaluation for the tem-
perature variance performed in the same way as for the
TKE has revealed budget discrepancies of about 0.5.

5. Conclusions

The results of the wind tunnel velocity and temper-
ature spectral measurements reported in the present pa-
per verify the capability of the thermally stratified wind
tunnel of the IHW to reproduce the main features of
turbulence spectral dynamics in the atmospheric CBL.
A point of particular interest in this study has been the
identification of wind shear effects, which are usually
omitted in traditional laboratory CBL models.

In the bulk of the simulated CBL, the buoyancy was
found to be the dominant factor of turbulence production
at smaller wavenumbers, while the shear contribution
was apparently increasing with the wavenumber growth.
The combined effect of buoyant and shear forcings in
the simulated CBL could be a reason for the elongation
and flatness of the production ranges of the spectramea-
sured.

Themodel velocity spectrahave been checked against
the 4/3 isotropic criterion for the vertical to horizontal
spectral ratio. With kz; = 10, this ratio was found to be
in the range from 1.3 to 2, which is slightly higher than
the local-isotropy value. With smaller wavenumbers, the
spectral ratio behaved differently in the mixed core of
the CBL and in the entrainment zone. A translation of
scale dependence from lower to higher levels has been
discovered in the low-frequency spectra, a property that
apparently points to the self-similarity of large-scale
turbulence structures in the CBL.

Wind tunnel data on the wavelength, corresponding
to the maximum in the vertical velocity spectrum, were
found to be noticeably scattered. The main reason for
this was the ambiguity in defining the spectrum maxi-
mum when motions of a variety of scales equally con-
tribute to the turbulence production. Under such con-
ditions, one wavelength does not seem to be a repre-
sentative parameter for characterizing the CBL turbu-
lence regime.
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The comparison of the wind tunnel velocity spectra
with water tank and LES data for the shear-free CBL
enabled identification of the wavenumber dependence
of the shear contribution to the turbulence production.
At small wavenumbers (kz, < 8), where larger-scale
buoyant structures were dominant, the wind tunnel spec-
tral values were close to those obtained in the shear-
free CBL. At larger wavenumbers, the wind tunnel spec-
tra contained more energy than the relatively rapidly
decaying spectra from water tank and LES studies of
shear-free convection.

Temperature spectra in the wind tunnel model gave
evidence for a vast range of the temperature fluctuation
scales contributing almost equally to the temperature
variance in the production range. The influence of the
near-surface shear was pointed out as a possible reason
for the comparatively weak correlation between w and
T fluctuations at larger wavenumbers in the lower por-
tion of the wind tunnel CBL.

In the mixed core and in the entrainment zone of the
simulated CBL, log-spectra of velocity and temperature
featured apparent linear —5/3 law subranges at kz, >
10. Nevertheless, typical extensions of these subranges
in the wind tunnel CBL were quite short, up to one
order of the kz; magnitude. Based on the vertical to
horizontal velocity spectral ratio and on the estimate of
the characteristic turbulent Reynolds number of the flow
(Re = 3 X 103), the inertial-subrange theory assump-
tions were used for the evaluation of the turbulence
dissipation rates from the velocity spectra.

The turbulence kinetic energy dissipation rate proved
to be comparatively large over the whole depth of the
wind tunnel CBL. This resulted from the combined in-
fluence of shear, local cellular circulations, and the weak
capping inversion damping. At the sametime, thevalues
of the temperature fluctuation destruction rate in the
wind tunnel model turned out to be quite small, es-
pecially in the upper portion of the simulated CBL,
where no essential sources of temperature fluctuation
production have been identified.
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APPENDIX
Details of Spectra Calculation

Fourier transform of a finite time series with discrete
sampling ¢(nAt) is a discrete function of mA f, where
f is frequency (Hesselmann 1987):
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P(MAF) = At 2 @(NAY) exp[— 27 (MA f)(nAD)]

N—1

= At 2 @(NAt) exp(—2mimn/N). (A1)

The resolution in the frequency domain of a Fourier
transform, derived from a finite time series with length
T, is

1 1

Af ==

T~ NAL (A2)

For collection of n, records representing stationary
(ergodic) random data, ¢, (nAt); (k — )T =t < KkT; k
=12, ...,n,theone-sided autospectral density func-
tion P, is estimated by

2
PmAf) = - 3 [B(mADE,  (A3)
nT i1
where ®, is the discrete Fourier transform defined by
Eq. (Al).

Similarly, for two collections of n, paired records
o (nAt) and ¢ (NAL); (k— DT =t=kT; k=1,2,...,
n,, the one-sided cross-spectral density function P, is
estimated by

P, (mAf) = %_ kijl Or(mAf)Y, (mAT), (A4)

where the asterisk denotes complex conjugation, and V¥,
is the finite Fourier transform of ¢, (nAt). Contrary to
the autospectral density function P, which is real, the
cross-spectral density function is complex: P, = C_,
—iQ,,. Itsreal part C_, is called the coincident spectral
density function. In the scientific literature, the term
““spectrum” usually stands for the one-sided autospec-
tral density function, and ‘‘ cospectrum’ for the one-
sided coincident spectral density function.

Expressions (A1), (A3), and (A4) were employed in
the present study for calculation of the velocity and
temperature spectra and cospectra from the wind tunnel
measurements. For the purpose of spectral averaging,
every original time series was separated into 16 records,
each containing 1024 measurement values. This cor-
responds to n, = 16, N = 1024, and T = 10.24 s in
Egs. (A1)—(A4). The calculated spectrawere subdivided
into 400 equal intervals with respect to the logarithm
of frequency, and the average spectral density value
within each interval was calculated. This was done
merely to improve the layout of the spectrawhen plotted
in logarithmic scales.

Since the Taylor hypothesis was found to be appli-
cable for the flow in the simulated CBL (FKRP), it was
used to transfer the spectra from the frequency domain
to the wavenumber one. Provided the mean-flow hori-
zontal velocity u at the location of the spectral mea-
surements is known, the following relationship between
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the wavenumber k, the wavelength A, and the frequency
f may be employed:

_2m_ 2t

A u

The wavenumber spectrum P_(k) and the frequency
spectrum P (f) are related by

P(K = %TP¢(f).

Experimental spectra are usually presented with log-
arithmic scales of frequency or wavenumber (Jensen and
Busch 1982; Panofsky and Dutton 1984). If the ordi-
nates are fP,(f) or kP (k), then the area in a log-fre-
quency or log-wavenumber interval represents the con-
tribution of the fluctuations in this interval to the vari-
ance of ¢. One more advantage of these ordinates is
their independence on the units of frequency or wave-
number selected, because fP,(f) = kP,(k). Most of
spectra from the wind tunnel experiments are shown in
such a logarithmic frequency/wavenumber form.
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