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Abstract We estimated the turbulent kinetic energy (TKE) dissipation rate (ε) for thirty-
two 1-h intervals of unstable stratification covering the stability range 0.12 ≤ −z/L ≤ 43
(z/L is the ratio of instrument height to the Obukhov length), by fitting Kolmogorov’s inertial
subrange spectrum to streamwise spectra observed over a desert flat. Estimated values are
compatible with the existence of local equilibrium, in that the TKE dissipation rate approxi-
mately equalled the sum of shear and buoyant production rates. Only in the neutral limit was
the turbulent transport term in the TKE budget measured to be small.

Keywords Constant stress layer · Dissipation rate · Equilibrium layer · Local equilibrium ·
Turbulent kinetic energy budget · Turbulent transport · Velocity spectrum · Wall shear layer

1 Introduction

In the context of turbulence closure schemes, it is common to fix coefficients by invoking
(along with other idealizations) the assumption that the turbulent kinetic energy (TKE) bud-
get of the adiabatic wall shear layer—and/or the inertial sublayer of the neutral atmospheric
surface layer—is in local equilibrium (e.g. “one equation closures,” Bradshaw et al. 1967;
“two-equation closures,” Launder and Spalding 1974; and “Reynolds stress closures,”
Hanjalic and Launder 1972; Wyngaard et al. 1974). The proposition of local equilibrium,
i.e. an exact balance of local TKE production1 and viscous dissipation (ε), emerged from
early studies of the turbulent shear layer over a smooth wall, and was held to be plausible
in respect of a shallow “equilibrium layer” lying above the viscous wall region2 (Townsend

1 In the absence of buoyancy forces, TKE “production” is entirely due to the conversion of mean kinetic
energy (MKE), the process generally termed “shear production” and interpreted as “work done by the eddy
stresses upon the corresponding rates of mean strain” (Richardson 1920).
2 By definition, within the ‘viscous wall region’ the viscous contribution to total shear stress is not negligible
(Pope 2000).
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194 D. Charuchittipan, J. D. Wilson

1961, 1976; Raupach et al. 1991). Cognizant that “the turbulent kinetic energy at a point
may depend as much on transport processes from remote parts of the flow as on local pro-
duction and dissipation,” Townsend (1961) nevertheless suggested that in the fully turbulent
region of the constant stress layer of a zero-pressure gradient wall shear layer “the basic
requirements of energy equilibrium and universality of structure are nearly satisfied.” Later
Townsend (1976) stated “In general, all terms in the (turbulent kinetic) energy equation are
of comparable magnitude but, in some circumstances, only two of them may be significant.
The most important case is wall turbulence. Near a rigid boundary, advection and diffusion
of energy are both negligible, and (the TKE equation) takes the form (of a balance of shear
production and dissipation).”

Perhaps there was a subsequent tendency to omit or underplay the qualifiers (“nearly”
and “in general” and “may be”)—a survey of literature and textbooks of that epoch amply
justifies a remark by Raupach et al. (1991), to the effect that the notion of a local equilibrium
prevailing in the wall shear layer became embedded as a sort of folklore. More reserved or
nuanced opinions, however, were there to be noted. Tennekes and Lumley (1972) wrote that
“in most shear flows production and dissipation do not balance though they are nearly always
of the same order of magnitude.” Similarly Bradshaw (1978), defining the meaning of local
equilibrium in the context of the “thin shear layer approximation,” clearly treated it as an
assumption or paradigm, rather than as a concrete fact—and earlier Bradshaw (1967) had
stated “production is roughly equal to dissipation in all parts of the three boundary layers3

except the outer edge” (present authors’ italics).
Turning specifically to the atmospheric surface layer (ASL), Wyngaard and Coté (1971),

reporting the TKE budget as observed in the Kansas experiment, presupposed local equilib-
rium to hold in the neutral limit, and extrapolating data from non-neutral cases (−2 ≤ z/L)
suggested

φε

( z

L

)
≡ kvzε

u3∗
= (

1 + 0.5 |z/L|2/3)3/2
(1)

(here kv is the von Karman constant and u∗ the friction velocity; later Kaimal (1978) and
Caughey and Wyngaard (1979) revised the coefficient multiplying |z/L| from 0.5 to 0.75).
This and later experimental evidence regarding the TKE budget of the ASL was incisively
reviewed by Frenzen and Vogel (1992), but subsequent careful work by those authors and
many others (summarized recently by Li et al. 2008, Table 2) has not made possible a state-
ment (in regard to the presence or absence of local equilibrium) any more universal in scope
than that of Tennekes and Lumley. In short, evidence from different field campaigns is not
consistent, and some experimenters report that the TKE budget is not in local equilibrium,
even in the neutral limit. One common thread of the recent efforts, it is perhaps fair to say, is
an implicitly shared view that: (i) the normalized TKE budget, over a suitable height range
at a suitable site, should be universal under Monin–Obukhov scaling; and, (ii) a discrepancy
of some twenty to thirty percent between the (neutral) rates of production and dissipation
is worth worrying about4 and ought to be amenable to resolution. However (i) is probably

3 Each of the flows referred to was a smooth wall, turbulent, wall shear layer; the three cases were distinguished
by the magnitude of the imposed pressure gradient.
4 On first sight, definitive experimental contradiction of local equilibrium would appear to forbid retention
of this paradigm, so convenient in turbulence closure models. However, in actuality, perhaps it barely matters
if the paradigm is not literally true to the last percent, provided the closed set of equations is contrived to
reproduce the more basic measurable elements of neutral, undisturbed flow, viz. its profiles of mean wind
speed, shear stress and TKE.

123



TKE Dissipation Rate 195

incorrect, since it has long been known that horizontal velocity statistics do not obey MO
scaling; and (ii) may be unduly optimistic, given the many sources of error and uncertainty
that surround such, one might say, arcane properties of atmospheric data.

Here we will provide new observations supporting the existence of local equilibrium (at
least as a first approximation) over the entire range 0 ≤ −z/L ≤ 43. The approach and
methods we have used are (by now) entirely conventional, and unlike some earlier authors
we have not taken elaborate pains to independently re-evaluate crucial constants (notably the
von Karman constant kv and the Kolmogorov constant αu defined below). Only an excellent
desert site (fetch of many tens of kilometres), its smoothness, and the availability of a pool
of modern sonic anemometers distinguish this study from earlier work. The large z/L range
sampled is a consequence of small magnitudes of L , due to the smoothness of the desert
surface (z0 = 0.2–0.5 mm; Metzger and Holmes 2008) and correspondingly small values of
the ratio u∗/u, i.e. friction velocity to mean wind speed.

2 Methodology

2.1 Site, Data Selection and Calculation of Micrometeorological Scales

Measurements during 23–27 May 2005 at the Dugway Proving Grounds (Utah; nominal
coordinates of site—longitude 113◦27.07′ W; latitude 40◦ 8.1′ N; elevation 1296 m above
sea level) provided 32 one-hour daytime records of velocity from each of eight Campbell
Scientific CSAT3 sonic anemometers (path length ≈0.12 m; sampled at 20 Hz). Four of
these anemometers were located at height z = 3 m on an east–west transect at distances
y = (60, 50, 40, 30)m westward of a 26-m tower, while the other four sonic anemometers
were at heights z = (8.71, 12.52, 17.94, 25.69)m on that tower (although a further eight
anemometers were operated, we excluded their signals to avoid sampling a region of the flow
disturbed by downwind obstacles; see Wilson 2008, for further details). All anemometers
were oriented for winds from the nominal north (azimuth angle β = 0), and we selected
runs according to the following criteria: mean wind direction |β| ≤ 30◦; friction velocity
u∗ ≥ 0.1 m s−1; Obukhov length L < 0; run start-time no sooner than 90 min after sunrise,
run end-time no later than 60 min before sunset; and (where we give here any result stemming
from the application of Taylor’s frozen turbulence hypothesis) data were excluded from any
anemometer at which the turbulence intensity σu/u (ratio of streamwise velocity standard
deviation to the mean velocity) exceeded ½. Note that we did not assign individual values
of (u∗, L) for each anemometer, but computed representative governing parameters for each
run according to

u4∗ =
(

u′w′
)2 +

(
v′w′

)2
, (2)

T∗ = − w′T ′/u∗ , (3)

L = u2∗ T0

kv g T∗
, (4)

where w′T ′ denotes the average value of the kinematic heat flux density w′T ′ over the four
sonic anemometers on the transect, etc. Prior to the extraction of these statistics a double
coordinate rotation, sequentially enforcing v = 0 then w = 0 (e.g. Wilczak et al. 2001), had
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been performed individually for each anemometer, a step that was necessary because precise
leveling of the higher sonic anemometers had not been possible.5

As with many previous authors, we inferred ε by fitting the Kolmogorov spectrum to
the inertial subrange of streamwise spectra (details below), the approach recommended by
Chamecki and Dias (2004) who considered that Albertson et al. (1997) had placed more con-
fidence than warranted in the inference of ε from the third-order structure function. Before
giving results we document the procedure used to compute spectra and deduce the dissipation
rate.

2.2 Spectral Calculations

After the above-noted two-angle coordinate rotation to define 1-h time series of the stream-
wise component u′, spectra were estimated using MATLAB’s Fast Fourier Transform rou-
tine.6 For each run (and each instrument) several estimates of the spectrum were computed
from an N = 216 member series, each nominally covering one hour (true duration 54.61
min). In each case the “raw” spectrum was an unsmoothed periodogram (the 216-point time
series had been tapered by application of a Hamming window, but the periodogram differed
negligibly if this window was not applied). This spectrum being unsatisfactory for the estima-
tion of ε, following Kaimal et al. (1972) we computed a smoothed spectrum separately over
low and high frequency bands. For the low frequency band, a block-average time series was
created by applying a 16-point block-average to the original time series (non-overlapping
blocks) and the spectral estimate was computed after first applying a 4096-point Hamming
window to the block-averaged series (“block-average spectrum”). For the high frequency
band each original time series was divided into 16 non-overlapping consecutive blocks, each
block containing 4096 points; a periodogram was computed for each block (after application
of a 4096-point Hamming window) and the 16 spectra were averaged to produce the “com-
posite spectrum.” The low- and high-frequency spectral estimates, thus computed, overlap
over two decades (0.005–0.625 Hz). A further spectral estimate (“Log av”) was obtained by
averaging the “raw” spectrum within each of fifty frequency bands, these spanning the fre-
quency axis with equal intervals in log f . Figure 1 illustrates the consistency of these several
variants of the spectrum. At low frequency the “raw” spectrum is similar to (or coincides
with) the “block-average” spectrum—the latter providing no spectral estimate at high fre-
quency due to low-pass filtering. Conversely, due to its being based on a shorter record length
the “composite spectrum” does not extend to low frequency.

A natural question is whether the Dugway spectra resemble “standard” surface-layer spec-
tra?—there is no reason to expect they would not. In this context it is useful to appeal to the
empirical spectral curve of Kaimal (1978), which specifies the spectrum for given (u∗, L , δ)
where δ is the depth of the boundary layer (in the present case, δ was not measured). Con-
forming the Kaimal spectral curve to Dugway block-average spectra by least squares fitting
(with δ treated as free to be optimized) we found that values thereby obtained for the ABL
depth (“δK ”) were plausible, and that in many (though not all) cases the Dugway spectra

5 Although it never exceeded 2◦, the rotation angle α required to yield w = 0 was systematically largest for
winds from the north, i.e. |β| ≈ 0◦, winds that therefore were symmetrically incident on the frames of the
sonic anemometers. All anemometers displayed a similar and systematic relationship between α and the mean
azimuth angle β, on top of which was superposed a random variation. This consistent pattern is not attributable
to a slope of the dry lake bed or anemometer tilt, and is presently under investigation.
6 To check our application of the software, we computed the power spectrum of an artificial time series gen-
erated by a Markov chain, and compared this with the known (analytical) spectrum. The computed spectrum
was correct, other than in regard to an aliasing error at the high frequency end, and irregularity at the low
frequency end attributable to sampling error.
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Fig. 1 An example of the Dugway velocity spectra: the computed u′ spectrum (distinguishing the various
estimates defined in Sect. 2.2) for the uppermost sonic anemometer on the tower (z = 25.69 m), for the
hour centred on 1447 MDT (Mountain Daylight Time) 24 May, 2005. During this period L = −4.0 m (thus
z/L = −6.4), u∗ = 0.22 m s−1, and mean horizontal wind speed at the sonic height was u = 4.99 m s−1.
Heavy solid and heavy dashed lines on the lower panel are Kaimal’s (1978) spectral curves for two values
of the ABL depth: solid line, the value (δK = 850 m) optimizing the fit of Kaimal’s spectral curve to the
block-averaged spectrum; and (dashed line) the value (δH F = 1008 m) obtained from the surface heat flux
and temperature trend (see Wilson 2008)

resembled the classic spectra. As an example the lower panel of Fig. 1 compares Kaimal’s
empirical spectrum with the computed spectrum.

To give a more comprehensive summary of the Dugway u′ spectra we present in Fig. 2 the
computed spectra at the transect height (3 m) for each of the 32 runs; each spectrum plotted is
the average of four computed spectra, i.e. one per sonic anemometer on the transect (restrict-
ing to the 3-m sonics provides smoother spectra, but reduces the −z/L range represented by
the factor 26/3, the height ratio of the uppermost sonic and the transect). The spectra shown
on Fig. 2 stem from the “Log av” method, and in order to collapse the spectra in the inertial
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198 D. Charuchittipan, J. D. Wilson

Fig. 2 Power spectra Su( f ) at z = 3 m for all 32 runs, each being the average of the four spectra provided by
the four anemometers on the transect. The dashed lines are taken from Kaimal et al. (1972; Fig. 5), and give the
upper and lower limits of the band covered by the Kansas spectra for unstable stratification (−2 ≤ z/L ≤ 0−).
Normalization has collapsed the Dugway spectra in the inertial subrange, but spreads the signature of aliasing
along the f z/u axis

subrange we have scaled as f S( f )u−2∗ φ
−2/3
ε versus f z/u, f being the natural frequency.

Superposed are lines (from Kaimal et al. 1972, Fig. 5) that bound the shaded region repre-
senting the ensemble of Kansas spectra covering the range −2 ≤ z/L ≤ 0−. Several points
need to be made in regard to Fig. 2. Firstly, the Dugway spectra do (as expected) collapse in
the inertial subrange, although the high frequency upturn due to aliasing, appearing at differ-
ent f z/u in runs with different u, distorts the spectra at the highest computed frequencies.
Secondly we note that the dashed line giving the lower limit for normalized spectral density
in the energy-containing range of unstable Kansas spectra, delineates the lower limit for the
Dugway spectra quite effectively. Thirdly, however, the upper dashed line does not “contain”
the Dugway spectra, which in many cases show higher spectral density in that range. Recall
that with increasing δ/|L| it is expected there will be more power in the energy-containing
range, and that the Kansas data were not selected or classified in terms of that ratio (which
had not been measured). In summary then, the Dugway u′ spectra are consistent with those
of the Kansas experiment.

2.3 Extraction of ε from the Composite Spectrum

If Taylor’s frozen turbulence hypothesis is used to transform Kolmogorov’s wavenumber
(κ = 2π f/u) spectrum for the inertial subrange into frequency ( f ) space, one has

f Su( f ) = T11 αu ε2/3
(

2 π f

u

)−2/3

, (5)

where the factor T11 is defined by

T11 = 1 − u′2

9 u 2 + 2 v′2

3 u 2 + 2 w′2

3 u 2 (6)

123



TKE Dissipation Rate 199

and was introduced by Wyngaard and Clifford (1977) as an (approximate) correction for
variability in the speed of convection of small eddies past the sensor. In the majority of cases
T11 was not very different from unity, and we will show inferred values of ε both with and
without this correction. Re-arranging Eq. 5, the TKE dissipation rate can be expressed as

ε = 2 π

u

[
f 5/3 Su( f )

T11 αu

]3/2

. (7)

Spectral density at frequency f = 1 Hz for substitution into Eq. 7 was evaluated from the
equation for a straight line with prescribed slope (−2/3) relating log[ f Su( f )] to log f ,
best fitted to the inertial subrange region of the composite spectra—more specifically, in
the range u/(2z) ≤ f ≤ 2 Hz, where the lower frequency limit is that given by Eq. 12 of
Kaimal (1978). Following Sreenivasan (1995) (see also Pope 2000, Eq. 6.242) we assumed
αu = 0.5, although the resulting estimates of ε must be regarded as carrying an uncertainty
of order 10% (at a minimum), for the Kansas experiments gave αu = 0.52±0.04 (Wyngaard
and Coté 1971, Fig. 6), while Oncley et al. (1996) found αu = 0.54 ± 0.03 (see also Table 1
of Hogstrom 1990).

3 Results

Recall that the (normalized) turbulent kinetic energy budget for a stationary and horizon-
tally-uniform ASL reads

0 = φm − z/L − φt − φp − φε (8)

(here we follow the sign convention of Kaimal and Finnigan 1994), where from left-to-
right the terms are respectively shear production PS = φm , buoyant production PB =
−z/L , turbulent transport, pressure transport, and viscous dissipation. Figure 3 shows that the
Dugway data organize tidily as a function of z/L , and that over the entire range of unstable
stratification7

φε ≈ φm − z/L , (9)

as if the sum of turbulence and pressure transport in Eq. 8 were negligible. This was unex-
pected, since it is not generally considered the unstable surface layer is in local equilibrium
(e.g. Kaimal and Finnigan 1994). In any case the assumption of local equilibrium (Eq. 9)
certainly provides a superior fit to the data than does Eq. 1 or the slight revision of it suggested
by Kaimal (1978) and Caughey and Wyngaard (1979).

Following the ‘directional dimensional analysis’ of some earlier authors (especially Kader
1992), Albertson et al. (1997) broke the continuous z/|L| axis of Monin–Obukhov similar-
ity theory into three non-overlapping bands or regions, their dynamic sublayer (−z/L <

0.04) representing the regime where buoyant production is of negligible importance (flux
Richardson number R f

i asymptotically zero), their free convection sublayer (−z/L > 2)

representing the opposite asymptotic regime (|R f
i | ∼ ∞), and their dynamic-convective

sublayer (0.12 ≤ −z/L ≤ 1.2) being (ostensibly) a categorically more complex regime

owing (in part) to the action of the redistribution terms in the budgets of (u′2, v′2, w′2). The

7 We have shown φε(z/L) with the dimensionless wind shear evaluated as φm = (1 − 28z/L)−1/4 (Dyer
and Bradley 1982), although the curve is almost indistinguishable if one instead uses φm = (1 − 16z/L)−1/3

(e.g. Frenzen and Vogel 2001).
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Fig. 3 Normalized TKE dissipation rate for unstable Dugway runs. Values on lower panel derive from spec-
tral densities that were multiplied by the Wyngaard–Clifford correction factor T11, whereas values shown on
upper panel are from uncorrected spectra (the curve PS + PB of the normalized TKE production rate is shown
on both panels, providing a basis to judge the importance of the T11 correction). Solid symbols hold greater
significance than open symbols, for they derive from the average of four spectra at z = 3 m on the transect
whereas each open symbol derives from a single instrument (and run). Dotted vertical lines on lower panel
demarcate the −z/L boundaries of the dynamic-convective sublayer and the free convection sublayer, and
highlight the discontinuity of a parametrization suggested by Albertson et al. (1997). Details of other curves
are given in the text

data of Fig. 3 do not suggest the need for this fragmentation of the z/L axis, and while they
do not adequately cover the region designated ‘dynamic sublayer,’ neither do they appear
conclusively incompatible with φε = 1 in the neutral limit.

The Dugway measurements permit evaluation of
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Fig. 4 Normalized vertical flux of TKE versus −z/L . Again, solid symbols are the average across the four
sonics on the transect at z = 3 m and deserve more weight than open symbols, while square symbols have
been used to distinguish negative values of w′e. Where the derivative of the TKE flux vanishes, the turbulent
transport term φt in the TKE budget also vanishes. The dashed line corresponds to φt (z/L) = −0.74 z/L ,
which emerged from a linear regression of w′e/u3∗ against −z/L with all negative values of w′e having been
ignored

φt

( z

L

)
≡ kvz

u3∗

∂ w′(u′
j u

′
j )/2

∂z
= kv

∂ w′ e/u3∗
∂ ln z

= kv

∂ w′ e/u3∗
∂ ln z/|L| (10)

where e ≡ (u′
j u

′
j )/2 is a notational shorthand, and (since in any one run L is a constant)

d ln z/|L| ≡ d ln z. Figure 4, a plot of w′ e/u3∗ versus ln(−z/L), strongly suggests that in
the neutral limit (z/|L| → 0) turbulent transport vanishes, while during unstable conditions
TKE is exported to higher elevations (as in the Kansas data; see also Fig. 4 of Bradley et al.
(1981), whose q2 is equivalent to q2 = e). The slope of a line of best fit to the scatter
plot of w′ e/u3∗ versus z/L (not shown) gave the result that φt (z/L) = − 0.74 z/L (fraction
of variance explained R2 = 0.84), which is broadly consistent with the earlier findings of
Wyngaard and Coté (1971) and Caughey and Wyngaard (1979), and very close to the result
of Frenzen and Vogel (2001). Please note that to compute this result for φt , which in con-
junction with Eq. 9 implies φp(z/L) ≈ + 0.74 z/L , we ignored three runs that had produced
most of the small negative values of w′e seen on Fig. 4; had those three runs been included,
then φt = −0.70 z/L with R2 = 0.69. There was no obvious association of negative w′e
with extreme values of the scaling parameters (u∗, L , δ), but we nonetheless felt justified in
neglecting them, in part because for those three runs values of w′e differed very notably from
one to another of the four sonic anemometers on the transect, and in part because Wyngaard
and Coté (1971) remarked of the Kansas data that “The turbulent energy flux (i.e. our w′e)
was positive in every unstable case.”

4 Conclusion

The balance of TKE production and dissipation rates reported above has to be interpreted
as being approximate. As noted earlier the Kolmogorov coefficient αu has been the subject
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of much study in its own right, but a fractional uncertainty of order 10% is probably a fair
assessment (see Hogstrom 1990), and implies a corresponding fractional uncertainty in ε (as
derived here) of no less than 15%. Where earlier authors have reported the absence of local
equilibrium, the imbalance has generally been of only this same order (e.g. Garratt 1972;
McBean and Elliot 1975; Bradley et al. 1981; and later results summarized by Li et al. 2008,
Table 2).

As usual, uncertainty surrounds the role of unmeasured pressure transport of TKE. The
indication (Fig. 4) that turbulent transport vanishes in the limit z/|L| → 0 does not prove
that local equilibrium must prevail in the neutral ASL; and conversely, the fact that φt �= 0
in the unstable ASL does not forbid the possibility of local equilibrium—which could only
happen, however, if the pressure and turbulent transport happened to cancel (as has been
suggested to be the case by the measurements of McBean and Elliot 1975). All that can be
said with certainty of the present results is that, across the entire range of z/|L| sampled,
Eq. 9, equivalent to the assumption of local equilibrium, provides a good approximation to
the TKE dissipation rate—though no convincing justification can be given as to why that
should be the case. On the strength of this finding (and see also footnote 4) it appears defen-
sible to continue the practise (e.g. Wilson 2004, Sec. 2i) of specifying the coefficients of
turbulence closure models to require local balance of TKE production and dissipation rates
for the reference case of a neutral and horizontally-homogeneous surface layer.

There is also a direct practical utility to an improved parametrization of TKE dissipation
rate, in that ε plays a central role in modern Lagrangian stochastic (LS) models of turbulent
trajectories (Thomson 1987), in which context it can be related

C0 ε = 2 σ 2
w

τL
(11)

to a parameter τL that, loosely interpreted, amounts to the Lagrangian velocity decorrelation
time scale (C0 is a universal Kolmogorov constant). Flesch et al. (2004) documented a tracer
gas experiment testing the performance of a backward LS model in the context of “inverse
dispersion,” i.e. the inference of an unknown gas emission rate Q by combining a measured
downwind (mean) concentration C with a “backward” model of fluid element trajectories in
the given (measured) micrometeorological conditions (the “bLS” method). The ε parametri-
zation used in the bLS model (Eq. A13, Flesch et al. 2004) is plotted on Fig. 3 (it had stemmed
originally from an optimization of the model fit to a small number of the classic Project Prai-
rie Grass dispersion trials, by tuning the τL(z/L) profile). As noted by Flesch et al. (2004)
this parametrization resembles Eq. 1, and therefore it does not fit the present (Dugway) data
very well. When a subset (N = 20 cases of very unstable stratification, −5 m ≤ L ≤ 0) of
the trials reported by Flesch et al. were re-analysed using Eq. 9 to specify ε(z/L), the mean
value of the ratio QbLS/Q (of inferred to true source strength) improved from 1.42 to 1.22
(source strength less seriously overestimated), while the corresponding standard deviation
(of the QbLS/Q ratio) was reduced from 0.89 to 0.39 (T.K. Flesch, personal communication,
2009).
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