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Abstract. Intheatmospheric surfacelayer, itiswidely accepted that € ection and sweep eddy motions,
typically associated with coherent structures, are responsiblefor much of theland-surface evaporation,
sensible heat, and momentum fluxes. The present study analyzes the gjection-sweep properties using
velocity and scalar fluctuation measurements over tall natural grass and bare soil surfaces. It isshown
that momentum € ections and sweeps occur at equal frequencies (Deect & Dsweep = 0.29) irrespective
of surface roughnesslength or atmospheric stability conditions. Also, their magnitudesare comparable
to values reported from open channel velocity measurements (Dsweep = 0.33; Dget = 0.30). The
scalar Deject IS cONstant and similar in magnitude to the momentum Degect (= 0.29) over both surfaces
and for awide range of atmospheric stability conditions, in contrast to the scalar Dsyesp. The scalar
sweep frequency is shown to depend on the scalar skewness for the dynamic convective and free
convective sublayers, but isidentical to Deject for thedynamic sublayer. Thethreshold scalar skewness
at which the Dsyeep dependence occursis 0.25, in agreement with the accepted temperature skewness
value at near-neutral conditions. In contrast to a previous surface-layer experiment, thisinvestigation
demonstratesthat thethird-order cumulant expansion method (CEM) reproducesthe measured rel ative
flux contribution of gjectionsand sweeps (A So) for momentum and scalars at both sites. Furthermore,
alinkage between ASy and the scalar variance budget is derived viathe third-order CEM in analogy
to momentum. It is shown that ASp can be related to the flux divergence term and that such a
relationship can be estimated from surface-layer similarity theory, and the three sublayer model of
Kader and Yaglom and proposed similarity functions.

1. Introduction

Coherent structures near rough and smooth boundaries have been the subject of
theoretical and experimental research for the past two and half decades and con-
tinue to be a central research topic in momentum, heat, and mass transport (see
e.g. Kovasznay et al., 1970; Raupach and Thom, 1981; Raupach et al., 1991).
In boundary-layer turbulence, it is now recognized that downdrafts (or sweeps)
and updrafts (or gjections) are the primary constitutive motions of such coherent
structures. Hence, interest in the properties of these two types of eddy motions has
been the subject of extensive research (see Cantwell, 1981; Robinson, 1991, for
reviews).

For rough surfaces, experiments in the laboratory demonstrated the dominant
role of downdrafts relative to updrafts in transporting momentum in the near-wall
region, while abalance between these two mechanismsappearsto exist inthe‘ equi-
librium region’ of many laboratory flows. Furthermore, the statistical properties of
these two mechanisms in the equilibrium region appear to be independent of the
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wall-roughness as speculated by Townsend (1976) and demonstrated by Raupach
(2981) using wind-tunnel experiments and Nakagawaand Nezu (1977) using open
channel measurements.

Krogstad et al. (1992) re-evaluated the roughness-independencein the equilib-
rium region using wind-tunnel velocity measurements above rough and smooth
boundaries. Their measurements indicated that over the rough surface, both gjec-
tion and sweep frequencieswere twice those measured over asmooth surface. Also,
the reported spectra from the same experiment demonstrated that the strength of
‘active’ motion in the outer layer clearly depends on surface roughness. This result
directly conflicts with Townsend's (1976) ‘rough-wall similarity hypothesis’, and
to some extent, Monin and Obukhov’s (1954) similarity theory (MOST), which
states that outside the roughness sublayer (a region influenced by length scales
associated with the roughness elements), turbulent motion is strictly independent
of the boundary roughness except through itsinfluence on thefriction velocity (u..).

While the gjection-sweep duration, frequency, and stress contribution for the
equilibrium region over rough and smooth boundary layers continues to be the
subject of research in momentum transport, less attention has been devoted to
scalar transport. We note that if Townsend's hypothesis is extended to the scalar
fluctuations, then the turbulent scalar transport must be independent of the surface
properties except through the scalar flux in analogy to momentum.

Laboratory scalar experiments analogous to Krogstad et al. (1992) are less
numerous than their momentum counterpart, but the outcome of a wide range
of atmospheric surface layer (ASL) experiments above uniform and non-uniform
terrain types can provide qualitative assessmentsto Townsend’ shypothesisfor heat
transport.

For example, many experiments that evaluated the so called ‘flux-variance
method (see Tillman, 1972; Wesely, 1988; Lloyd et al., 1991; Padro, 1993; DeBruin
etal., 1991, 1993; Albertson et al., 1995; Katul et a., 1995, for reviews) suggested
that (1) heat and water source-sink non-uniformity can ater the dimensionless
scalar variance similarity constants at measurement heights well above four times
the canopy height (k), and (2) that the correlation coefficient between heat and
water vapour turbulent fluctuations is different from unity in the ASL. Both of
these findings for scalar transport in the ASL parallel Krogstad et a.'s (1992)
argument for momentum since it is evident that scalar source variability at the
ground surface influences the statistical structure of the ASL, aswas noted for the
roughness variability. In fact, Weaver’'s (1990) conclusion regarding calibration of
the flux-variance method for determining ASL fluxes clearly points out the need
for varying the similarity constants depending on terrain type.

Roughness sublayer (RSL), canopy sublayer (CSL), and ASL experiments that
considered the gjection-sweep rel ationship for scalar and momentum transport also
provide conflicting views (see Finnigan, 1985; Figure 3 for a schematic definition
of RSL, CSL,and ASL). Coppinet al.'s(1986) pioneering laboratory experiment on
heat dispersion using aplanar heat source within amodel canopy utilized quadrant
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analysis of vertical heat flux and showed that sweeps and gjections contribute
equally to the heat flux close to the canopy height (/). However, for large heat flux
excursions at this height, sweeps were clearly dominant in analogy to momentum.
Based on this analogy, Coppin et a. (1986) concluded that heat and momentum
transport are similar as long as the scalar source and momentum sink distributions
are ‘roughly’ coincident, as they often are in real canopies. Another interesting
finding in the Coppin et al. (1986) heat dispersion experiment isthat g ections close
to the canopy surface depend on height above the ground surface (z), while sweeps
are independent of z. Chen’s (1990) experiment above rough mallee bushland
reveal ed that sweepsand gjectionswerein near-equilibrium for heat and momentum
in the neutral ASL. For the unstable ASL, large excursionsin momentum and heat
fluxes appear to be dominated by sweeps and € ections respectively, which is not
consistent with Maitani and Ohtaki (1987) who found that ejections transport both
heat and momentum more efficiently in the unstable ASL above bare soil and
water. Also, in contrast to momentum fluxes, Chen’'s (1990) measurements show
that the rel ative contribution of sweepsand € ectionsto ASL heat transport depends
on atmospheric stability. Based on these findings, Chen (1990) concluded that the
mechanismsfor momentum and heat transport are different even at heightsaslarge
as 4h. Furthermore, Chen’s (1990) calculation of the differential contribution to
scalar flux from sweeps and gjections (ASp) by athird order cumulant expansion
method (CEM) underpredicted the eddy correlation measured A Sy by a factor of
8. However, from the same experiment, the CEM-predicted A Sy reproduced the
measured A Sp well for momentum in agreement with earlier ASL and RSL studies
(e.g. Shaw et a., 1983). Chen (1990) attributed the discrepancy between measured
and CEM-predicted A Sp for heat and momentum to dissimilarity in their transport
mechanisms. Table | summarizes relevant results from other ASL, RSL, and CSL
experiments that analyzed the g ection-sweep character of turbulence.

It is the conclusions regarding the influence of roughness in Krogstad et al.
(1992), the potential limitations of Townsend'swall similarity hypothesisto ASL
scalar transport, and the need to link the ASL gjection-sweep character (i.e. time
fraction of occurrence and turbulent flux contribution) to prognostic equationssuch
asthe scalar variance budget that have motivated this study.

The third-order CEM, originaly proposed by Frenkiel and Klebanoff (1967;
1973) and Antonia and Atkinson (1973), is utilized. We focus on the third order
CEM only because of potential linkages between third-order cumulants, € ections
and sweeps, and the turbulent kinetic energy (TKE) transport term as discussed
in Nakagawa and Nezu (1977). Furthermore, the third-order CEM was validated
by Shaw et a. (1983) and Raupach (1981) for momentum. However, as noted
above, Chen's (1990; Figure 14) measurements suggest that the third-order CEM
predictions of ASq for scalar fluxes underestimate the measurements by afactor of
8. Nagano and Tagawa (1988) showed that a fourth-order CEM reproduced all the
third-order scalar and mixed velocity-scalar statistics in both the inner and outer
region of turbulent air flow in aheated pipe. Thisdiscrepancy in CEM performance
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Tablel

Summary conclusions of some atmospheric surface layer (ASL), roughness sublayer (RSL), and
canopy sublayer (CSL) experiments related to the gection-sweep character of turbulence. Many

more experiments were performed but are not included in Table |

Authors

Surface

Comments

Bergstrom and
Hogstrom (1989)

Coppin et a. (1986)

Maitani and Shaw
(1990)

Maitani and Ohtaki
(1987)

Nakagawa and
Nezu (1977)

Raupach (1981)

Shaw et . (1983)

Pine Forest

Wind Tunnel (heat-
ed elements)

Deciduous Forest

Rice paddy,
bare soil, and water
surfaces

Open channel,
smooth and rough

Wind tunnel,
smooth and rough

Corn and wheat

Dissimilarity in the gection-sweep contribution to
heat, water vapor, and momentum turbulent fluxes.
Specifically, the measured ejection contribution to
the scalar fluxes of heat and water vapor was larg-
er than the sweep contribution even at z = 2.36h.
Atmospheric stability effects were not considered.
CSL and RSL heat and momentum transport are sim-
ilar as long as the scalar source and momentum sink
distributions ‘roughly’ coincide.

Relative contributions to sensible heat flux by sweeps
were significantly larger than those by updrafts for
RSL and CSL, while in the ASL the relative gec-
tion contributions were dlightly larger than those
by sweeps. Atmospheric stability effects were not
considered.

Sweepswere moreefficient than g ectionsin transport-
ing heat and momentum for near-neutral conditionsin
the RSL. However, gections became more efficient
than sweeps for heat transport under very unstable
conditions.

In the equilibrium region, a near-balance exists
between €jection and sweep contribution to
momentum.

Sweep and gection contribution to the momentum
flux are in balance and are independent of surface
roughness in the equilibrium region.

Sweeps marginally exceed gjectionsfor momentum at

and Shaw (1985) z/h = 1.6 (transition between RSL and ASL).

for momentum and scalar fluxes motivated us to further investigate the third-order
CEM approximation.

In this study, we utilize data sets from two ASL experiments. In the first exper-
iment, 10 Hz velocity (U;), air temperature (7,), and water vapour concentration
(Q) measurements were collected at z = 2.65 m for 5 days in October of 1994
within a grass-covered forest clearing (grass height 2 = 50 cm) in Durham, North
Carolina. In the second experiment, 21 Hz U; and T,, measurementswere collected
at z = 1.96 m for three days above a uniform bare soil surface prior to and follow-
ing an irrigation event in August 1993 (see Katul et al., 1994a,b). The estimated
momentum roughness heights (zo) for bare soil and grass were 2 mm and 4 to 10
cm respectively.

The notation used throughout this study is as follows: U; (Uy = U, U, = V,
Uz = W) are the instantaneous longitudinal (U), lateral (V'), and vertical (W)
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velocity components, x; (z1, z2, x3) are the longitudina (z), lateral (y), and
vertical (z) directions, z is defined from the ground surface, ( ) is the time
averaging operator assumed to converge to ensemble averaging by the ergodic
hypothesis (Monin and Yaglom, 1971 pp. 214-218); u;, T', and ¢ are the turbulent
fluctuations of velocity, air temperature, and water vapour concentration about time
averageswith (u;) = (T') = (¢) = 0; and the z direction isaligned along the mean
horizontal wind so that (V') = 0.

2. Experimental Setup
2.1. GRASS-COVERED FOREST CLEARING

The first experiment was conducted in October 1994 at the Blackwood Division
of the Duke Forest in Durham, North Carolina from Day of Year (DOY) 297 to
301. The site is a grass-covered clearing surrounded by a uniform 10-13 m tall
Loblolly pine forest. Two unpaved roads bounded the western and northern edges
of the 480 m long (north-south direction) and 305 m wide (east to west) forest
clearing. The surface cover consisted of a mixture of dry and green Alta Fescue
grasses ranging in height from 20-100 cm. While the typical grass height was
40 cm over most of the field, tall dry grasses predominated on the northern and
southern borders of the field and in a patch just east of the centre. The height of
green grasses increased from 40-100 cm in a direction west-northwest from the
center of the field. At the center of the clearing, the mean grass height (h) was 50
cm.

During the study period, two frontal passages occurred on Days 296 and 299.
Sky conditions varied from clear to overcast. Near-surface air temperatures fell
below freezing in the morning on a few days and frost was sometimes noticeable
onthegrassjust after sunrise. Occasional measurementswith aportable quick draw
tensiometer indicated that maximum moisture content occurred near the center of
the field and a marginal but persistent decrease along the transect toward the north
was documented. This observation was further supported by surface temperature
measurementstaken with aRaytek hand held infrared radiometer (IRR) that showed
an increase in average surface temperature from the centre to the northern edge of
thefield.

The eddy correlation instruments, consisting of a Campbell Scientific Krypton
(KH20) hygrometer co-located with a 3-axis Gill anemometer, were positioned at
acentral mast, 200 m from the northern edge at z = 2.65 m (i.e. z/h = 5.2). We
note that Garratt (1978) and Chen (1990) both found the onset of the lower ASL
limit for heat and momentumto beat z/h = 4. The Gill anemometer details can be
found in Katul et a. (1994ab). All instruments were aligned to point north prior
tothe experiment. The U, V, W, T, and Q were sampled at 10 Hz and segmented
into runs for which the sampling duration per run (7},) was 27.3 minutes. Hence,
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16,384 measurements per flow variable were sampled per run. The analog signals
from all instruments were sampled by a 21X Campbell Scientific micrologger and
transferred to the hard drive of apersonal computer viaan optically isolated RS232
interface for future processing. The raw datafor each run were transformed so that
the mean longitudinal velocity (U) was aligned along the mean horizontal wind
directionand (V') = (W) = 0. Thedatacollection started around 0800 LT and was
terminated about 1800 LT. The amount of data collected each day varied from 8 to
28runsdepending on weather conditions. Time serieswereinspected toidentify and
exclude runs without constant mean temperature and water vapour concentrations.
Thisscreening resulted in 41 runs. For theseruns, theu,, and sensible heat flux (H)
varied between 0.17 to 0.44 ms~1 and 5 to 180 W m~2 respectively. To estimate
20, we measured (U) and u, (= [—(uw)]*/?) for near-neutral runs. The zo values
were dependent on wind direction and varied from 4-10 cm, which is consistent
with the reported valuesin the literature (Sorbjan, 1989 p. 68).

2.2. UNIFORM BARE SOIL

The data used in the second experiment were collected at the Campbell Tract
facility located at the University of Californiain Davis. The site isa 500 m by 500
m tract of uniform Yolo clay loam equipped with a sprinkler irrigation system. The
measurements were conducted in August, 1993 prior to and following irrigation.
A Gill triaxial sonic anemometer that was set at z = 1.96 m was used to measure
U; and T,,. We chose this height as a compromise between our ability to sample
turbulenceinfluenced by theirrigated source areaand our needtoresolveat |east one
decade of inertial subrange scales. The sampling frequency and period were 21 Hz
and 26 min, respectively, resulting in 32,768 data points per flow variable. We note
that for such sampling frequencies and measurement heights, some high frequency
contributions may not be adequately resolved by the sonic anemometer. However,
since the objective of this study is to investigate the statistical properties of the
gjection-sweep cycle, therole of such high frequency eventsis of minor importance
when compared to the more coherent large-scal e events. The momentum roughness
length was estimated at 2 mm from another experiment (see Katul et al., 1994 a,b).
At this site, 34 runs were used of which 16 runs were collected just after a 10 h
irrigation on the evening of DOY 233. For these 33 runs, the u, and H ranges
were 0.03t0 0.36 m s and 2 to 332 W m2 respectively. Details regarding the
experimental setup at the Davis bare soil site can be found in Katul et al. (1994a,b)
and regarding theirrigation system and other siteinformation in Katul and Parlange
(1992, 1994).

Both surfaces were hydrodynamically rough since the minimum measured
roughness Reynolds number z, (= u.zo/v = 13) exceeded 2 for al runs, where
v is the air kinematic viscosity (see Brutsaert, 1982, p. 92; Monin and Yaglom,
1971, p. 289). To comparewith laboratory experiments, it isnecessary to distinguish
whether the surface roughnessis‘ k-type’ (irregular corrugationsand proturbances)
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or ‘d-type’ (regular corrugationswith very unstable flow around them) as discussed
in Perry et a. (1969). For both experiments, the surfaces are considered ‘ k-type’
rather than ‘d-type'. The distinction between ‘k-type' and ‘d-type' roughness and
itsimplication on the gjections-sweep cyclein the roughness sublayer is discussed
in Townsend (1976, pp. 140-142). Further details about the experimenta setup
and the onset of the inertial layer, estimated from a balance between turbulent
production and dissipation, can be found in Hsieh et al. (1996).

3. Methodsof Analysis

The contribution of the gjection-sweep cycle to momentum and scalar fluxes is
guantified by the conditional sampling methods reviewed in Antonia (1981) and
Bogard and Tiederman (1987). For completeness, a summary of these analyzing
methods is presented.

Quadrant analysis refers to a set of analyzing techniques that are applied to
scatter plotsformed by two turbulent quantities such asvertical velocity fluctuations
(w) and aflow variable (c) fluctuation (e.g., u1, T', and ¢). In analogy to momentum
transport, four quadrants defined by the Cartesian axes of the scatter plot (S;,
1 =1,...,4) are used to represent four modes of turbulent transport: (e.g., w > 0
andc >0, w<O0adc >0 w>0andc <0, ,andw < 0and ¢ < 0). The
quadrant nomenclature for scalar and momentum transport is presented in Figure
1, where the nomenclature for momentum and scalars are identical to those used by
Willmarth and Lu (1974) and Chen (1990) respectively. That is, quadrants 4 and 1
define gjection events, and quadrants 2 and 3 define sweep events, for momentum
and scalar fluxes respectively.

The stress fraction S; for quadrant ‘i’ is defined as the flux contribution to wc
from that quadrant using

{{we))i

Si = (we)

o @
((we)i = 7 [ wljeto) st

where (( )) are conditional averages, /; is the indicator function defined by

1 if event coordinates (w, ¢) are within quadranti; i = 1, 2, 3, 4
I = - @)
0 otherwise,

with S1 + S2 + S3 + S4 = 1. As discussed in Subramanian et al. (1982), the
above approach is ill suited for constructing ensemble structural € ection-sweep
elements but is reliable in producing conditional averages influenced by € ections
and sweeps.
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Momentum Transport

u
+

so 4 s

Outward
Sweeps |Interaction

+
> W’
Inward | Ejection
Interaction
S3 S4

Scalar Transport

Raupach (1981) .
S2 St s2 4 s
Outward Inward
Sweeps | |nteraction Interaction | Ejection
+ +
> W’ > W’
Inward
Interaction | Ejection Sweeps | Outward
s3 sS4 Interaction
+ ¥V ¢ S3 S4

Figure 1. Ejection-sweep definitions for scalar and momentum transport. Events in quadrants 2 and
4 define sweeps and gjections for momentum fluxes, respectively. Eventsin quadrants 3 and 1 define
sweeps and gjections for scalar fluxes, respectively. A coordinate transformation can be applied to the
scalar time series so that quadrants 2 and 4 define sweeps and gjections as necessary to the application
of Raupach (1981) result (see Equation (3)) rather than quadrants 3 and 1.

Based on a third-order CEM, Nakagawa and Nem (1977) and Raupach (1981)
showed that the difference between stress fractions due to sweeps and gjections
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(ASy = S4 — S2), which is a measure of the relative importance of the two types
of mechanisms, is given by

Ry,.+1 2C, C5
s B (1 85)
0 ch 27 (1 + ch)2 1 + ch
1 1
C1=(1+ Rye) (é(M(B — Mzo) + E(le - M12)> , 3
1 1
Cor=— (5(2 — Rye)(Moz — Mzo) + E(MZI - M12)> ,

where R, isthe correlation coefficient given by

Rue = 29 (4)

OwOc

and M;; are the dimensionless joint moments given by

(w'c’)

Mij = )i (o7

()

where o, = (?)Y/? and ¢, = (w?)Y/? are the standard deviations of ¢ and w,
respectively (¢ = u, T', q), and M11 = R,,.. The durations of gections and sweeps
are given by

D; = — pl d 6
i / i(t)at,
Tp 0 () ()

where D1 and D4 are total gjection, and D3 and D, are total sweep, durationsin
T,, for scalar and momentum transport respectively (see Figure 1). Also, D; can
be viewed as the ratio of the total duration of eventsin quadrant ; to the sampling
period T},. Therefore, D; isthe time fraction of measurement eventsin quadrant ¢
(hereafter referred to as time fraction in keeping with Coppin et al., 1986).

4, Resultsand Discussion

We present the resultsin two subsections. In thefirst subsection, similarity between
the gection-sweep character of momentum and scalar transport in the ASL is
considered at both sites. The second subsection exploresthe linkages between A Sp
and scalar variance budgets using the CEM approach. Validations of the CEM
approach for scalar transport are also discussed.
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Figure2. Thevariation of skewness Q3 of ¢ with gjections (Dgject) and sweeps (Dsweep) time fraction
for al runs: (8) ¢ = longitudinal velocity (u), (b) ¢ = temperature (7') and water vapour concentration
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4.1. ASL EJECTION-SWEEP CHARACTER FOR MOMENTUM AND SCALARS

Raupach (1981), Maitani and Ohtaki (1987) and Nagano and Tagawa (1988)
demonstrated that the skewness is sensitive to the g ection-sweep occurrence and
turbulent flux contribution. Hence, in Figures 2a and 2b, the sweep and gjection
(Dsweep @nd Diject) frequenciesfor each run are shown asafunction of the skewness
(Qz = (03)/03) forc=u,T,andq.

It is evident from Figure 2 that the gection-sweep momentum time fraction
at both sites is nearly constant and does not vary with the longitudinal velocity
skewness. In contrast to the momentum ejection time fraction, the scalar sweep
time fraction varies with skewness, especially at the bare soil site. Therefore, our
analysisindicates that the relationship between sweep time fraction and skewness
for heat (see Figure 2b) is not identical to its momentum counterpart (see Figure
2a) for strongly unstable conditions (large temperature skewness).

From Figure 2a, notice that the momentum Dgyeep aNd Deject are not sensitiveto
variationsin zo aswell. We compared our measured Dgyeep and Degject at both sites
with the mean Dgyeep (= 0.33) and the mean Deject (= 0.30) reported by Nakagawa
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Tablell

Comparison between the gjection/sweep frequencies (Deect/Dsweep) fOr heat and
momentum at both sites. The open channel (water) values are for rough and smooth
boundaries obtained by depth averaging the measurements reported in Nakagawa and
Nezu (1977) for the inertial sublayer. The open channel (oil) are from Brodkey et al.
(1974) for awall distance y™ > 30. The numbers in brackets are the standard deviations
about the mean

Flux Sweepy  Grass Bare soil Channel  Channel
gections (z20=4-10cm) (20 =0.2cm) (ail) (water)
Momentum  Dagyeep 0.29 (0.018) 0.28 (0.022) 0.30 0.33
Dgject 0.30 (0.018) 0.27 (0.024) 0.28 0.30
Heat Dsweep 0.34 (0.024) 0.37 (0.036) ok ok
Dgject 0.30 (0.015) 0.29 (0.014) ok ok
Water vapor  Dsweep 0.35(0.018) ok ok *okk
Dgject 0.29 (0.010) ok ok ok

and Nezu (1977) for smooth and rough open channel flows (see Table I1). While
Degject isin good agreement with the value in Nakagawa and Nezu (1977), Dsyeep
systematically underpredicted their reported value. However, our Dgyeep and Deject
measurements agree better with Brodkey et al. (1974) for y (= u.z/v) > 30.
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While some differences between Dgect and Dsweep €XiSt, Figure 2a does not
strictly support the conclusions in Krogstad et al. (1992). If Krogstad et al.’s
(1992) conclusions are extended to our study, then Dgject and Dgyeep Should depart
appreciably since the roughness length changed by a factor of 10. Hence, it is
unclear why our results and those of Raupach (1981) are at variance with the
Krogstad et al. (1992) conclusions. Recall that the study by Krogstad et al. (1992)
demonstrated that S and hence ASy is dependent on zp, and this dependence
persisted in the equilibrium layer.

For the neutral ASL, it is recognized that similarity in the turbulence statistics
exists independent of the external flow conditions (e.g. surface roughness). This
near-neutral ASL property is evident from the measured o, /.., 0y, /u., @nd Mo
that appear to be independent of zg for awide range of zg values (see Panofsky and
Dutton, 1984). Hence, Krogstad et al.'s (1992) conclusions are not consistent with
many ASL experiments. Thisinconsistency suggeststhat the Krogstad et al. (1992)
experiment is not representative of the ASL and we consider this point next. Notice
that the wind-tunnel velocity datain Raupach (1981; Figure 9) display an average
ASp =~ +0.05for z/§ = 0.1-0.2, where ¢ is the height of the boundary layer. For
thisz /¢ range, Raupach’s (1981; Figure 1) datashow that o, /u, and o, /u.. areaso
constant independent of z or zp. Krogstad et a.'s (1992) experiment showsthat for
z/0=0.1-0.2, ASprangesfrom+0.01 to +0.05 depending on the surface roughness.
We chose this z/é range since this height range is comparable with the ASL
definition within the atmospheric boundary layer (ABL). For 0.15 < z/¢ < 0.4
however, ASy = +0.05 for al roughness conditions in Krogstad et a. (1992) and
isnot different from the value reported in Raupach’s (1981) experiment. It appears
that the roughness sublayer in Krogstad et al. (1992) may have been larger than
in Raupach (1981). As for the spectral differences reported in their Figure 12, we
can only question their experimental setup in relation to restricted lateral velocity
fluctuations due to the small tunnel width (b). This lateral restriction is absent in
the ASL, and minor in Raupach’s (1981) wind-tunnel experiment. To illustrate this
possible lateral restriction in Krogstad et al. (1992), we consider the ratio o, /o,
inrelationto 6/b. Theratio o, /o, measures the dampening of the lateral velocity
fluctuations as restricted by tunnel side walls relative to the longitudinal velocity
fluctuations, while 6 /b is a geometric measure of the restriction. In the ASL, the
planar width is much larger than the ABL height so that §/b ~ 0. However, in
laboratory experiments, §/b is finite and varies with the experimental setup. Our
ASL measurementsresultedinamean o, /o, =~ 0.97 for unstable and near-neutral
stability conditions. In Raupach’s (1981) wind-tunnel data (width b = 1330 mm,
d ~ 100 mm; §/b = 0.075), 0,/ 0, vVaried from 0.4-0.6 for z/§ = 0.1-0.2. Notice
that less than an 8% restriction (measured by §/b) reduced o, /o, by a factor of
2 relative to the ASL data. In Krogstad et al.'s (1992) wind-tunnel experiment, o,
was not reported but the dimensions of the wind tunnel at the working section are
b=152mm, 6 =~ 75 mm, and /b = 0.5 > 0.075 reported by Raupach (1981).
Clearly, with such lateral restrictions, o, /o, < 1 for Krogstad et al.’s (1992) data,
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and this experiment may not represent the three-dimensional turbulent structure of
the ASL.

In contrast to momentum transport, Figure 2b showsthat the imbalance between
Dsyeep and Dgject increaseswith increasing Q3 for both 7" and ¢. Hence, notice that
Dsneep depends on external conditions (e.9. z/Lyy,) While Dgect appears constant
independent of zp. AlsO, Dgect for scalar transport is nearly identical to Dgject for
momentum transport.

Here, L,,, isthe Obukhov length given by

3

Lmo = - <wT>pau* ) (7)

kg ( T + 0.61(wq>>
where k£ = 0.4 (Von Karman's constant), g is the gravitational acceleration, and
pq is the air density. The stability parameter x = —z/L,,, for this experiment
(75 runs) was used to classify the runs. The following stability range distribution
was obtained: 0 < x < 0.2 (8runs), 0.2 < x < 2 (62 runs), x > 2 (5 runs).
These stability ranges roughly correspond to the dynamic, dynamic-convective,
and free-convective sublayers respectively (see Katul et al., 1996).

The sensitivity of Dgyeep t0 the scalar skewness suggests dissimilarity between
momentum and scalar transport when the scalar skewness exceeds 0.25 (see Figure
2b). For a scalar skewness not exceeding 0.25, Dsyeep @d Dgject have values
comparable to their momentum counterpart. Interestingly, Raupach and Thom
(1981) proposed a velacity skewness of +0.2 for defining the upper limit of the
RSL that isin good agreement with the skewnessval ue at which scalar gjectionsand
sweepsbecomedissimilar in Figure 2b. Also, their 0.2 skewnessvalueis consistent
with Wyngaard and Sundaragjan’s (1977, Figure 1) temperature skewnessvalue for
a near-neutral ASL. This similarity between scalar and momentum transport for
near-neutral conditionsis also in agreement with Chen’s (1990) conclusions.

While Figures 2a and 2b demonstrate similarities in the gection frequencies,
and dissimilarities between momentum and scal ar sweep frequencies, it isnot clear
whether these departures are responsible for the apparent failure of the third-order
CEM for scalar transport as concluded by Chen (1990). Therefore, we consider next
whether the measured A Sy for scalar fluxes can be reproduced from a third-order
CEM.

4.2. THIRD-ORDER CUMULANT EXPANSION METHOD FOR PREDICTING ASg

In Figures 3a and 3b, the predicted A Sy from Equation (3) is compared with the
measured A Sy obtained from quadrant analysis for momentum and scalar fluxes
respectively. In Equation (3), the eddy-correlation measured R,,. and M;; were
used for ¢ = u, T', and ¢. The predicted ASp from (3) is in excellent agreement
with the measured ASy for momentum, heat, and water vapour. It is unclear to
us why our results are at variance with Chen (1990). We postulate that Chen's
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Figure 3. A comparison between measured and third-order cumulant discard predicted ASo: (a) for
momentum, (b) for heat and water vapor and al runs. The 1: 1 lineis aso shown.

(1990) calculations did not account for the fact that the original cumulant discard
approximation in Nakagawaand Nezu (1977) is derived for quadrants 2 and 4 and
is not appropriate for quadrants 1 and 3 (as evidenced by their sign convention).
However, for scalar transport, Equation (3) can still beusedif theT and g time series
are multiplied by —1. This operation transforms quadrants 1 and 3 to quadrants 2
and 4 (see Figure 1) without requiring a separate derivation for a scalar flux A Sy
(although it is possible to derive such arelationship using the method discussed in
Nagano and Tagawa, 1988, 1990 by truncating after third cumulants).

Care should be exercised when interpreting the results in Figure 3a because,
(1) ASp is computed by differencing fluxes in quadrants 2 and 4, which results
in an error cancellation effect (the same measurement error contributes to ((wc))»
and ({(wc))a4), and (2) the comparison between measured and predicted A Sp using
Equation (3) is somewhat biased by the fact that R,,. is used in normalizing the
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measured A Sy (see definition) aswell as all additivetermsin Equation (3). Hence,
the good agreement between measured and predicted ASp in Figure 3 may be
partially biased by the fact that the measured R,,. is used in calculating both
measured and predicted ASp.

To further test the validity of CEM in scalar transport, we investigate how
well this expansion describes other statistical measures such as the probability
density functions (pdf) of theindividual velocity and scalar time series and the flux
skewness (used as a surrogate measure for the joint pdf’s). The third-order CEM
used by Raupach (1981), Shaw et al. (1983), Chen (1990) and others assumesthat
the individual pdf’s of w and ¢ can be represented by athird-order Gram-Charlier
distribution. We simplified the general nth-order Gram—Charlier distribution in
Nakagawaand Nezu (1977) for third cumulantsto give

20 = 60 (1+ 5Q%@-3).
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Figure 4. A comparison between measured and third-order cumulant expansion estimated pdf for (a)
water vapour concentration and (b) longitudinal velocity component. The zero mean and unit variance
Gaussian distribution is also shown for comparison purposes. The pdf tails are best illustrated on a
semi-log scale. The atmospheric stability (z/Limo) is —0.6.

. 1 —é#
G(¢) = N exp (T) ; (8)
¢ = i; ¢ = [u,w,T,q|,
Oc

where G( ) isazero-mean unit variance Gaussian distribution, and Q3 = ((¢/0¢)3)
is the third cumulant of ¢(= u, T', and ¢) identical to the skewness. In the case of
u;, it is well recognized that the measured pdf’s do not depart appreciably from
G(u;) as discussed in Batchelor (1953). Thoroddsen and Van Atta (1992), Katul
(1994) and Chu et a. (1996) aso found that for near-neutral and sightly stable
ASL flows, the w and T' pdf’s do not depart appreciably from Gaussian. However,
for the unstable ASL, departures from Gaussian are well documented (see e.g.
Maitani and Shaw, 1992) for » and 7. As an illustration, a comparison between
measured and third-order CEM predicted pdf’s for ¢ and « is shown in Figures
4a and 4b. The measured pdf in Figure 4 was computed as follows: (1) store the
N = 16,384 data points per flow variable in vector A, (2) compute the difference
between the maximum (max a) and minimum (min A) vaues, (3) define the bin
interval to be ((max A — min A)/100), and (4) carry out a frequency distribution
using the resultant 100 bins. This produces ameasured pdf defined for 100 discrete
bin points. Good agreement between measured and third-order CEM predicted pdf
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is noted in Figures 4a and 4b over three decades. Similar findings were also noted
for other runs.

Rather than test the joint pdf cumulant discard predictions for each run, we use
the third-order CEM to estimate the flux skewness (Q)3),

we — U)C3
25 = {we = (we)?) ©

Uwc

for al runs. The third-order cumulant expansion for Q3 is

1
(M22 _ R2)3/2
—2R(5R* — 3M» +9)), (10)

Q3 = (M3oMoz + OM12 M1 + 3(Mzy + Mia3)

whichisamodificationto Nakagawaand Nezu (1977; Eq. 31) sincethey defined the
correlation coefficient as— (uw) /0,0, Whilein Equation (10), R(= +(we) /oy 0¢)
with ¢ = u, T, and ¢. Figures 5a and 5b compare predictions by (10) to the
eddy correlation measurements in Equation (9) for momentum and scalar fluxes
respectively. The performance of the third-order CEM for describing scalar and
momentum transport statisticsis comparable. Thisfinding isagain at variance with
Chen (1990). Since the third-order CEM described A Sy well, we consider whether
linkagesto the scalar variance budgets can be constructed in analogy to momentum
(see Nakagawaand Nezu, 1977; Raupach, 1981; Nagano and Tagawa, 1988).
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Figure5. A comparison between measured and third-order cumulant expansion estimated (a) momen-

tum flux skewness Qs; (b) scalar flux skewness. The 1: 1 lineisa so shown.

4.3. LINKAGESBETWEEN A Sy AND SCALAR VARIANCE BUDGETS

For steady state planar homogeneous turbulence, the TKE and scalar variance
budgets can be written as (Garratt, 1992)

0= —(uw)aé(? + aga) (wT)
0
— (&) = 5, ((wp) + Frxe),
where

(11)

(12)
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and
0= —2wn) 2 _on, D pur?),
(13)
0= —2(wq) X2 — 2, - 2 twe?)

where (¢), N, and N, are the mean TKE, temperature variance, and water vapour
concentration variance dissipation rates respectively. It was shown by Nakagawa
and Nezu (1977), Raupach (1981), and Shaw et al. (1983) that Frge is related
to ASp using a third-order CEM. Below, we investigate whether a relationship
between the flux divergence terms in (13) and ASy exists analogous to the TKE
flux divergence derived in Raupach (1981). In Figure 6, this relationship between
the dimensionless variance transport terms Ry, = (wT?)/0,0% and Ry =
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Figure 6. The relationship between eddy correlation measured R.,r2 and R.,q2 and A Sy for tem-
perature and water vapour at the two sites. The solid lines is an envelope estimated from similarity
theory and Kader and Yaglom (1990) data.

(wq?) /o,02 and the measured A S are shown. It is evident that A Sy is, to afirst
approximation, related to the dimensionless variance transport term for a wide
range of surface and atmaspheric stability conditions.

We evaluate whether ASp and R,,.2(= Mi2) can be derived from CEM for
c¢(= T, q) as was demonstrated for momentum by Nakagawa and Nezu (1977)
and Raupach (1981). This was performed in two stages. First, we carried out a
sensitivity analysis and found that setting M3zy — Moz = 0 did not influence the
performance of Equation (3) asevidencedin Table 11, except for very small |ASy|
(<0.07). Hence, with this approximation, (3) reducesto

ASQ ~ (M21 — M]_z). (14)

1
2RV 27

Second, we used MOST and the extensive data set in Kader and Yaglom (1990) to
establish a relationship between Ry,.2(= M) and Ry2.(= M21) in the dynamic
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Tablelll
Sensitivity analysisand regression results. Thethird order CEM predicted
ASSEM and ASSM for scalar fluxes using Equations (3) and
(14) are compared to the eddy-correlation measured AS{™ . Equation
(14) is derived from Equation (3) by setting M3z — Mos to zero. The
regression model isof theform: AS{™™ = AAS{E + B. The number

of runs (n), coefficient of determinations (R?), and standard error of
estimates (SEE) are also shown

Dependent/I ndependent n A B R*> SEE
ASEMI A 5O 111 103 -0022 097 0022
ASEPM=Y I A S 111 097 40002 096 0.024

ASIPMT AGICMTI 111 105 —0.026 098 0.017
—0.066 < AS < +0.066 22 100 -0029 083 0.020

(DY SL), dynamic-convective (DCSL), and free convective (FCSL) sublayers of
the ASL (see also Yaglom, 1993). For these three sublayers, M1, and Mj; reduce
to constants given by (see Appendix A for derivation)

M12, My = 0.11, 0.12; DYSL,
Maz, My = 0.34,0.26; DCSL, (15)
Map, My = 0.59,0.35; FCSL,

and with R,,;7 = 0.5 (see Kaimal and Finnigan, 1994 for the DCSL and FCSL),
we computed A Sy from Equation (14) to be on the order of

ASp~0; DYSL,
ASp ~ —0.24; DCSL, (16)
ASp ~ —0.34; FCSL.

We note M»; and R, reverse signs when |ASp| > 0 since the application of
Equation (14) requires that the scalar fluctuation time series be multiplied by —1
asdiscussed in the previous section. For very small |ASy|, (14) is not accurate (see
Tablelll). The solid line in Figure 6 is alinear interpolation using Equations (15)
and (16) in each of the three ASL sublayers (c = 7" and ¢). The open-triangles for
which —ASp exceeds 0.34 are from the non-irrigated runs at Davis. Interestingly,
Chen’s (1990, Figure 15) data show an average —ASy for temperature of 0 and
0.24 for the DY SL and DCSL respectively, and a value in excess of 0.34 for the
FCSL in agreement with our measurements.

The results in Figure 6 provide a relationship between the variance budget,
scalar gjections and sweeps, third-order CEM, and flux-divergence. This linkage,
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givenby Ryc2 = —0.96ASp+0.11 (—ASp < 0.24) and Ry, = —2.6ASp—0.28
(—ASp > 0.24) from (15) and (16), is analogousto the linkage between Frxg and
ASp in Nakagawa and Nezu (1977), Raupach (1981), and Shaw et al. (1983) and
is much simpler than the models proposed by Nagano and Tagawa (1988, 1990,
1995). For scalar transport, it is evident that ASp changes dramatically with z
as evidenced by the CSL, RSL, and ASL studies summarized in Table I; hence,
our analysis shows that the flux-divergence term is large when large A Sy height
variations exist.

5. Conclusions

This study considered the g ection-sweep eddy motion for momentum and scalar
transport in the atmospheric surface layer (ASL) above two surfaces: bare soil and
tall natural grass. The following can be concluded:

1. The mean momentum ejection and sweep frequencies are comparable, con-
stant, independent of surface roughness, and agree with other open channel
measurements performed in the equilibrium region.

2. Themean scalar sweep time fraction is dependent on scalar skewnessfor unsta-
ble conditions while the mean scalar gjection time fraction was constant. The
€jection-sweep scalar time fractions are both similar to their momentum values
for near-neutral conditions confirming the similarity in scalar and momentum
turbulent transport for such ASL stability conditions.

3. In contrast to a previous ASL study by Chen (1990), our study demonstrated
that the third-order cumulant expansion method (CEM) predicts the individual
probability density function well for velocity and scalars, the turbulent flux
skewness, and the relative contribution of sweeps and g ections to the scalar
flux (ASp).

4. Inthe ASL, the measured variationsin ASy (—0.1 < ASp < 0.5) for momen-
tum are much larger than the values reported in laboratory studies for the
equilibrium region (ASp ~ 0.05).

5. Based on a sengitivity analysis, we showed that simplifications to the ASp
third-order CEM scalar formulation can be applied with less than 3% accuracy
loss. The simplified relation was used to link A S to the flux-divergence term
in the scalar variance budget. Based on Kader and Yaglom’s (1990) three
sublayer models, and their proposed formulations for the similarity functions,
arelationship between A Sy and the dimensionlessmixed moment (we?) /o, 02
was proposed and field tested for temperature and water vapour fluctuationsin
the ASL.
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Appendix A: The Magnitudes of M, and M>; in the Three Sublayers of the
ASL

The mixed moments M, and M>»; can be determined from the dimensionless
similarity functions using

¢w2T
Moy —
27 (Gu)2br
(17)
. ¢wT2
M =35 (6172

where ¢y, = 0y /., ¢ = or/Ty, 12 = (W) [(wT?), $a1 = (we)/(uZT),
Mz = (wc?)/(002), My = (w?c)/(0.02), Ty = (wc)/u., and ¢ = T or q.
Kader and Yaglom (1990) determined ¢,,,, ¢1, ¢12, P21 asfunctions of the stability
parameter x = —z/ Ly, for the three ASL sublayers using newly acquired data
from the Tsimlyansk field station as well as data from a wide range of other ASL
experiments. These functions (not adjusted for the Von Karman constant) are given
below:
1. Dynamic (DSAL) Sublayer (x < 0.04)

¢w = 1.25,
by = 2.90,

18
1= 1.2, (18)

¢21 = 0.55.
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2. Dynamic-Convective (DCSL) Sublayer (0.04 < x < 2)

o = 165173,

¢ = 1.40xY/3,

b2 =10y 2, )
p21 = L.Ox3.

3. Free-Convective (FCSL) Sublayer (x > 2)

o = 135173,

¢r = 1.55x/3,

hrz = 19V, <0
P2 = 1.0x Y3

Using Equations (18), (19), and (20), A Sy was determined from (14) and presented
in (16) assuming p = 0.5 for the DCSL and FCSL. The estimated A .Sy, along with
the estimated M1,, are shown as solid linesin Figure 6. These solid lines represent
an envelope of possible A Sy and M.
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