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The average dissipation rate of turbulent kinetic energy in the
neutral and unstable atmospheric surface layer

John D. Albertson,! Marc B. Parlange,2 Gerard Kiely,3 and William E. Eichingerd

Hydrologic Science, University of Califomia, Davis

Abstract. The mean rate of dissipation of turbulent kinetic encergy is related to the surface fluxes
of momenmim '_;md' heat through the turbulent kinetic energy budget equation. This relationship
may be used 1o estimate surface fluxes from measurements of the dissipation rates. The success of
recent applications of the approach has been limited by uncertainties surrounding the functional
relationship between the dimensionless dissipation rates and the atmospheric stability parameter.
A pair of field experiments was designed and carried out in the atmospheric surface layer to
identify this functional relationship over a broad range of neutral and conveetive flows, covering
greater than 3 orders of magnitude in the stability parameter. Mean dissipation rates were
computed using Fourier power specira, second-order structure functions, and third-order structure
functions. Arguments are presented for the superiority of the third-order approach. A three-
sublayer conceptual model is invoked to guide the dimensional analysis, and the resulting
dissipation rates are shown to scale uniquely in the three sublayers. Near the wall, in the dynamic
sublayer, dissipation is significantly less than production, as energy is transported up to the more
convective regions, where an equality between dissipation and praduction is achicved,

1. Introduction

The atmospheric boundary layer (ABL} is the portion of the
atmosphere which is affected directly by the land surface. Flows
in the atmospheric surface layer (ASL), the lowest 10% or 100 m
of the daylime conveclive ABL, are directly dependent on the
surface Nuxes of momentum and heat, which are the production
sources of twrbulent kinetic energy (TKE). The mean TKE
dissipation rate (£) is related to the production rate of TKE, and
henee the surface fluxes, through the TEE budget equation.
Using the relation  between e and  the surface  fluxes,
measurcments of € can be used 1o obtain the surface fluxes of
momentum and sensible heat for practical applications [a.g.,
Fairall and Larsem, 1986, deleonibus and Simpson, 1987;
Shupnigwicz and Davidson, 1991; Edron ef al, 1991, Eichinger
el al, 1993; Albertson, ef of, 1996; Kiely ef of, 1998]. This
fux-dissipation technique, first suggested by Deacon [1959], is
very useful over oceans, where the proper vertical alipnment of
insteuments for eddy correlation iz all but impossible. It is also
ideally suited for use with optical remote sensing instruments,
However, the efficacy of this method depends on empirical

"Now at Department of Environmental Scicnces, University of
Virginia, Charlottesville. X ’

*Mow at Depariment of Geography and Environmental Engineering,
The Johns Hopkins University, Baltimore, Maryland. '
. *Permanenty at Depariment of Civil Engincering, University College,
Cork, Ireland. ;

MNow at Institute of Hydravlic Research, University of Iowa, Towa
City.

Copyright 1997 by the American Geophysical Union,

aper number 96JD033446,
01480227796 D-03346509.00

formulae o deseribe the role of atmospheric  stability _{or
stratification} on the relationship between e and the surface
fluxes. There cxists considerable uncerlainly in the biteralure
regarding the scaling of £ in the atmospheric surface layer under
neutral and unstable atmospheric stability. In this paper, new
experimental results are presented on the scaling of the average
dissipation rate of TKE with respect (o stability; these resules are
analyzed in the contexl of a directionally referenced form of
Monin-Obukhov similarity theory [e.g., Sechiov amd Yaglom,
1971; Zifitinkevich, 1971; Kader and Yaglom, 1990] to identify
improved scaling laws that will supper and improve the
accuracy of future applications of the fux-dissipation methods,
The improved understanding of how TKE dissipation scales with
stability (or dimensionless height) in the ABL is alse of basic
importance to  dissipation-based closure models used in
numerical simulation of boundary layer flows.

The TKE budgel equation is obtained by multiplying the
momentum equation for the xq (G = 1 (streamwise), 2 (lateral), 3
(vertical)} direclion by mwg, time averaging all terms, and
subtracting the equation governing the kinetic energy of the
mean flow [sce Tennekes and Lumley, 1572, pp. 63-64]. We
maintain the convention of using Greek letiers for directional
subscripts, L, for the mean velocity in the « direction, and wug
for flucteations in the o direction velocily aboul ils maan valoe,
Furthermore, as our interest is in the ASL, we must account for
temperature stratification and the accompanying buoyant forces
[Monin and Yaplom, 1971, p. 418]. For a steady state [ow with
harizontal homogeneity, we write the TKE budgel per unit mass
with the Boussinesg approximation as
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where £ and p orepresent floctuations about the mean virtoal
temperature Ty and the mean pressire, respectively, g is the
gravitational acceleration, p is the densily of air, and summation
is implied on repeated subscripts. For convenience, we are using
virtual temperature to capture the combined effect of air
temperature and water vapor fluctuations on the density [cg.,
Brutsaert, 1982, p. 37]. The first term in (1} represents the
mechanical production of TKE by interaction of the Reynolds
slress and the mean velocity gradient, the sccond term represents
the production of TKE by buoyant forces, the third term is the
divergence of vertical turbulent flux, the fourth term is the
transfer of TKE due to pressure-velocity interaction, and the last
term represents the dissipation (destruction) of TKE hy viscous
action. It is important to note that (1) is a time-averaged
cquation which is not sensitive to the particular distribution of
the instantanepus dissipation rate, which is known to be highly
intermittent [e.g., Krafchran, 1991; Menevean and Sreenivasan,
1991].
The frigtion velocily (re) is defined as

M=E=,|‘—{u|u3:- ©{2)

wherc 1, is the surface shear stress. Substituting {2) into (1), and
writing F for the flux divergence term and P for the pressure
velocity term gives.
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We use the dimensionless atmospheric stability parameter {z/L),
where

— T,
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is the Qbukhov length and H=0.4) is von Karman's constanl.
The mean velocity pradient from Monin-Obukhov similarity is

given as
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whert ¢ is the nondimensional velocity gradient which depends
on (z/L). Substitution of {5} into {3} and multiplying by &=/
yields the nondimensional TKE budget.
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where dg(z/L) represents the nondimensional dissipation rate 45 a
function of stability, The function (=L} is relatively well
established [or most values of (=/L) lypically found in the ficld
[Businger, et al, 1971, Dyer, 1974; Brutsaerr, 1992; Parfange
and Brulsaert, 1993: Parlange and Katwl, 1995]. The form, or
behavior, of b, F, and P rclative to 2/L is considerably less clear.

The $; should be a universal function of the stability
parameter (L}, as defined by Monin-Obukhav similarity theory.
An important point to nole here is that the mean dissipation rate
of TKE should not be susceplible 1o the same contamination
from larpe convective eddies as is the longitudinal wvelocily
variance [c.g., Garratt, 1992, p. 72]. The large-scalc, boundary
layer filling conveetive cddies that cause oy to deviate from the
Maonin-Obukhov  predictions are constrained to the low-
wavenumber end of the power spectrum. These eddies

(4)
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significantly affect the varance, ic., arca under the power
spectrum.  Mowever, as these eddies arc limited to the low-
wavenumber range, the inertial subrange should not be affected
by their presence or absence.  Recall that the mean dissipation
rales are tied to the intercept of the steaight-line fit through the
inertial subrange scaling [Kolmagorov, 1941] and will therefore
not be aflected.

To estimate the momentum [lux ffom (6) using measurements
(either direct or inferred) of g, the dependency of dg on 2L must
be known with considerable level of confidence.  Generally, for
flux calewulations, F and P have been assumed to be negligible
with respect to the production and dissipation terms,. thus
implying an equality between production and dissipation, As
Tennekes and Lwmizy [1972, pp. 64-63] point out, we should
expect an equality of dissipation and production when integrating
over the depth of the boundary layer, but not necessarily at any
onc peint in a shear flow. As production and dissipation are
nearly always of the same order of magnitode, it may be
conceplually appealing to assume an equality; however, this may
nol be appropriate for quantitative applications. The transport
terms have been assumed to balance the budget equalion when
measurements  of  dissipation  exceeded production [cg.,
Wyngaard and C-:_:r'é. 1971; Hogstrom, 1990] or when production
excecded dissipation [e.g., Frenzen-and Vogel, 1992].  The
relative value of production wversus' dissipation for different
stability {z/L) values is uncertain, We review bricfly the literature
on the relationship between production and dissipation, with
attention given to the stability ranges encountered during various
field experiments. ’

Wyngaard and Coté [1971] measured mechanical and buoyant
praduction, dissipation, and the flux diverpence during the
Kansas Experiment. They found a flux divergence of TKE for
cvery unsiable stability case. They claimed that the vertical
turbulent transport of TKE completely offsets the amount
produced by buoyant action. Their results show dissipation
exceading production for moderatcly wnstable flows, with an
equality approached for more strongly convective  flows,
However, inclusion of the measured flux divergence term caused
a coensiderable imbalance in the TKE budget. They extrapalated
théir fit to assume an cquality between dissipation and
production in the m_:utral'limit. Their data do not include low
envugh -z/L values to confirm this assumption, as only three mns
with -2/L<0.1 were analyzed, They fil an empirical function to

2

their data,
z A s |3
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which approaches unity in the neutral limit and scales linearly
with |z/f] in the free convective limit (=L == 1).. For the
unmeasured F erm in (8), Wyngaard and Coté extended and
carlier analysis by Baichelor [1951] and estimated the magnitude
of Phzfu” 1o be about 0.9 for /L. = -1.0 , which is of the order of
the imbalance they reported. Wyngaard and Colé suggesied in
conclusion that the pressure-velocily covariance lerm may be
important, but that direct measurements of il are necessary belore
its true role will become clear, With present instrimentation, il is
exceedingly difficult to measure the pradients of pressure-
velocity interaction in the ABL. The sumerical simulation of
ABL flows is showing promise, and with advancements in
computational capabilities, we may soon be able to study the
neat-wall region with high-resolution meshes and leam more
about these hard to measure terms,
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In a study of the TKE budget in the ASL over grass, McBean
et al. [1971] found dissipation to malch production in the
near-newiral cases, and to exceed production for unstable
atmospheric stability when -2/L = 03, up w0 a maximum
difference of about 0% for the highly unstable cases. They
attributc these results 1o an increasing importance of the turbulent
cnergy flux term (7} in the ASL below = = 2 m for more unstable
stability conditions (i.e., higher -2/L values), though F was not
measured in their siudy. MeBean and Elliot [1973] studied the F
and F lerms over a dry prairie and found them to have significant
and counteracting effects on the TKE budget, with F removing
and F adding energy at the measurcment height. The net effect
was a near equality of local production and dissipation for the
stability range mecasured.  Their data were collected with a
maximum -z/L of 03, and thers were only four measuremenis
taken with -z/L below 003, Intereslingly, they concluded that
Monin-Obukhov similarity theary may not hold for the vertical
ux of TKE. -

Leavitt and Paulson [1975] studied the TKE budget over the
ocean during the Barbados Oceanographic 'and Meteorological
Experiment (BOMEX) and concluded that dissipation equaled
production, although their experimental scatter was about + 50%
ol production.  Their analysis is of data covering atmospheric
stabilities ranging from =/L of -0.14 to -1.5. They also estimated
the verical turbulent flux divergence (the nondimensicnalized )
and found it to be preater than zero and to increase with
increasing -=/L. This term was found to be about one hall as
large as the buovant production, in contrast to Hiweaard and
Cotd % [1971] resull that the F term was equal (o buoyant
production. '

Champagne et al_ 1977} studied the TKE budget and vsed the
measured dissipation rates to estimate surface fluxes from a
furrowed bare soil surface in Minnesota for a narrow atmospheric
stability (z/L) range of -0.067 1o -0.11l.  They uvsed the
assumptions of Hyngaard and Cord [1971] and found dissipation
to gencrally exceed production. As with the Kansas Experiment,
Champagne et af. |1977] attribute an imbalanced TKE budget to
the uncertuinty of the pressure transpoct term.

¢ Hogstrom [1990] inferred dissipation rates from  inertial
subrange analysis of Fourler power spectra for measured
longitudinal velocity time series and identified the vertical fux
divergence of TKE with measurements at multiple heigins, His
inertial subranpe estimates showed the near-newtral TKE
dissipalion to be about 25% Jarger than the rate of production,
and  his flux divergence measurements showed the F term to be
removing  about 23%  of production upward from  the
measurement height. He did not measure the pressure term (F),
bul estimated that it must be contributing 50% of praduction to
close the TKE hudget, which he cxplained as being due to
“inaclive” eddy motion. We should note that changing the value
of the Kolmagorov constant used in Hogserom ‘s [1990] analysis
from (.52 to the (.35 value used in this study would reduce his
dissipation rates 1o just 14%4 preater than production. [Hogstrom
[1990] also modified the results of Wymgoord and Coté [1971] to
comeet for flow distortion, which revealed that the Kansas
Experiment results have dissipation less than TKE ItI the ncar-
neutral regime.

[n another study, Frenzen and Vogel [1992] performed an
expenmenl over cmerging wheal in Wyoming and found
dissipation 1o be 15 to 20% less than production.  They also
mention that by removing some “corrections”  made to the
Kansas data by Hyngeard and Cosd [1971], near-neutral
dissipation is fbund to be less than production,
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This brief review is indicative of the persistent uncertainty
associated with the scaling of §; with atmospheric stability (z/L).
Most of this woncertainty is ignored in  flux-dissipation
applications, and the dissipation of TKE is simply assumed to
equal the production. This is a potentially perilous assumption in
light of Tennekes and Lumfey’s [1972] remarks concerning the
likely inequality of production and dissipalion at any arbiteary
point in a shear. flow, Furthermore, some of the uncertainty must
be atiributed to data processing techniques and the variability in
values assumed for Kolmogorov's inertial subrange constant.
We could approach this problem by attempting to measure the
production, turbulent (ransport, and pressure transport terms to
define the dissipation rale as the residual (including the additive
measurcment ercors of the other terms).  Instead, we take a more
direct approach of studying just the dimensionless dissipation
rate in order to refine its scaling with respect to stability as
necded to improve the accuracy of flux-dissipation applications,
The resulting scaling function will also be useful as a basic
understanding necessary for dissipation-based closure schemes in
numcrical simulations of boundary layer flows. The present
effort considers fast response atmospheric surface layer velocity
measurements, collected over a broad range of atmospheric
stability, inn the framework of directional dimensional analysis
(DAY

2. The Three-Sublayer Model and Directional
Dimensional Analysis

Bechtov and Faglem [1971], building on the work of
Lilitinkewich [1971] and the DDA first applied to the ASL by
Bernstein [1966), presented A three-sublayer model of the
unstably stratified boundary layer. Kader and Yaplom [1990]
published a broad experimenial examination of this theory using
data eollected in the ASL over a T-ycar period. More recently,
Zilitinkevick | 1994] extended the theory to accommadate the top-
down/bottom-up scaling concept of Hywmgaard [1983],

As opposed 1o classical dimensional analysis, DDA invaolves
different length scales for the different dircetions, such as Ly for
horizontal and L; for verlical lengths [see Panton, 1984, pp, 207-
209, Kader and Yaglom, 19900, The addition of basic
dimensions will decrease the number of dimensionless groups
that can be formed from the basic physical parameters, in
accordance with Buckingham®s pi theorem. This may sharpen
the result, as it yiclds explicit- functional forms for the torms in
the TKE budget with known exponenis, rather than the classical
similarity theory with the empirical scaling components. To
apply this approach, the processes in the dilferent dircctions must
be essentially independent of each other [Pantor, 1984), or as
Kader and Yaglom [1990] put it, the horizontal and vertical
motions must be uncoupled, Tere enters the nl.:cxl for the three-
sublayer model.

The basic concept of the ASL being rc:]:m:snntnd by ihree
distinct sublaycrs [Becfitov and Yaglom, 1971] did not receive
substantial experimental support wntil recently [epg.,- Kader,
1988, Kader and Perepelkin, 1989, Kader and Yagfom, 19940],
Thes lowest of the three sublayers is termed the dynamic sublayer
(DSL) and is defined to be that region where the buoyant
production is negligible with respect to mechanical production of
TKE. Just above this sublayer is the so-called dynamic-
convective sublayer {[2CSL), where buoyant production becomes
relevant and must be considered along with the still important
mechanical production. The uppermost portion of the ASL, just
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above the dynamic-convective sublayer, is the free convection
sublayer {FCSL), which is affected strictly by the buoyant forces.
The DDA is uscful, as the buovant forces act in the +vertical
direction and the shearing action is in the horizontal direction,
giving these two encrgy lerms different dimensions. The DSL
represents the neutral limit (z << -L}, and the FCSL the free-
convective limit (z == -£). However, the DCSL does not fit as
cleanly into the classical similarity theory approach. In this
middle region, the theory states that the transfer of enerpy
between the horizontal and vertical velocity fluctuations is small
with respect 1o the rates of mechanical production of energy in
the horizental direction and buoyanl production in the vertical
direction [Kader and Yaglom, 1990]. The energy transfer
between the horizontal and vertical motions is neglected, and the
vetlical and horizontal metions are considered to be cnergetically
uncoupled, thus allowing for the applications of DDA, The
predicted scaling of the individual terms in (6) for each of the
three sublayérs is discussed next, with the expected stability
ranges of the sublayers based on the order of magnitude analysis
of Kader [1992].

2.1. Dynamic Sublayer (-z/L =< 0.04)

All ome-point moments are believed to be independent of =z in
the dynamic sublayer [Keder and Yaglom, 1990; Kader, 1992],
50 the derivatives F and F are expected to vanish. The buoyant
production is negligible compared to mechanical production in
this sublayer, and the normalized mechanical production g,
assumcs a valuc of unity, This ledves the normalized dissipation
rale g, which, accordipg to dimensional analysis, should be
constant in the dynamic sublaycr, i.e., mdependent of z. IF 7 and
P are in fact equal 1o zero, and §iy is cqual to unity, then ¢
should alse be equal to unity in this lowest sublayer.  So we
would expect )

$ =0 #¢.’.'.! =1 (2)

where ©) is a constant.  However, as discussed above, most
experimental evidence sugzests a depariure of g from 1, while
still supporting that ¢y, =1. This incquality between g and
implies that the one-point moments of F and F may not vanish in
thiz sublayer. Hogsirom [1990] showed F to be a nonzero
constant in this flow regime, thus allowing ¢ to be not cqual to
@ while still maintaining that de isa constant, In cu_:lr[t.tdcr_ﬂilnu
of uncerlinty herc, Kaeer [1992] called for additional
experimental work jn this sublayer to improve the ¢ {zL)
formulation.

2.2, Dynamf:-l:timttctivp Sublayer (0.12 < -z7L = 1.2)

In the dynamie-convective layer the DDA is useful, since
there is distincl action in both the horizontal and veﬂlml
dircctions, such that the amalysis becomes more complex than in
the other lajrcrs {where conventional dimensional analysis will
yield the sarne results as DDA), In addition, the F and # terms
can be important in this middle layer.
friction velocity w4 has dimensions [Lx'® Lz'? r], which is not
complctely appropriate for scaling the horizontal (x dircction)
motions. Thercfore  the local  convective  velocity
wi==un~g2 T ") with dimensions [Lz7'] 15 used o scale the
verlical motion, and the combination w.fw. with dim_tnsii}ns
[L4'] i5 vsed 1o scate the horizontal motion.  Applying these
scaling velocities to the appropriate terms in (1), following purc
dimensional arguments, yiclds

Following DDA, the .
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b = q[ ] +(i- cg)[ ] ©)

where O is a constant that describes both the positive effect of
mechanical production and the verlical transport of w,u, and e
encrgy (negative); the value of | hat accompanies ¢ accounts
for buoyant production; and the constant C, captures the vertical
transpart of the w, energy as well as the effect of pressure-
velocity interaction. For a more detailed derivation of (%) from
(1), see Kader [1992]. Zilitinkevich [1994] provides additional
discussion about this intermediate regime.

2.3, Free Convection Sublayer {-z/L = 2)

For free convection scaling the flow variables should be
independent of w. and should instcad depend on the convective
velocity scale we.  Hence dy, scales with (-z/LP, and the
remainder of torms on.the left-hand side of the TKE budget scale
with (-z/L)'. From dimensional analysis

1
-z}3 -z
% =G [T) +Cs(T]
where the constant ) describes the contribution of mechanical
production and C; reflects a sum of constants which individually
represent -buoyant production, F, and P. Nole that C can be.
neglected in this sublayer, as mechanical pmducliuﬁ is becoming
smiall with respect to buoyant production.  Again, we refer to

Kader [1992], where the derivation of these scaling forms is
already published,

(10}

3. Determination of £

Fora wlncity signal, & may be computed by either so-called
“dircet” or “indireet” methods. The direct methods arc typically
based on an assumption of local isotropy, to eliminate the need to
measurc all the terms in the dissipation rate tensor and relate
simiply & to the squared longitudinal velocity derivative, viz,

3
iy
=150

% <[ﬂ11] >

In practice, (11) may be implemented by differentiating the
temporal - velocity signal and  invoking Taylet’s [1938]
hypathesis of frozen turbulence, or by evaluating the curvature of
the autocorrelation [unction about the origin at zero lsg to

provide an estimate of the Taylor microscale b, which vields the
dissipation rate [see Tennekes and Lumicy, 1972, pp. 210-211]

3 (12

The indirect methods are based on Kedomogorov's [1941]
(hereafler K41} second hypothesis, which relates the velocily
differénce {Aug) between two points separated by a distance r
dirgetly 1o & and », where it s required that » be ruch smaller
than the production scales and much'la.rgl‘,r than the wviscous
seales (.., » must be in the incriial subrange). This comerstone
of turbulence analysis provides, in theory, myriad ways of
computing £ from time scrics of longitudinal velocity. In the
present study, we focus on-three of these: (1) power specira, (2)
second-order structure functions, and (3) third-order structure

(1

g=15
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functions, For simplicity, we write A (¢} for the velocity
differcnce between Lwo points separated by a distance », and by
nccessity, we use Taylor's [1938] hypothesis of frozen
turbulence for expressing temporal velocity data taken at a single
point as spatial data [e.g. Tennches and Lumley, 1972, p. 253].
The sccond-order structure function represents the averapge
squared velocity differences Dh{ri=<(Am(r))*>, and the third-
order  structure  function wses cubed  velooily  differences
DE(ryde(r)y> [see Monin and Yaglom, 1975, chap. 3]
Following K41, dimensional analysis yields directly the
following expressions for the second- and third-order structure
functions in the inertial subrange;

2 4
rd .DJ{?'}=—'§E|"

wrd | Bt

Dy(r) =S (13)
where 8, is an empirical constant and the -4/5 constant of the
third-order  structure functions is an exact result from the
cquations of maotion and the work of von Karman and Howarth
[1938]). (Subsequent to the original submission of this
manuscript, Frisch [1995] refomred to this exact result as ... one
of the most important results in fully developed turbulence as it
is both exact and nontrivial™) The Fourier counterpart of the
second-erder strocture function is the power spectrum, which is
desceibed in the inertial subrange Tollowing K41 as

2 5
E,(k)=ae' &, (143
where (k) describes the expected ensrgy content of lurbulent
velocity fluctiations at wavenumber &y (rad/m} and oy, i5 an
empirical constant. Mote that & and » are related as &, = 2,
and the empirical constants o, and 5, are related under a constant
skewness assumptlion as §; = 4.02ay, [c.g., duselmet el af., 1954].
An important distinction between the second- and third-onder
moments is that the former are subject to  inlermillency
comections and include empirically determined constants, while
the latter has an exact constant and is immune o intermittengy
effects in ils inerlial subrange scaling [c.g., Ansefmet et al., 1984;
Frisch, 19595]. There remains some concern ahout application of
the second-order approaches to define dissipation rates from
inertial subrange measurements, as the average of the two-thinds
power of the instantaneous dissipation rate can be quite different
from the two-thirds power of the average dissipation rate. The
third-order approach is lineaf in & and will therefore not suffer
from these concerns or ambiguities,

4. Experiment

Surface  energy  balance  and  atimospheric
measurements were conducted al two sites:  a bare soil hield
located at the Campbell Tract rescarch facility on the campus of
the University of California, Davis and the dry Owens Lake bed,
in, Owens Valley, Californiz. A one-dimensional  sonic
ancmometer  with  a  fine-wire  (diaméter  0.H27  mum)
thermocouple and a Krypton hygrometer were used {at 10 Hz
. with covarances taken over 20-min periods} to/measurc the
" vertical fluxes of scosible and latent heat. A threc-dimensianal

somi¢ anemometer (Gill Instruments 1012R2) with transponder
spacing of 15 cm was used o measure and record the three
velocity components, al 21 Hz for the Campbell Tract sile and 56
Hz for the Owens Lake sile. The eddy correlation equipment ran
continuously for cach day of the cxperiment on the 20-min
averaging time step. The three-dimensional sonic was run for up

mrbulencf:.
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t 12 howes continwously each day, with signals written to a new
file each 20 min (i.e., 25,200 points at 21 Hz and 67,200 points
al 56 Hg) for ease in data processing and time matching to the
energy balance measurements.

4.1. Campbell Tract

Campbcll Tract is a plowed field extending 500 by 500 m,
with an irrigation system capable of saturating a portion of the
ficld cxtending 153 m in the north-south direction and 115 m in
the east-west direction. The imigated plot is located in the
northeast comner of the main field. The surface roughness length
has been estimated to be z, = 2 mm, and the prevailing winds ane
out of the southwest. Data were collected at = = 0,85 m on June
23,23, and 24, 1994, and at z = 1.5 m on July 15, 16, and 17,
1994, Irrigations were performed over the nights of June 21 and
July 14, 1994, wilh periods of drying in between. Saturating the
soil surface extends the range of the DSL available for
experimental investigalion, since most of the available energy is
partitioned to latent heat rather than scnsible heat, This provides
for a wide range of atmospheric stability conditions. The days
immediately following an irrigation provide typically low values
of -z/L as most of the available energy at the surface is vsed for
cvaporation. The value of -z/L increascs with time following an
irrigation, as mote energy is partitioned to sensible heat flux,
thereby increasing the buoyant production of TKE.

4.2, Owens Lake

The dry Owens Lake bed is located in the southern portion of the
Owens Valley, Its surface arca cxceeds 200 km'. Tt is bounded
on the west by the Sierra Nevada and on the cast by the Inyo
Mountains, The surfacc consists of crusted sand and evaporative
salts, with a roughness length estimated at z, = 0.13 mm [fatw),
el al, 1995] and uniform fetch exceeding 10 km. The
predominanl wind during the experiment was out of the
southwesl, Samples were taken of the surface crust soil, exposed
ta a chilled mimor hygrometer test in the Descrt Research
Institmie’s laboratory, and found to have pravimetric moisture
contents below 19 (W, Albrighl, persenal communication,
1995). These site conditions provide for strongly convective
flows that present a wide range of stability in the FCSL for
examination. Data were collected over Ohwens Lake from August
8 through 12, 1994, a1 a measurcment height of z = 2.65 m.

The data files were sercencd for suvitability of Taylor's
hypothesis-based conversion from the temporal to spatial domain
on the basis of turbulence intensity (T1 = oy,/U,).  Our analysis
revealed the scaling of the dimensionless dissipation rate to be
ingensitive to T for values of T1 < 30%, Therefore a T1 < 509
cutofl was imposcd for an unambiguous decomposition of each
signal inte a mean and fluctualing component for the
computation of dissipation rates [sce Stell, 1988, p. 6; Kiely ct
al., 1996]. The TI cutoff reduced the 183 files collceted at the
Campbell Traci 1o 113, and the 103 files collected at Owens
Walley to 75, yielding a total of 18% files for analysis, cach
representing a 20-min measurcment period.

After rotating the coordinate system into the mean wind for
each file and subtracting the mean values, the friction velocity .
was calculated from the resultant surface stress as [Swdf, 1988, p,

&7] '

e = [{:;qu_-,}z - {uzul}:!]i (15)

The use of (15} did not give appreciably different eesults from
those from the longitudinal stress (w. = ~<,10,>)"). The stabilily
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parameter was computed psing (4) with heat [uxes from the
eddy correlation instruments and friction veloeity from the three-
dimensional sonic ancmometer. Note that the signals were not
detrended, as the TI cutodl effectively captured and discarded
files with nonstationary means. The atmospheric stability
encountered during the acceptable Tl portion of the cxperiment
ranged over more than 3 orders of magnitude: 0.004 < -z <
8.1
The power spectrum of the longitudinal velocity component
of cach file was computed to support the estimation of & from
{14} This involved the square windowing of 2048 points from
the file, Bell tapering [Staff, 198%, pp. 308-310] the first and last
10% of the window, tomputing the power spectrum of the
window, repeating this process on the remaining windows {2048
- each) in the file, and averaging the energy of all windows for
each wavenumber, This process resulted in averaging of the
power spectra for at least 10 windows in each file,

5. Results and Discussion

Space limilations preclude the graphical presentation of the
spectra and structure functions for all 188 files, However, it is
instruclive to cxaminc the sppearance of these plots, o hgures
are  included for three files, representing a DSL flow
(I =L =-0.03), a DCSL flow (I: 2L =.0.3%), and a FCSL flow
(I 2L =-4.0). These files have their power spectra presented
in Figure la, second-order structure functions in Figurc 1b, and
third-order structure functions in Figure Te. Note that the spectra
follow the -5/3 inertial range scaling for a reasonably wide range
of kg, in fact, for a range considerably wider that that which
could strictly be defined as an inertial subrange. As our ohjective
ol the inertial range analysis is to identify the dissipation rate
from the intercept, we ¢an rest on this rather weak but necessary
condition for inertial subrange scaling. We expect the strict
inertial subrange for the longitudinal velocity to correspond to
scales that are smaller than one-hall the mcasurement height
(large structure end) and larger than the scalc at which path-
averaging effects of the sonic anemometer become eritical (small
structure end) [see Kaimal of af, 1968; Kaimaf, 1986;
Wyngaard, 1986]. However, since long-standing empirical
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Figure 1a. Power spectra of streamwise velocity fluctuations
(11"} for three sample data files. | represents DSL, 1T DCSL, and
M FCSL. The spectrum bas units of m?/s%, and the wavenumber
& (kx in the text) has units of m™. The spectra have been shifted
apart for presentation; so the absolute magnitudes of £, should
be disreparded,
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Figure 1b. Sccond-order struclure functions for the same three
sample files shown in Figure 1a. D, has units of m*s® and » has
units of m.

evidence shows the longitudinal power spectra 10 possess a lincar
-3/3 scaling (in the log-log framework) over a wider range than
the narrow, strictly defined inerlial subrange, we can readily
repress a raoge of the measured scales with the prescribed slope
of -3/3 to identify the intercept as needed to estimate €. These
calculations are based on observations in a narow range of
scales that fall between the measurement height and the scale at
which path averaging effects become important. We must note
that for studies of flow properties ofher than the local structure of
the longitudinal wvelocity component, a higher instrument
placement may bc nccessary to ensure the presence of a sincl
inertial submange, We refer to Kaimal er af. [1988] for guidance
on this issue.

Log transformation of (14} allows for determination of & from
the regressed intercept of log(f) versus log(fy) over a range of
wavemunbers in the inertial subrange, using o =0.35. . While
there is no strong conscnsus on the exact value of o, 0.35 falls
near the median of the published estimates [Deacon, 1988;
Kaimal end Finnigan, 1994]. These estimates of ¢ derived from
the” power spectra of the 138 runs and normalized to w.'iz
(i-¢.4¢) are shown in rclation to the stability parameter (/1) in
Figure 2a, Vertical bars are included in the figure to delineate the
DSL, DCSL, and FCSL. Similarly, log transformation of (13),
and the selection of 5, =2.2 (= 4.02%q,,) in accordance with the
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Figure lc. Third-order structure functions for the same three
sample files shown in Figurc 1a. 13, has units of m*/s* and r has

units of m.



ALBERTSON ET AL.: DISSIPATION OF TURBULENT KINETIC ENERGY

osL
] -
i
o
o0 —
e
Pl
<
ol R oo
103 - 1ot 1o 109 101
-zflL
Figure 2a. Power spectra based estimates of the normalized

dissipation rates versus atmospheric stability for the 188 files.
The Campbell Tract points are marked by circles, and the Owens
Lake points with diamonds. The estimated normalized rate of
production of TKE is shown with 2 solid line,

constant skewness assumption, yiclded estimates of £, which are
shown in normalized form (§g) in figures 2b and 2c for the
second- and (hird-order structure functions, respectively. For
reference, a typical estimate of the normalized production [(1-
152/Ly"-2/L] is plotted along with the data on Figures 2a, 2b,
and 2¢ |Brutsaert, 1982, p.68]. For consistency, we regressed
the log transformed structure functions over the same range of
scales as for the power spectra, although such a regression is
unnecessary for the structure functions. The structure funclions
scale smoothly with # (ef. Figures 1b and le), such that a reliable
estimate of & may be computed from cvaluating the structure
function (13) at a single lag. In fact, this is a measure easily
made by a simple field data logger, in contrast to the relatively
extensive data manipulation required for the power specira-based
calculation of €. Note that although the three methods yield
estimates that differ (most likely due to the uncerlain incrtial
subrange constants, intermitiency contamination of the sccond-
order estimates, and data trealmenl necessary for the power
spectral scaling), they all give similar (rends with respect to
stability, The DSL is marked, as predicted, by an invariance of
normalized dissipation with respect to z, and the break from the
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Figure 2b. Second-order structure function based estimates of
the normalized dissipation rates versus atmospheric stability for
the 128 files. Symbols are as in Figure 2a,
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Figure Ze. Third-order structure funclion based estimates of the
normalized dissipation rates versus almospheric stability for the
188 files. Symhols are as in Figure 2a,

consiant value occurs near the onset of the DCSL (=z/L = 0.12) as
predicted by dimensional arguments [Kader, 1992]. - The
constont value is markedly below 1.0, suggesting a significant
local imbalance between production and dissipation. Maoreover,
the imbalance is constant over the range of z/L measured in the
DSL, suggesting that the transport moments are logarithmic
functions of z as necessary to result in a constant divergence,
This is corroborated partly by Hogstrom 's [1990] measurements,
We nole that this is in contrast to the classical surface layer
scaling theory, which holds that these moments are independent
of z. The present finding of production exceeding dissipation
throughout the large neutral region which includes more than a
decade of z/L is in general agreement with the recent work of
Frenzen and Vogel [1992] and cerlain reinterpretations of the
Kansas experiment data of Wyngaard and Coré [1971]. In the
DCSL. and FCSL the dissipation values track more closely the
estimate of production.

In consideration of the uncertain true values of oy, and 5, and
the susceptibility of the second-order structure function and
power spectrum Lo intermittency effects in the inertial subrange
[e.g., Anseimet et al., 1984, p,77], we place more confidence in
the values derived from the third-order structure funetion, with
itls exact consiant (-4/5) and linear dependence on £ and
associated immunity to intermittency effects. The value chosen
for the Kolmogorov constant could have been modified from
0,55 to, say, 0.45 in order to bring the estimates from the second-
order approaches in line with those from the third-order
approach, However, little is to be gained from tuning constants
when an exact inertial subrange scaling form is available (i.c.,
the third-order structure’ function scaling of Kolomogorov), To
continue the analysis and narrow the scope to those estimates
derived from the third-order structure functions, we introduce
Figure 3, which shows the normalized mean dissipation rate over
the full range of -z/L computed using the third-order structure
function. The original 188 data points are binned in equal log
increments of -2/ resulting in 14 points. The constant C, in (8)
was computed for the third-order structure function, C, = 0.61.
The DDA derived funclions of (9) and (10} were fit to the
unbinned third-order structure based estimates of de, resulling in
Cp= 035 and O, = -1.28 for the DCSL, and €5 = 181 in the
FCSL. The effeet of mechanical production in the FCSL was
neglected by ignoring €, and simply scaling ¢ with (-z/L)' in
this sublayer. The three-sublayer model far g ((8), (9), and
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Figure 3. Data from Figure 2Z¢ placed in logarithmically spaced
bins. Awverage of data in each bin shown with circles, and
standard deviations marked with vertical bars. The (hree-
sublayer model of (16) is shown with a solid line, estimated
normalized production is shown with a dot-dash line, and
Wyngaard and Cotd's [1971] model of dissipation is shown with
a dotted line.

(10)) with constants derived from this experiment using the third-
order structure function is shown as & solid linc in Figure 3,
representing

¢, = 061 _!—‘{c-m

o) ol

¢-131[ ] ' :Lf:-z

012<—= <12 (16
«:L«: (16}

L

Alsa plotted is the empirical function (7) from Wyyngoard and
Coté [1971] marked as WC71, and a typical form of the total
normalized production [{1 - 15 2Ly" - 2] [eg., Brutsaert,
1982, p. 68]. From Fipure 3 we note (1) in the DSL the
dissipation rate is significanly lower than production; (2) in the
DCSL the dissipation rate closely follows but slightly excceds
production, although the difference is well within the standard
deviation of the scatter; and (3) in the FCSL the dissipation rate
exceeds the estimated production rate by a small amount, with
the center bin point in Figure 3 pulled up by the outlier shown on
the top of Figure 2c. The dissipation rate gcales as predicted by
the three-sublayer model based on directional dimensional
analysis as identified by (16). These data may also be
represented by a continuous scaling function with proper
asymptotic behavior as determined by regression of the unbinned
data.

b = nlm[l - 2.?3%] (17

6. Conclusions

We have presemted measurements representing 188 fast

response velocity data files in the ASL over a wide range of

atmospheric stability, spanning greater than three decades of -2/L,
The power spectrum, second-order structure function, and third-
order structure function forms of Kelmogorov's [1941] inertial

“scaling, where the model seems o miss the data.
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subrange scaling were used (o estimate the normalized average
dissipation ratc ¢; of TKE. These threc approaches vielded
qualitatively similar results with respect to z/L, although the
magnitudes differed. The power spectrum ond second-order
structure function approaches give similar results, while the
third-order structure function approach yielded slightly higher
values. The eclosely matched results of the two second-order
mcthods supgests that the data treatment required for the power
spectra  caleulations  (i.e., windowing, bell tapering, and
averaging) did not affect appreciably the dissipation estimates,
However, the true magnitude of the second-order-based estimates
may be questioned on grounds of the values chosen for oy, and S,
and potential intermittency contamination of the inertial subrange
scaling. As the third-order structure function is not prone 1o
these problems, it is chosen as the better measure to relate §g to
/L (see Frisch, [1995] for o discussion of the benefits ol the
third-order structure function).

The data presented represent greater than a decade of =L in
the DSL, the full DCSL, and nearly a decade of the FCSL, The
predicted constant nature of $g in the DSL was confirmed by the
results.  However, the magnitude of the constant (=0.6) is
substantially below unity, implying a constant local imbalance
between production and dissipation of TKE, This imbalance, as
in previous studics, must be attributed (o the flux divergence and
pressure-velocity interaction transport terms, which were not
dircetly measured in the present study. These resulls suggest that
the transport moments are logarithmic functions of z as measured
by Hogsirom [1990], in contrast to the classical surface layer
scaling assumption that they arc independent of height. The
point along the 2/L axis at which ¢ departs from its constant
value matches closely the starting point of the DCSL, as
predicted by order of magnitude analysis of the budget equation
(1) [sce Kader, 1992]. One important feature of this model is its
quick transition from a constant value for §y in the DSL to a form
that grows proportional to (-=/L). This quick transition is absent
in the empirical model of Wyngaard and Cotd [1971] as well as
others. However, this feature is clearly observed in our data as
well as in those of Kader [1992]. One area in particular need of
further study/validation is the left (dynamic} end of the DCSL
This
discrepancy is visible in the work of Kader [1992] as well. It is
emphasized that the scaling (ie. slope) of (16) is derived
completely from dimensional and physical arguments, which do
not involve empirical slope Nilting (as is used in (7).

In many previous studies the actual ranpe of -z/L encountered
was limited to a narrow band in the transition zone (-z/f. = 0.1,
yet conclusions were often inferred for the full ncutral region,
Figure 3 shows that the values of dissipation are close Lo
production and similar to Wyngaard and Coté’s [1971] values in
this narrow band. The results in Figure 3 complement and
validate the partitioning of the ASL into dynamic, dynamic-
conveclive, and free-convective sublayers. The use of a single
empirical function to represent g throughout the ASL may fit
the dala, as in (17). However, the sublayer-based models provide
more direct ties to the physics of the flow and are therefore better
suited o dimensional arguments within the boundaries of the
respective sublayers.

The three-sublayer model applied o scalar Muctuations has
proven successful in the prediction of surface Muxes of sensible
heat and water vapor from variances and dissipation rates
measured in the surface layer [e.g. Albertson ef al., 1995, 1996;
Kiely et al., 1996]. In foct, the three-sublayer model has yielded
a closed-form  solution for fluxes from dissipation rates
[Albertson et al, 1996], thus cnrcunm,ntmg the iterative
techniques used in the past,
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Considering -z/Z as the normalized vertical length scale, we
see that close to the lower boundary (in the DSL) a greater
amount of TKE is produced than dissipated, while farther from
the wall {in the DCSL), dissipation exceeds production, and that
a crossover occurs in the transition zone, at a -2/L of about 0.1,
O course, dissipation must cqual production when intcgrated
over the depth of the ABL for a stationary and homogenous flow.
This fact seems more in line with the present result of dissipation
being less than production near the wall and exceeding
production away from the wall, as opposed to the earlier view of
dissipation matching production ncar the wall and cxceeding
production away from the wall.
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