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ABSTRACT
We test local isotropy of second- and third-order moments in order to determine the best
approach to estimating the turbulent kinetic energy (TKE) dissipation rate in the atmospheric
surface layer. To further this goal, a micrometeorological field campaign was conducted between
the months of Aril and July of 2009 at Rock Springs, Pennsylvania.

Five CSAT3 sonic

anemometers were mounted on a telephone pole at heights ranging from 0.5 m to 10 m and
operated continuously at a frequency of 20 Hz for the duration of the experiment. Structure
functions and turbulence spectra were computed from the data during quasi steady-state periods,
and were used to calculate isotropy ratios and to estimate the TKE dissipation rates. Spectral
dissipation rates show heavy dependence on corrections to Taylor’s hypothesis and spectral
tapering, and significant error is introduced if these corrections are not made. As has been
demonstrated in previous studies, results confirm that Kolmogorov’s four-fifths law consistently
underestimates the TKE dissipation rate when compared to other indirect methods. Although our
results show the third-order structure functions becoming more isotropic with height in the
ensemble mean, the dissipation rates obtained from the four-fifths law fail to improve with height.
We conclude that the spectral dissipation rate estimates are superior to those estimated from the
four-fifths law and the second-order structure function for two main reasons: the spectrum shows
a broader inertial subrange with better scaling at all heights, and local isotropy holds better for the
spectra at all heights.
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Chapter 1

Introduction

The turbulent kinetic energy (TKE) dissipation rate is the rate at which molecular
viscosity converts kinetic energy into thermal energy. Given that the dissipative nature of a
turbulent flow is one of its defining properties (Kundu and Cohen, 2007), quantifying the
dissipation rate in any turbulent flow is an important step in understanding its behavior. The TKE
dissipation rate (ε) is closely related to the dynamics of turbulence (Chamecki and Dias, 2004),
representing the rate of energy transfer across the inertial subrange. This relationship is made
through the theory developed by Kolmogorov (1941a), and is one of the cornerstones of modern
turbulence.
Kolmogorov (1941a) theorized that if the scale separation between the energy-containing
eddies and the dissipative eddies is large enough, there is a range of scales independent of viscous
effects, but still much smaller than the energy-containing eddies. In this range, called the inertial
subrange, energy is cascaded from low wave numbers to high wave numbers via inertial effects
representing interactions between large- and small-scale eddies. In the inertial subrange there is
no significant production or dissipation of energy and, as a result, ε represents the transfer of
energy from large to small scales. Drawing from Kolmogorov’s theory, if one knows how much
energy cascades from the large scales to the small scales in the inertial subrange then one can
infer the energy dissipation rate at the smallest scales.
In addition to characterizing the turbulent flow, several other statistics of interest can be
estimated from the TKE dissipation rate. For example, ε can be used to estimate surface fluxes of
momentum and heat, especially over the ocean (Deacon, 1959 and Albertson et al., 1997). The
TKE dissipation rate and kinematic viscosity determine the smallest scales in a turbulent flow
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(i.e., the Kolmogorov scales), which are needed to estimate the minimum grid resolution required
for direct numerical simulations (DNS, numerical simulation of turbulent flows that resolves all
scales on a discretized grid). Finally, knowing the energy dissipated in a flow is also important
for numerical modelers using other techniques such as large eddy simulation (LES). LES is
unable to resolve the scales of motion at which TKE dissipation takes place, and models that
extract the proper amount of energy must be designed.

The TKE equation, and definition of the TKE dissipation rate

The turbulent kinetic energy is the portion of kinetic energy contained in velocity
fluctuations, and is defined as TKE 

1
ui ui . Quantities enclosed in brackets are ensemble (or
2

Reynolds) averaged quantities, and ui represents the fluctuating component of velocity for i equal
to 1, 2 or 3. The TKE evolution equation is obtained from the Navier-Stokes equation. After
scaling away molecular diffusion of TKE, the equation becomes
Uj
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(1)

 v represents the fluctuating virtual potential temperature, g represents gravity, and
p represents the fluctuating pressure.  v represents the Reynolds averaged virtual potential
temperature,  represents the average density, and U j represents the ensemble averaged
velocity component.
Interpretation of equation (1) reveals a number of physical processes that contribute to
the production, transport, and destruction of TKE in the atmospheric boundary layer (ABL). The
first and second terms on the left hand side represent local time-rate-of-change of TKE and
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advection of TKE by the mean wind, respectively.

The first term on the right hand side

represents buoyant production or destruction of TKE, and the second term shear production of
TKE (Stull, 1988). The third term on the right represents the turbulent transport of TKE, and the
fourth term on the right represents pressure transport (Wyngaard, 2010). The last term represents
viscous dissipation of TKE, and is defined as

 u
   i
 x
 j






2

.

(2)

It is common practice to simplify equation (1) by assuming that ABL flows take place
under steady-state, horizontally-homogeneous conditions. Using these assumptions, equation (1)
reduces to
0

g

v

u3v  u1u3

U1 1 (uiuiu3 )
1 ( pu3 )


 .
x3 2
x3
 x3

(3)

The coordinate system is chosen such that x1 is aligned with the mean wind, x 2 is in the
transverse direction, and x 3 is aligned vertically.
A large part of our current understanding of ABL turbulence is based on the use of
equation (3) to interpret experimental data. Although the first three terms can be easily estimated
from micrometeorological measurements, the same can not be said for the last two terms.
Because ε is the major sink of TKE in equation (3), estimating ε during micrometeorological
experiments is very important.
In principle, one could calculate ε from its definition, given by equation (2). However,
viscous dissipation occurs at very small scales, which means one needs measurements with
extremely fine spatial resolution to estimate the velocity gradients. Another difficulty is that the
use of equation (2) requires measurements of all nine velocity derivatives. Despite these
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difficulties, the first experiments designed to calculate the TKE dissipation rate from its definition
for ABL flows were conducted recently (Gulitski et al., 2007).
A simpler method can be obtained by assuming the turbulence to be statistically isotropic.
This assumption provides relationships between all nine velocity derivatives. Consequently, for
such conditions equation (2) can be written as (Taylor, 1935)

 u 
  15  1 
 x1 

2

.

(4)

From an experimental perspective, the use of equation (4) instead of equation (2) presents
a significant simplification by only requiring estimates of one velocity derivative instead of nine.
Although this method technically requires isotropy of all scales to be valid (Van Atta, 1991), it
provides a good approximation even if the large scales are anisotropic. The reason is that most of
the spectral contribution to the velocity derivatives comes from small scales, and the smallest
scales are expected to be isotropic if the Reynolds number is sufficiently high. Despite the
simplification provided by the assumption of isotropy, the use of equation (4) still requires
measurement of very small scales, which is only possible with specialized instrumentation (such
as hot-wire anemometers, particle image velocimetry, etc.) that is not commonly employed in
ABL experiments. Ordinarily, a typical field experiment to measure ABL turbulence consists of
deploying a sonic anemometer to perform measurements at 20 Hz. The low sampling frequency
and the path-averaging error (to be discussed later) of sonic anemometers prevent measurements
from properly resolving the dissipative scales (Chamecki and Dias, 2004). As a result, indirect
methods are typically used to estimate the TKE dissipation rate.

5
Kolmogorov theory and indirect methods to estimate ε

There are several indirect methods used to estimate the TKE dissipation rate from
experimental data when velocity derivatives cannot be estimated due to instrument limitations.
These indirect methods are based on Kolmogorov’s theory, and their applicability requires further
assumptions regarding the three dimensional structure of the turbulence.
Kolmogorov (1941a) hypothesized that in the inertial subrange the 2-point statistics of
the turbulence should depend only on the separation between two points r, and the TKE
dissipation rate ε. As a consequence, scaling arguments yield two relationships involving the
TKE dissipation rate:
 F1,1  Ck 3 / 2 F1,1 (k1 )3 / 2 k15 / 2 ,

(5)

 D  C 2 3 / 2 D1,1 (r1 )3 / 2 r1 1 .

(6)

1, 1

In the expressions above, C k  .49 and C2  1.97 are empirically derived constants (e.g. see
Pope, 2000), F , is the spectrum of u and D ,  (u ( x1  r1 )  u ( x1 )) 2 is the second- order
structure function of u .  F1,1 represents the TKE dissipation rate obtained from the velocity
spectrum and  D1,1 represents the TKE dissipation rate obtained from the second-order structure
function. In addition, r1 is the separation of two points in the x1 direction, and k1 is the wave
number in the x1 direction.
In his second paper, Kolmogorov (1941b) derived an exact expression for the inertial
subrange given by
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1,1,1
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where D1, ,  u1 ( x1  r1 )  u1 ( x1 )u ( x1  r1 )  u ( x1 )

2

function

of

u ,

1

  54 D1,1,1 (r1 )r1   54 8u r1 ,

u  u1 ( x1  r1 )  u1 ( x1 )/ 2 ,

(7)

is the third-order structure

u   u1 ( x1  r1 )  u1 ( x1 ) / 2 ,

u1 ( x1  r1 )  u  u , and u1 ( x1 )  u  u (Hosokawa 2007). Equation (7), which is also
known as the four-fifths law, is considered one of the most important theoretical results in
turbulence (Frisch, 1995), and is exact in the sense that it can be derived directly from the NavierStokes equations (as opposed to equations 5 and 6, which are based on scaling arguments only).
Recently, Hosokawa (2007) proposed an alternative expression, given by

u



2

u

 30 u  2 u  r11 .

(8)

Equation (8) represents a different way of writing the four-fifths law under the added assumption
of global homogeneity. Equations (5)-(8) are four different indirect methods used to estimate
TKE dissipation rates from experimental data.

Local isotropy

The validity of equations (5)-(8) is based on the existence of an inertial subrange and the
assumption that the turbulence is locally isotropic. Local isotropy requires that moments of
velocity differences be invariant to axis reflection or rotation at any scale of interest r1 (or wave
number k1 ). The idea behind local isotropy is quite simple. Basically, anisotropy, which is
created at the largest scales, is lost as turbulence cascades to smaller and smaller scales.
Consequently, the greater the separation between the energy containing scales and the dissipative
scales, the more anisotropy lost in the cascade. Therefore, if the Reynolds number (Re) is
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sufficiently large (i.e. the scale separation is large), isotropy is achieved in the smaller scales
(inertial subrange and dissipation range). All indirect methods (equations 5-8) are valid under the
condition that local isotropy is reached for the inertial subrange scales being considered (i.e., at
scale r1 or k 1 ).
Because local isotropy is a requirement, verification of the existence of a locally isotropic
inertial subrange should always precede the use of any of the indirect methods. The assumption of
local isotropy for an incompressible flow leads to the so called “isotropy ratios”, which are
frequently used as tests for the validity of the assumptions. Isotropy ratios corresponding to the
velocity spectrum, the second-order structure function, and third-order structure function are
shown below (e.g., Hill, 1997; Chamecki and Dias, 2004):

F2, 2 (k1 )
F1,1 (k1 )



F3,3 (k1 )
F1,1 (k1 )

D1, 2, 2 (r1 )
D1,1,1 (r1 )





D2, 2 (r1 )
D1,1 (r1 )

D1,3,3 (r1 )
D1,1,1 (r1 )





D3,3 (r1 )
D1,1 (r1 )



4
,
3

1
.
3

(9)

(10)

In summary, the applicability of the indirect methods requires the following assumptions:


Equation (5): a range of wave numbers k1 within the inertial subrange for F , in which
the two spectral isotropy ratios in equation (9) are satisfied;



Equation (6): a range of separation r1 within the inertial subrange for D , in which the
two isotropy ratios for the second–order structure functions in (9) are satisfied;



Equation (7): a range of separation r1 within the inertial subrange for D , and D1, , in
which the two isotropy ratios for the second–order structure functions in (9) and the two
ratios in (10) are satisfied (see Hill, 1997). The pressure structure functions must also be
locally isotropic in the same range of separation for equation (7) to be valid;
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Equation (8): the same requirements for (7) in addition to global homogeneity in u1

3

(which is a rather restrictive assumption).

Previous results on the various dissipation methods
Although much research has been performed in both laboratory and ABL flows, a
consensus on the use of indirect methods to estimate the TKE dissipation rate and the validity of
the required assumptions is lacking. Some of the most important results available in the literature
are reviewed below.
One of the most important contributions to ABL meteorology was the Kansas experiment
performed in the late 1960s (Haugen et al., 1971; Kaimal et al., 1972). This study was the first
field experiment to be carried out in the ABL employing both sonic and hot-wire anemometers at
multiple levels above the ground. Estimates of TKE dissipation rates from the hot-wire
measurements were made using equation (4), and were used to fit the first Monin-Obukhov
similarity functions for ε. These estimates were also used to estimate the Kolmogorov constant in
equation (5) (Wyngaard and Coté, 1972; Kaimal et al., 1972). In addition, analysis of spectra
revealed that the isotropy was satisfied for normalized frequencies fz/U>4 (except for stable cases
with z/L >1). U is the mean wind speed, f is the frequency, z is the height above ground, and L is
the Obukhov length. Excluding the most stable run, the average isotropy ratios for the spectra
obtained from the Kansas experiments were 1.35 for the vertical (

horizontal (

F2, 2
F1,1

F3,3
F1,1

), and 1.31 for the

, Kaimal, 1973).

A pioneering experiment to make turbulence measurements over the ocean was
conducted in the 1960s by Van Atta and Chen (1970). Van Atta and Chen used hot-wires and
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observed proper inertial subrange scaling of the second-order structure function for all separation
distances r1<2z. In addition, inertial subrange scaling was also observed for the velocity spectrum
over all wave numbers resolved. Van Atta and Chen (1970) also noted the slow rate of statistical
convergence (statistics should give similar values for longer time averages if they are convergent)
of the third-order structure functions, confirming theoretical predictions that very long averaging
periods are required to obtain statistically well-converged third-order moments (e.g., Lumley and
Panofksy, 1964; Wyngaard, 1973).
Mestayer (1982) performed laboratory experiments in a wind tunnel with multiple hotwire and sonic anemometers. The analysis of the hot-wire data led Mestayer to conclude that
local isotropy is not reached until the dissipative scales (this is not necessarily in disagreement
with the Kansas experiment, because the Reynolds number based on the Taylor microscale for
Mestayer’s experiment, R=616, is much lower than for ABL flows). However, the most
interesting fact observed by Mestayer (1982) is that the isotropy ratios computed from hot-wire
measurements were different from the ones obtained from sonic anemometers.

Mestayer

suggested that sonic anemometers could be introducing flow distortion, which would cause the
results to deviate from the hot-wire results.
Durbin and Speziale (1991) used theoretical arguments to show that local isotropy is
inconsistent with the Navier-Stokes equations for uniform shear flows. Reif and Andreassen
(2003) recently took Durbin and Speziale’s work a step further by analytically showing that the
local isotropy hypothesis is inconsistent with the Navier-Stokes equations for homogeneously
stratified flow. Durbin and Speziale (1991), and Reif and Andreassen (2003) conclude that any
anisotropy introduced by mean shear or buoyancy is not completely lost, even at dissipative
scales.
Katul et al. (1995) made observations that for the case of static instability, buoyancy acts
to introduce anisotropy of the opposite sign as anisotropy introduced by large-small scale
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interactions (e.g., one method acts to increase

F3,3
F1,1

F3,3
F1,1

from 4/3, while the other acts to decrease

from 4/3). However, for the case of stably stratified flow, the anisotropy introduced by

buoyancy would add to the anisotropy caused by large-small scale interactions. This would
explain why the isotropic relations diverged from 4/3 for the Kansas experiments when static
stability increased.
Making use of the NASA Ames wind tunnel and state of the art hot-wire anemometry,
Saddoughi and Veeravalli (1994) confirmed the existence of local isotropy for the second-order
structure functions and velocity spectra, and managed to achieve the largest Taylor microscale
Reynolds number (R~1450) in a laboratory flow up until that time. In addition, their results
suggest that the corrections proposed by Wyngaard and Clifford (1977) for Taylor’s hypothesis
have little impact on the velocity spectrum in the inertial subrange. This result was also confirmed
by Hsieh and Katul (1997) for second-order structure functions, which need similar corrections
made. The spectra generated by Saddoughi and Veeravalli (1994) reveal that even at large
laboratory R (1450), the inertial subrange remains quite small. They also provide evidence that
TKE dissipation rates obtained from the four-fifths law are 20% lower than the ones estimated
from the spectra. Saddoughi’s (1997) more recent experiment at the NASA Ames facility again
showed that even at a larger R (~2000), the TKE dissipation rate calculated from the four-fifths
law substantially (~15%) underestimated the energy dissipation rate compared to the spectral
dissipation rate estimate.
Piper and Lunquist (2004) estimated the TKE dissipation rate in the ABL during a frontal
passage using both sonic and hot-wire anemometers. Although the velocity spectrum obtained
from the sonic anemometer at 3 m above the ground exhibited both poor inertial subrange
behavior and anisotropy, the dissipation rates estimated from F1,1 were very close to the ones
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obtained from hot-wire measurements. This important result suggests that estimates of TKE
dissipation rates made from the velocity spectrum are not sensitive to inertial subrange scaling
and anisotropy. In addition, Piper and Lunquist (2004) obtain good agreement between
dissipation rates derived from the velocity spectrum and the four-fifths law (both using the hotwire data).

Their results support using the four-fifths law, in disagreement with those by

Saddoughi and Veeravalli (1994), and Chamecki and Dias (2004).
Antonia and Smalley (2001) made ABL measurements of turbulent statistics using hot
and cold-wires mounted 5 m above the ground. Their results indicate that the structure functions
and velocity spectra do not follow proper scaling in the inertial subrange. Scaling and local
isotropy of the inertial subrange were also violated for the third-order structure function.
Although no evidence of proper scaling was found, their results showed that local isotropy was
met for the second-order structure function.
Chamecki and Dias (2004) provided evidence that local isotropy for the third-order
structure function is not achieved at scales resolvable by 60 Hz sonic anemometers mounted 4 m
above the ground. Anisotropy of the third-order structure function could explain why their
dissipation rates from the four-fifths law are much lower than the ones obtained from the spectra
and second-order structure function. Chamecki and Dias (2004) concluded that the spectral
estimate of the TKE dissipation rate is likely to be the most reliable one, because the spectra
seems to be more isotropic than the second- or third-order structure functions.
Gulitski et al. (2007) performed unique field experiments in Israel and Switzerland that
involved estimating velocity and temperature derivatives in the surface layer. To estimate the
spatial derivatives Gulitski et al. used 25 hot-wires organized into a single probe sampling at 4
kHz. The probe was attached to a boom connected to a lift capable of moving the probe from a
height of 0.5 m to 11.5 m above the ground. They found that the inertial subrange for the velocity
spectrum extended between 4-6 decades, increasing with height above the ground. Kholmyansky
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et al. (2008) used data from the experiment described above to compare scaling for the third-order
2

structure function and u u . Their results suggest that the scaling of the latter is better than
the scaling for the third-order structure function. Kholmyansky and Tsinober (2008) argue that
the linear dependence of the new method on the velocity increment u  (as opposed to the cubic
dependence in the four-fifths law) is responsible for the improved scaling.
Lundquist et al. (2004) conducted a field study involving the use of 8 sonic anemometers
(operating at 10 Hz) mounted at various heights between 7.8 m and 83.2 m above the ground.
The experiment was performed in Oklahoma City to obtain data sets for use in urban dispersion
modeling. Their results indicate that isotropy is not reached for the velocity spectrum even at
83.2 m above the ground. However, it is important to note that even at this height, the flow is
strongly affected by the urban canopy, and these results can not be generalized to more
homogeneous surface conditions.
Magnago et al. (2009) performed a micrometeorological study in the bottom of a valley
using a 10 Hz sonic anemometer mounted on a 15 m tower. Their results showed that even in the
base of a valley, local isotropy was still present in the velocity spectrum for frequencies greater
than 3 Hz. Although they presented evidence that local isotropy was reached at lower frequencies
when the wind was blowing parallel to the valley axis, they also found that local isotropy was
achieved at only slightly higher frequencies when the wind was blowing perpendicular to the
valley axis.

Objective of this study
The theoretical analysis of Durbin and Speziale (1991), and Reif and Andreassen (2003)
suggest that some degree of anisotropy will always be present in ABL flows (due to the presence
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of mean shear and buoyancy). However, if the deviations from isotropy are small, the error in
estimates of the TKE dissipation rate from the indirect methods may be negligible. Currently, the
use of the spectrum seems to be the preferred approach. However, results from Saddoughi and
Veeravalli (1994), Saddoughi (1997), and Piper and Lunquist (2004) indicate that estimates from
the third-order structure function agree better with spectral estimates as the Reynolds number
increases (if hot-wires are used and small enough scales are sampled).

Although several

experiments have been performed in which TKE dissipation rate estimates were made at multiple
heights (Kansas experiment; Gulitski et al., 2007; Lundquist et al., 2004; etc.), only Lunquist et
al. (2004) have presented visual evidence on the nature of isotropy ratios as a function of height.
The goal of this study was to carry out a field experiment involving five sonic
anemometers deployed at 0.5 m, 1 m, 2 m, 5 m, and 10 m above the surface. The data are used to
assess the validity of the local isotropy assumptions and compare the different methods used to
estimate the TKE dissipation rate. In particular, we were interested in comparing isotropy ratios
and the different estimates of TKE dissipation rate at multiple heights above the ground. We
expect turbulence to become more isotropic with increasing height. Therefore, all indirect
methods are expected to perform better as height increases and the different TKE dissipation rate
estimates are expected to converge.
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Chapter 2

Methods
This section outlines the experiment that was carried out, techniques used after data
acquisition, and various methods instrumental in estimating the TKE dissipation rate.
Site description and experiment setup
A micrometeorological field study was performed between April and July of 2009 to test
the assumptions required for the indirect estimates of ε. The location chosen for the experiment
was the Russell E. Larson Agricultural Research Center, an experimental farm run by Penn State
University at Rock Springs in central Pennsylvania, at 40.709 º N latitude and 77.968 º W
longitude. The experimental site is located in a valley that runs along the southwest-northeast
direction (see Figure 2-1). The ridge limiting the valley is located about 2 km to the southeast of
the site. The experimental data were obtained when the agricultural fields were still barren,
resulting in a homogeneous fetch greater than 500 m upwind of the measurements when the wind
blew along the valley from the southwest.
Five sonic anemometers (model CSAT3, Campbell Scientific Incorporated, Logan, UT)
were mounted on a telephone pole to measure vertical profiles of the turbulence time series of the
3 wind velocity components, and temperature. The instruments were mounted at 0.5 m, 1 m, 2 m,
5 m, and 10 m above the ground and sampled continuously at 20 Hz during the entire experiment
(raw turbulence data were stored at the sampled frequency on a data logger).

The sonic

anemometers were mounted 2 m away from the pole to minimize the impact of flow distortion.
The path-length for the sonic anemometers is 5.7 cm in the horizontal and 10 cm in the vertical.
The CSAT3 sonic anemometers have a root-mean-square resolution of 1 mm s 1 for u and v, and
.5 mm s 1 for w. The accuracies are 4 cm s 1 for u and v, and 2 cm s 1 for w (e.g., see
Chamecki and Dias, 2004).
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Figure 2-1: Google picture of the site where the data were gathered. Note the roughly 250 m
ridge going through the line marked 0.0 °. The angles here are made with respect to the sonic
anemometers.

Data selection and processing

Data were used only when the mean wind direction was oriented between -90º and -30º
with respect to the sonic anemometers, corresponding to wind aligned with the valley blowing
from the southwest-west. Wind blowing between -30º and 90º would be coming directly off of
the ridge visible in Figure 2-1, while wind blowing from any other direction would undergo flow
distortion either from the telephone pole, or from the sonic anemometers. Data were selected for
further analysis only for periods when the wind was quasi-steady for at least three hours (this
selection was done by visual inspection of daily plots of wind speed and direction averaged over
15-minute runs), yielding a total of 119 hours of data. Turbulence statistics (mean, maximum,
and minimum) are presented in table 2-1 and probability density functions (PDFs) of the mean
wind direction and the stability parameter z/L (where L is the Obukhov length defined later) are
shown in Figure 2-2. Figure 2-2 shows that the majority of the runs were under weakly unstable
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conditions, because constant wind direction was observed mostly during the day. The reason for
an absence of stronger unstable periods (i.e., z/L<-0.5) was that during the months of the
experiment the soil was cold and a large part of the energy available at the surface went into
heating the deeper soil, which kept the sensible and latent heat fluxes to the atmosphere quite
small (this conclusion is based on data from an energy balance station not shown or discussed in
this thesis).
Table 2-1: This table shows several common turbulence statistics that have been averaged over
all 119 hours of data. The data in the table corresponds to an averaging time of one-hour. The
first row for each statistic corresponds to the mean value averaged over all runs.
Height (m)
0.5
1
2
5
10
1
3.25
3.85
4.45
5.14
5.59
Wind speed (m s )
5.71
6.51
7.50
8.58
9.20
Maximum
0.88
1.32
1.63
2.15
2.32
Minimum
1
0.31
0.34
0.38
0.42
0.43
Friction velocity (m s )
0.46
0.52
0.58
0.60
0.62
Maximum
0.09
0.11
0.13
0.16
0.18
Minimum
1.05
1.17
1.28
1.37
1.42
Longitudinal standard deviation (m s 1 )
1.70
1.89
2.12
2.36
2.47
Maximum
0.41
0.50
0.55
0.55
0.53
Minimum
1.09
1.21
1.31
1.43
1.52
Transversal standard deviation (m s 1 )
1.86
2.10
2.34
2.52
2.66
Maximum
0.31
0.37
0.41
0.44
0.49
Minimum
1
0.34
0.39
0.42
0.48
0.54
Vertical standard deviation (m s )
0.50
0.57
0.60
0.66
0.77
Maximum
0.12
0.14
0.17
0.22
0.25
Minimum
Turbulent intensity
0.35
0.32
0.30
0.28
0.26
Maximum
0.57
0.57
0.58
0.58
0.57
Minimum
0.23
0.22
0.20
0.19
0.18
*Taylor microscale (m)
0.042
0.057
0.079
0.12
0.16
*Maximum
0.12
0.15
0.18
0.27
0.32
*Minimum
0.02
0.03
0.04
0.07
0.10
*Taylor microscale Reynolds number
3033
4494
6851
11245
15662
*Maximum
7703
10640
15504
24307
34352
*Minimum
992
1592
2868
4789
5902
*Kolmogorov microscale (mm)
0.40
0.44
0.49
0.59
0.67
*Maximum
0.73
0.81
0.86
0.94
1.10
*Minimum
0.28
0.30
0.35
0.42
0.50
* Estimated from  F11 .
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Figure 2-2: (top) PDF of the angle between the mean wind vector (hourly) and the sonic
anemometer for all 119 hours. (bottom) PDF of the stability parameter z/L for all 119 hours. All
data for these figures were obtained at 10 m.

The selected data were divided into runs of approximately one hour for analysis (to
simplify the spectral analysis, each run contains 216=65,536 data points, corresponding to 54.6
minutes). In order to verify the effect of the averaging time (run size) on the results, data were
analyzed using periods ranging from 15 minutes to over 3 hours (see results presented in the next
chapter).
Pre-processing of the data was performed following standard procedures in
micrometeorology. The data were rotated using the planar-fit technique proposed by Wilczak et
al. (2000). This rotation ensures that the mean wind is aligned with the x1 -direction for each run
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and also applies a tilt-correction to reduce errors due to deviations in the vertical alignment of the
instrument (different rotations were applied at each height, so that the mean wind alignment is
satisfied for each instrument). Before calculating the spectra and structure functions, the runs
were linearly detrended (e.g., see Kaimal and Finnigan, 1994), and Taylor’s frozen turbulence
hypothesis (Taylor, 1938) was used to place the temporal measurements onto a spatial domain.
Corrections to Taylor's hypothesis for high-turbulence intensities were applied to the secondorder structure functions and the spectra (Wyngaard and Clifford, 1977). No corrections were
necessary for the third-order structure functions, as shown by Hill (1996).
In order to reduce noise in the spectra, each run was divided into segments with 1024
data points (roughly 60 seconds). The spectra for each segment were then obtained using a Fast
Fourier Transform (FFT) algorithm, and the final spectra were obtained by averaging the spectra
over all segments.

Dealiasing and data tapering (discussed below) were applied to further

improve the estimates of the spectra.

Aliasing and path-averaging

In order to reduce the effects of aliasing on the spectral estimates, the 119 hours of data
were linearly interpolated to 40 Hz. This artificial increase in the time resolution has been shown
to move to higher (artificial) frequencies most of the energy that would otherwise be aliased to
the resolved (<10 Hz) frequencies (Gobi et al., 2006). The interpolated data were not used for
calculating statistics or structure functions. An example of the spectrum for the streamwise
component of velocity, F11 , before and after dealiasing is shown in Figure 2-3. Notice that
aliasing occurs as the two spectra diverge from each other at around 4 m 1 . The aliasing evident
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in the green line is caused by energy from smaller scales being forced into the larger scales due to
the finite frequency response of the sonic anemometers.
Although one only has to worry about aliasing in the spectra, path-averaging effects can
be important in both the spectra and structure functions. Path-averaging results in a loss of
information at scales smaller than the path length of the sonics due to the fact that the sonic
actually measures an average velocity over the entire path. Horst and Oncley (2006) derived
theoretical expressions to estimate the error due to path-averaging for a velocity spectrum with an
infinite inertial subrange. Depending on the design of the sonic anemometer used, the error due to
path-averaging can significantly impact the estimates of the TKE dissipation rate. This error can
also affect isotropy ratios (it does for the CSAT3 sonic design) because it affects each component
of the velocity spectrum, and presumably the structure functions, differently.
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Figure 2-3: Effects of dealiasing on the spectra for a one-hour run at 10 m.

Spectral data tapering

When the sampling period is much smaller than the integral time scale of the turbulence,
the spectral energy in the inertial subrange is overestimated (Kaimal et al., 1989).

As a

consequence, the estimates of the TKE dissipation rate obtained from the spectra are also
overestimated. In order to eliminate this error, data tapering techniques recommended by Kaimal
and Kristensen (1991) were employed.

Two different window functions (the Hanning and

Hamming window) were used to taper the data:
Hanning(l ) 

1
2

1  cos   ,
2 l
N

0 | l |

N
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,
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Here N represents the number of data points used for the FFT (1024 in the present case), and l is
the point in the series. Either window is applied to each segment of 1024 data points prior to
computation of the FFT.
Both the Hamming and Hanning windows did remove energy from the inertial subrange
when applied to the data obtained during the field study.

Figure 2-4 clearly demonstrates the

spurious energy removed by the application of both windows in all three components of the
spectrum. Because the Hamming and Hanning spectral results are nearly identical (they can be
barely distinguished in the figure), only results corresponding to the application of the Hamming
window are henceforth shown (consistent with Piper and Lundquist, 2004, who also applied a
Hamming window to correct their spectra).

22

Figure 2-4: Effects of data tapering on the velocity spectra for a one-hour run at 10 m.
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Chapter 3

Results
This section details the various results of the data analysis: assessment of statistical
convergence, existence of inertial subrange behavior, validity of isotropy assumptions, and a
comparison of the different TKE dissipation rates obtained from the indirect methods. Because
statistical convergence affects the validity of other results, this particular issue is discussed first.

Statistical convergence of structure functions and spectra

An important concern to address before other results are analyzed is the statistical
convergence of the structure functions and spectra. This is especially critical for the third-order
structure functions, because it is well known that higher-order moments require longer averaging
periods to converge (Wyngaard, 1973). In order to test for statistical convergence, a four-hour,
fairly-steady period is chosen and structure functions and spectra then are calculated for
averaging periods of 14, 27, 55, 109, and 218 minutes. The choice of a steady period ensures that
changes in the small-scale statistics (i.e., small values of r1 for structure functions and large
values of k1 for spectra) from one averaging period to the next are mostly due to statistical
convergence (and not due to changes in the turbulence regime). The same is not necessarily true
for larger scales.
Figures 3-1, 3-2, and 3-3 show compensated statistics (defined in the next subsection)
using the different averaging periods for the sonic anemometer located 10 m above the ground.
Figure 3-1 reveals that the second-order structure function converges even for small averaging
periods. Although the lines do not lie exactly on top of each other, the smoothness of the lines
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suggests that the second-order structure function converges for 14-minute time averages. The
lower values observed for the 27-minute period are probably due to small deviations from
stationarity. Even if that is considered to be a convergence issue, statistical convergence is clearly
reached for the 55-minute period used in the analysis.
Figure 3-2 demonstrates how poorly the third-order structure functions converge even for
large averaging times. Although the longitudinal component of the third-order structure function
( D1,1,1 ) converges fairly well for r/z in the inertial subrange, the crosswise ( D1, 2, 2 ) and vertical
( D1,3,3 ) components fail to converge even for the longest averaging period tested (note that the
convergence of the crosswise component is much worse than the vertical one). Stationary periods
longer than 1 hour are rare (at least for the data used in this study) and averaging periods longer
than that may not be useful in many ABL experiments. Therefore, the present data suggest that it
is not possible to accurately estimate D1, 2, 2 and D1,3,3 with sonic anemometers at a height of 10
m. This result agrees well with Van Atta and Chen (1970), who noted the convergence issues
associated with the third-order structure functions. As a result, the analysis of the isotropy ratios
for the third-order structure function has to be interpreted with care (ensemble average results
may still be useful, as will be discussed later).
Figure 3-3 shows convergence of spectra with increasing averaging time, demonstrating
that 27 minutes is enough to obtain a good estimate for all components. Most likely, the spectra
would converge at even lower averaging times if the FFTs were performed using smaller blocks
(e.g., 512 or 256 data points instead of 1024). Decreasing the size of the blocks would increase
the number of FFTs for any averaging period, and hence accelerate the convergence of spectra.
The general conclusion of the convergence tests is that all the statistics (with the
exception of the crosswise and vertical third-order structure functions) are reliable for the 55minute periods used in the present analysis. Because only F1,1 , D1,1 and D1,1,1 are used for the
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estimates of the TKE dissipation rates, statistical convergence is not an issue. In addition,
isotropy ratios for second-order statistics are also reliable. On the other hand, the isotropy ratios
for the third-order structure functions, which include D1, 2, 2 or D1,3,3 , must be interpreted
carefully because D1, 2, 2 and D1,3,3 are not well converged.

Figure 3-1: These plots demonstrate the statistical convergence of the compensated second-order
structure functions as a function of averaging time. The horizontal line at unity represents
locally isotropic conditions, while a slope of zero for the structure functions indicates inertial
subrange behavior. The vertical lines represent the averaging window, and the symbols
represent the data points. The structure functions were compensated by the spectral dissipation
rate (  k   F11 ).
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Figure 3-2: These plots demonstrate the statistical convergence of the compensated third-order
structure functions as a function of averaging time. The horizontal line at unity represents
locally isotropic conditions, while a slope of zero for the structure functions indicates inertial
subrange behavior. The vertical lines represent the averaging window, and the symbols
represent the data points. The structure functions were compensated by the spectral dissipation
rate (  k   F11 ).
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Figure 3-3: These plots demonstrate the statistical convergence of the compensated spectra as a
function of averaging time. The horizontal line at unity represents locally isotropic conditions,
while a slope of zero for the structure functions indicates inertial subrange behavior. The
vertical lines represent the averaging window, and the symbols represent the data points. The
spectra were compensated by the spectral dissipation rate (  k   F11 ).

Identification of the inertial subrange
Because the various estimates of ε are valid only for a locally isotropic inertial subrange,
identification of the inertial subrange is the first step towards estimating the TKE dissipation rate.
The most rigorous way to identify the inertial subrange for velocity spectra and second- and thirdorder structure functions is to use compensated plots (e.g., see Mestayer, 1982). All three
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functions are compensated such that an inertial range corresponds to a slope of zero. The
compensated spectrum, second- and third-order structure functions are defined as:
1

2 / 3
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 1,
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 1,

(12)

Ck F1,1 (k1 ) F1,1
C2 D1,1 (r1 ) F1,1

r

1 1

 54 D1,1,1 (r1 ) F1,1 r1  1 .

(13)

In all three equations, the spectral estimate  F1,1 is substituted in for the TKE dissipation rate,
because this is considered the most reliable estimate (as is shown later).
Figures 3-4 through 3-6 show the compensated spectra and structure functions at all 5
measurement heights for a typical 55-minute run. Structure functions are displayed as a function
of r1/z and spectra as a function of k1z, in order to collapse measurements at different heights. In
the compensated plots, inertial subrange behavior is identified as the region in which the
spectrum/structure function presents no variation with respect to k1 or r1 (i.e., the region
corresponding to a slope of zero). The use of a linear scale for the y-axis makes small deviations
from expected inertial subrange behavior evident (as opposed to the traditional log-log plots, in
which fairly large deviations can be missed).
Figure 3-4 demonstrates that D1,1 and D2,2 (at 5 m and 10 m above the ground) begin to
show an inertial subrange for the smallest scales sampled by the sonic anemometer, even though
an inertial subrange is not observed for D3,3. The existence of a maximum in D3,3 at 10 m, which
may look like the beginning of the inertial subrange, is likely an artifact of path-averaging error.
A similar conclusion holds for the third-order structure functions shown in Figure 3-5, except that
the plots for the crosswise and vertical components show no inertial subrange at all. However, as
noted earlier, these plots suffer from poor statistical convergence and cannot be trusted.
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Figure 3-6 shows the results for the spectra. A clear inertial subrange is seen in the
streamwise component, even for the lowest level measurements made 0.5 m above the ground.
The crosswise component also shows extended inertial subranges, and even the vertical
component seems to display a small inertial subrange for the two upper levels (5 m and 10 m).
The reason that the spectra show a decrease in amplitude towards higher kz is likely due to pathaveraging error.

Note however, that this decrease in amplitude is artificial, and could be

mitigated by using a sonic anemometer with a smaller path-length.

Figure 3-4: These plots show the compensated second-order structure functions as a function of
r/z for multiple heights. The horizontal line at one represents local isotropy, while a slope of zero
for the compensated second-order structure functions represents inertial subrange behavior. The
structure functions were compensated by the spectral dissipation rate (  k   F11 ).
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Figure 3-5: These plots show the compensated third-order structure functions as a function of r/z
for multiple heights. The horizontal line at one represents local isotropy, while a slope of zero
for the compensated third-order structure functions represents inertial subrange behavior. The
structure functions were compensated by the spectral dissipation rate (  k   F11 ).
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Figure 3-6: These plots show the compensated spectra as a function of r/z for multiple heights.
The horizontal line at one represents local isotropy, while a slope of zero for the compensated
spectra represents inertial subrange behavior. The spectra were compensated by the spectral
dissipation rate (  k   F11 ).

Selection of averaging range

The TKE dissipation rate can be estimated from D1,1 , D1,1,1 , or F1,1 at any point within the
isotropic portion of the inertial subrange using equations 5-7. However, as is seen in Figures 3-1,
3-2, and 3-3, different data points would yield different results (due to the noise in the curves).
Therefore, the usual approach to estimate  is to average equations (5), (6) or (7) over the entire
isotropic portion of the inertial subrange.
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Unfortunately, Figures 3-4, 3-5, and 3-6 demonstrate that an isotropic inertial subrange is
not present in the range of scales sampled by the sonic anemometers.

As a result, when

estimating the TKE dissipation rates using any of the indirect methods, it is important to ensure
that the optimal averaging interval is used. Because only the streamwise component is used to
estimate the dissipation rate, two criteria will be used to select the averaging period: (i) existence
of an inertial subrange in the streamwise direction and (ii) normalized isotropy ratios as close as
possible to unity.
Figure 3-4 also illustrates how well the inertial subranges for the second-order structure
functions overlap when the x-axis is non-dimensionalized by z, indicating that the averaging
range of scales should be specified in terms of r1/z. Unfortunately it also shows the inability of
the sonic anemometers to resolve even the beginning of the inertial subrange below heights of 5
m. The structure functions computed from data at 10 m above the ground suggest that an
averaging interval of 0.1  r1 / z  0.2 would be a good choice. However, this corresponds to
scales that cannot be resolved by the sonic anemometer close to the ground due to both
limitations in sampling frequency and path-averaging error. Thus, an averaging window of 1-2 m
was chosen for 10 m, and 0.6-1 m was chosen for all other heights.
A problem that could be alleviated with higher-frequency measurements is the lack of
data points in the averaging interval. The number of points over which to average  D1,1 varies
from as low as 1 to around 6, depending on mean wind speed. Measurements at 60 Hz (i.e., the
highest frequency possible for the sonic anemometers used) would triple this number and
significantly reduce this problem.
The same averaging interval chosen for the second-order structure function is also used
for the third-order structure function, for three main reasons: (i) consistency of the scales being
used in both methods, (ii) because the streamwise third-order structure function also exhibits near
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inertial subrange behavior over this range, and (iii) Kolmogorov’s four-fifths law requires
isotropy of both the second- and third-order structure functions over some overlapping inertial
subrange. Figure 3-5 shows that the inertial subranges for the third-order structure functions (as a
function of r1/z, at different heights) would most likely overlap if one were able to sample at
smaller scales. Because the same averaging interval is used in both the second- and third-order
structure functions, both methods also use the same number of data points to compute the average
TKE dissipation rate. However, since the third-order structure function is not as convergent as
the second-order structure function, the dissipation rates from the four-fifths law are expected to
have more uncertainty (i.e. show more scatter when compared to the other estimates).
Inspection of the spectra obtained from measurements at 10 m above the ground suggest
that the ideal averaging interval for the spectra is 10  k1 z  20 . However, the wave numbers
corresponding to this range are not resolved below a height of 2 m because the corresponding
frequencies are too high. Even if these scales were resolved by the sonic anemometer, pathaveraging and aliasing would introduce significant error. The averaging intervals used for the
spectral dissipation rate estimates are: 1-2 m 1 at 10 m above the ground, 2-4 m 1 at 5 m above
the ground, 4-6 m 1 at 2 m above the ground, 5-7 m 1 at 1 m above the ground, and 7-9 m 1 at
0.5 m above the ground.
Unlike D1,1 and D1,1,1 , F1,1 has a significant number of data points present in the
averaging window.

This acts to smooth the dissipation rates obtained from the spectrum,

compensating for the larger variability of the velocity spectrum itself (note that the spectrum
oscillates far more than the second-order structure function).
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Isotropy ratios
Figures 3-4, 3-5, and 3-6 already indicate that the intervals used to estimate the
dissipation rate are anisotropic. Because of this, the equations relating the TKE dissipation rate to
second- and third-order moments may not technically hold. One would expect the relations
between second- and third-order moments and the TKE dissipation rate to hold better as the
moments become more isotropic.

Therefore, to quantify departures from isotropy, average

isotropy ratios are calculated for the same intervals used to estimate the TKE dissipation rates. In
order to verify the assumption that isotropy is approached as the measurement height increases,
the average isotropy ratios (over all 119 hours) for the spectra, second-order structure functions,
and third-order structure functions are shown as functions of height in Figure 3-7. The different
ratios are all normalized so that isotropy corresponds to the vertical line at 1. Although all
stability regimes were included in Figure 3-7, stability did not seem to affect isotropy too much.
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Figure 3-7: This plot shows the normalized isotropy ratios of the spectra, the second-order
structure functions, and the third-order structure functions as a function of height. The vertical
line at unity represents local isotropy. The placement of the symbols represents the mean value
for the isotropy ratio at each height. The error bar represents plus-or-minus one standard
deviation of the isotropy ratio at each height. The heights have been offset slightly to allow the
reader to better comprehend the plot. The spectral isotropy ratios in this figure were made by
applying a Hamming window to the spectra.

As one would expect, the crosswise isotropy ratios ( FF2 2 ,
11

the vertical isotropy ratios (

F3 3
F1 1

D

D2 2
D1 1

D

, D112121 ) are closer to unity than

D

, D13 13 , D11 31 31 ), in agreement with previously reported results obtained

at a single height in the ABL (e.g., Chamecki and Dias, 2004; Piper and Lundquist, 2004).
Lundquist et al. (2004) also tested isotropy at multiple heights above the ground and discovered
that normalized isotropy ratios for the horizontal component of the spectra reach one at a much
lower height compared to isotropy ratios for the vertical component of the spectra. This is
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because the energy-containing range of scales for the horizontal is a function of the boundarylayer height, while the energy-containing range of scales for the vertical is a function of height
above the ground. Because the scale separation between integral scales and the scale range being
tested for isotropy is larger for the horizontal components, the horizontal isotropy ratios are closer
to unity. Although the second-order structure functions become much more isotropic with height,
there is still significant anisotropy present at 10 m. This result agrees well with ASL data
obtained by Chamecki and Dias (2004), but disagrees with laboratory data obtained by Saddoughi
and Veeravalli (1994) and Saddoughi (1997). Also, even though the isotropy ratios for the thirdorder structure function do not approach unity even at 10 m above the ground, the ratios still
improve considerably between 0.5-10 m. This result agrees with Chamecki and Dias (2004), who
also noted the significant anisotropy present in the third-order structure functions.
Another expected result is that the isotropy ratios increase nearly monotonically with
height, suggesting that the indirect methods used to estimate the dissipation rate are more reliable
with increasing height. Lundquist et al. (2004) noted similar results for their horizontal spectral
isotropy ratios even though their vertical isotropy ratios show no signs of improvement with
height. The figure also shows that the vertical isotropy ratios tend to have lower variances than
the crosswise isotropy ratios. This is likely caused by convergence issues affecting the crosswise
components of the structure functions and spectra more than the vertical components of the
structure functions and spectra.
Figure 3-8 demonstrates the variability of third-order isotropic relations with respect to
averaging time. Although the mean isotropy ratio (for the 119 hours) for both components of the
third-order structure function is relatively steady with respect to averaging time, the variance
around the mean decreases drastically with increasing averaging time.

This behavior is

associated with the convergence problems for the crosswise and vertical components of the thirdorder structure functions. This analysis suggests that the isotropy ratios can not be trusted as an
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indicator of the applicability of the four-fifths law to any individual run. However, because the
ensemble average of the isotropy ratios seems to be independent of the averaging period, the
ensemble mean may be useful as an indicator of the overall departure from isotropy at any given
height.

Figure 3-8: These plots show the normalized isotropy ratios of the third-order structure functions
as a function of averaging time. The horizontal lines represent the mean value for the isotropy
ratios plus-or-minus one standard deviation. The line at unity represents local isotropy, and the
individual markers represent each data point. The data used for this plot were measured at 10 m
above the ground.
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Dissipation results
Because the spectra tend to show a wider and more consistent inertial subrange and are
closer to isotropy than both the second- and third-order structure functions, dissipation rates
estimated from the spectra are considered to be more reliable (and in the analysis below are
assumed to be the truth).
The first plot in Figures 3-9 and 3-10 compares the dissipation rate estimates from the
spectrum and second-order structure function. The ratio between the two methods increases
monotonically towards unity as height increases. This is expected because the isotropy ratios are
also increasing nearly monotonically with height. If spectral tapering is not used, the spectral
estimates are significantly higher than the estimates from the second-order structure function
(Figure 3-10), consistent with an over-estimate of energy in the inertial subrange. These results
explain the observed differences between the two methods in the work of Chamecki and Dias
(2004). Since Chamecki and Dias (2004) did not use tapering, their spectral estimates were
artificially larger than the ones from the second-order structure function.

The remarkable

agreement between the two methods when tapering is employed can be interpreted as a
confirmation of the need for tapering in estimating spectral densities.
The second plot in Figures 3-9 and 3-10 demonstrates the relationship between  F1,1 and

 D . The TKE dissipation rates calculated from the four-fifths law agree poorly with the
1, 1, 1

dissipation rates estimated from the spectra. Interestingly, there is no improvement of the ratios
with height, despite the fact that the third-order structure functions become more isotropic. The
four-fifths law underestimates the TKE dissipation rate, consistent with previous results by
Saddoughi and Veeravalli (1994), Saddoughi (1997), and Chamecki and Dias (2004). However,
Piper and Lundquist (2004) presented results showing that the four-fifths law agrees well with
their spectral dissipation rates. The reason for this discrepancy may be due to the different
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environments in which the comparisons are made.

Saddoughi and Veeravalli (1994) and

Saddoughi (1997) used hot-wire anemometry in a laboratory flow, while Piper and Lundquist
(2004) performed hot-wire anemometry in the ASL. Chamecki and Dias (2004) on the other
hand, used sonic anemometers deployed in the ASL to estimate the TKE dissipation rate.
The third plot in Figures 3-9 and 3-10 shows the relationship between  F1,1 and  D1,1,1diff
(ε computed from equation 8). Because the points tend to be scattered around zero on the y-axis,
there is really no correlation between  F1,1 and  D1,1,1diff at 10 m (this can be confirmed by looking
at table 3-1). However, if one moves closer to the ground, the ratio becomes more important as
the scatter decreases significantly. The only difference in the assumptions made for  D1,1,1 and

D

1,1,1diff

is that  D1,1,1diff requires global homogeneity (in our case global stationarity due to

Taylor’s hypothesis), and  D1,1,1 does not. The visible absence of any correlation between the two
estimates can be interpreted as a severe violation of this assumption in our data.
The fourth plot in Figures 3-9 and 3-10 demonstrates the poor agreement between the
estimates from spectra and the TKE dissipation rates from Monin-Obukhov Similarity Theory
(MOST), which is defined as (Kaimal and Finnigan, 1994):
3

 MOS   

u*
,
kz

2/ 3 3/ 2

(1  0.5 z / L ) ,  2  z / L  0,
  
0  z / L  1.

(1  5 z / L),

(14)

(15)

The Obukhov length scale is represented by L, z is the height above the ground,

u*  ( u1u3

2

 u2u3 )1 / 2 is the friction velocity, and k is the Von-Karman constant. While the
2

TKE dissipation rate estimates from the spectra do not match those obtained from MOST, the
trend is still linear. The lack of agreement between these two estimates reflects the inapplicability
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of the assumptions required for MOST to the experimental site. Most likely due to the proximity
to the mountains,  F1,1 is much smaller than the MOST estimates.

Spectral data corrections
Results presented in the previous section show that data tapering has an important effect
on the estimates of TKE dissipation rate from the spectrum. Because the spectrum is considered
to be the most reliable indirect method, it is important to assess the effects of the various
corrections (tapering, dealiasing and correction to Taylor’s hypothesis) on the values of the
dissipation rate obtained. In order to quantify these effects, we calculate the dissipation rates at 10
m above the ground for all 119 hours after removing the corrections (this is done in a cumulative
way: we first remove tapering, then we also remove Wyngaard and Clifford’s correction, and so
on, until no correction is left). All estimates are then normalized by the values obtained when all
corrections are applied, and the mean ratios together with the standard deviation (from 119 hours)
are shown in Figure 3-11. The estimates are on average 28 % larger if no corrections are made to
the data. Applying a Hamming window decreases the TKE dissipation rate by 15 %, while
applying Wyngaard and Clifford’s (1977) corrections for high-intensity turbulence removes 10 %
from the TKE dissipation rate. Aliasing adds only a slight amount of error at 10 m, although the
error becomes more substantial as one approaches the ground (because one must sample at higher
frequencies). These results illustrate the importance of all three corrections on the results
obtained. However, it is important to note that they depend on the wave number range used to
estimate  .
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Figure 3-9: These plots show ratios between  F1,1 and other TKE dissipation rate estimates. The
spectral dissipation rate results were obtained with the use of a Hamming window. The blue dots
correspond to dissipation rate ratios at 10 m, while various colored lines correspond to the line
of best fit for the dissipation ratios at each height, assuming the lines pass through the origin.
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Figure 3-10: These plots show ratios between  F1,1 and other TKE dissipation rate estimates. The
spectral dissipation rate results were obtained without the use of spectral tapering. The blue dots
correspond to dissipation rate ratios at 10 m, while various colored lines correspond to the line
of best fit for the dissipation ratios at each height, assuming the lines pass through the origin.
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Table 3-1: This table shows the angle corresponding to the slope of the lines (45 ° being a slope
of unity) for the various TKE dissipation rate ratios shown in Figure 3-9. The standard deviation
of the slope is also shown in degrees.
Height (m) tan1 (  D /  F ) tan1 (  D /  F )
tan1 (  MOS /  F )
tan1 (  D diff /  F )
1,1

1,1

1, 1, 1

1,1

1,1

1,1,1

.5

36.1  3.0 °

32.6  7.1 °

44.0  5.4 °

33.0  9.4 °

1

37.5  2.2 °

34.6  5.1 °

44.2  5.5 °

35.3  14.2 °

2

39.5  2.1 °

32.5  6.6 °

47.0  6.1 °

35.1  25.1 °

5

41.9  1.7 °

31.2  5.7 °

51.4  7.4 °

37.2  45.1 °

10

43.4  2.1 °

34.6  5.9 °

52.5  8.9 °

42.7  60.0 °

1,1

Figure 3-11: This figure shows the overestimate in the spectral dissipation rate (10 m, 1 hour
time average) caused by the lack of: aliasing, Wyngaard and Clifford’s (1977) corrections for
high-intensity turbulence, and spectral tapering. The vertical lines represent the standard
deviation of the change if the corrections are not applied.
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Chapter 4

Conclusions

If a locally isotropic portion of the inertial subrange was present in the data, one would
expect TKE dissipation rate estimates based on D1,1 , F1,1 , and D1,1,1 to be the same. In this ideal
scenario the four-fifths law would be the most reliable indirect method because its coefficient is
exact. However, it has long been known that local isotropy does not hold in typical atmospheric
surface layer experiments (measurements below 10 m and using sonic anemometers that cannot
capture scales smaller than 10 cm). In this context, one of our main objectives was to provide
evidence indicating that local isotropy improves with height, and to verify the consequent
increasing agreement of the various TKE dissipation rate methods.
The results clearly demonstrate an increasing agreement between  D1,1 and  F1,1 with
height, which is consistent with the improving isotropy ratios of both the second-order structure
functions and spectra. The striking result is the consistent difference between estimates from the
four-fifths law and from the spectrum with height: even though the isotropy ratios for the thirdorder structure function improve significantly with height, this seems to have no effect on the
agreement between the two methods. The cause for this behavior is not clear at the moment and
requires more investigation. It is possible that the true inertial range for D1,1,1 is not captured at
the scales sampled by the sonic anemometer, despite the presence of a near constant region in the
compensated plots. This hypothesis would also explain why the agreement between the fourthfifths law and other methods is good in the work of Piper and Lundquist (2004), in which much
smaller scales are sampled using a hot-wire anemometer. It is quite clear that the fourth-fifths law
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is not applicable in typical micrometeorological conditions, because it underestimates the TKE
dissipation rate by about 40 %.
Not only is a 20 Hz sonic anemometer (at any height 10 m or lower) insufficient to
estimate the TKE dissipation rate using the four-fifths law (  D1,1,1 ), but analysis of the secondorder structure functions leads one to conclude that using  D1,1 below 5 m is not justifiable either.
Isotropy ratios are closer to unity for the spectra at all levels, and a much broader, more easily
identifiable inertial subrange is also present. Therefore, in the absence of more sophisticated
instrumentation, the spectrum is the preferred method to obtain estimates of TKE dissipation rate
in the atmospheric surface layer. However, obtaining accurate estimates is far from trivial and one
must proceed with caution. Identification of the range of scales to be used must be carefully done
using compensated plots. In addition, estimates are sensitive to errors introduced by aliasing,
corrections to high-intensity turbulence, tapering, and path-averaging.
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