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Abstract 1 

Temperature variance and temperature power spectra in the unstable surface layer have 2 

always presented a problem to the standard Monin-Obukhov similarity model. 3 

Recently that problem has intensified with the demonstration by Smedman et al. (2007, 4 

Quart. J. Roy. Meteorol. Soc. 133: 37-51) that temperature spectra and heat flux 5 

cospectra can have two distinct peaks in slightly unstable conditions, and by 6 

McNaughton et al. (2007, Nonlin. Processes Geophys. 14: 257-271) who showed that 7 

the wavenumber of the peak of temperature spectra in a convective boundary layer 8 

(CBL), closely above the surface friction layer (SFL), can be sensitive to CBL depth, 9 

zi. Neither the two-peak form at slight instability nor the dependence of peak position 10 

on zi at large instability is compatible with the Monin-Obukhov model. 11 

Here we examine the properties of temperature spectra and heat flux cospectra 12 

from between these extremes, i.e. from within unstable SFLs, in two experiments. The 13 

analysis is based on McNaughton's model of the turbulence structure in the SFL. 14 

According to this model, heat is transported through most of the SFL by sheet plumes, 15 

created by the action of impinging outer eddies. The smallest and most effective of 16 

these outer eddies have sizes which scale on SFL depth, zs. The zs-scale eddies and 17 

plumes are organised within the overall convection pattern in the CBL, and in turn 18 

they organise the motion of smaller eddies within the SFL, whose sizes scale on 19 

height, z. 20 

The main experimental results are: 1) The peak amplitudes of the temperature 21 

spectra in the SFL are collapsed with a scaling factor (zs z)
1/3

 o
2/3

 divided by the square 22 

of the surface temperature flux, where o is the dissipation rate of turbulent energy in 23 

the outer CBL (above the SFL). 2) The peak wavenumbers of the temperature spectra 24 

are collapsed with the mixed length scale (zi zs)
1/2

. 3) The peak wavenumbers of the 25 

heat flux cospectra are collapsed with the doubly-mixed length scale (zi zs)
1/4

 z
1/2

. 4) 26 

For z/zs < 0.03, the peak in the cospectrum is replaced by another peak at a 27 

wavenumber about a magnitude larger. This peak's position scales on z. 5) All these 28 

findings are consistent with the observations of Smedman et al. (2007). 29 

 30 

Keywords: Coherent structures, Convective boundary layer, Heat transport, Impinging 31 

eddies, Temperature spectra, Unstable surface layer 32 

 33 



Scaling properties of temperature spectra and heat flux cospectra in the SFL Page 3 

1 Introduction 34 

The "Kansas" experiment (Kaimal et al. 1972) and the "Minnesota" experiment 35 

(Kaimal et al. 1976) have an established place in the history of micrometeorology. The 36 

results from these experiments, interpreted within the framework provided by the 37 

Monin-Obukhov and Deardorff similarity schemes, have become the standard 38 

description of the atmospheric surface layer and the convective boundary layer (CBL). 39 

Even so, the temperature spectra from the Kansas experiment for the unstable surface 40 

layer, i.e. the surface layer beneath a CBL, were a direct challenge to the concepts that 41 

underlie the Monin-Obukhov theory. Thus Kaimal et al. (1972), henceforth KWIC72, 42 

noted that as the Monin-Obukhov similarity parameter z/L (where z is height above 43 

ground and L is the Obukhov length) changed smoothly through dawn, the peak of the 44 

temperature spectrum moved discontinuously. In stable stratification around dawn, 45 

which is to say as z/L  0
+
 (where "0

+
" means approaching 0 from positive values), 46 

the peak moved smoothly to lower frequencies, but as z/L passed through zero to 47 

negative values, the peak's position jumped down by a decade (KWIC72, p. 571 and 48 

Fig. 18). Then, as the day progressed and conditions became more unstable, the peak 49 

moved smoothly back to higher frequencies. This behaviour is certainly 50 

counterintuitive when placed in the context of a model whose underlying concept is of 51 

local eddies, whose form and velocity scale depend on the local shear and buoyancy 52 

flux (Obukhov 1946), both of which change continuously as the heat flux and shear 53 

stress change through neutral. The peak shifts were carefully recorded by KWIC72, 54 

but have received no further attention since. Recently two papers have described other 55 

features of temperature spectra from unstable conditions that also challenge the Monin-56 

Obukhov interpretation of temperature spectra. 57 

The first of these papers is by Smedman et al. (2007), henceforth SHHS07. They 58 

reported premultiplied temperature spectra, measured over both land and sea, with 59 

conditions ranging from slightly unstable with L  400 m to moderately unstable with 60 

L  10 m. In the range from L  150 m to 40 m, they observed spectra with two 61 

distinct peaks, not just one as expected from the Kansas results (SHHS07 Fig. 7). One 62 

peak was at a scaled frequency f  0.3 (f = n z/u where n is observed frequency and u 63 

is mean wind speed at height z), a factor 4 or 5 higher than the peak at z/L = 0
+
 from 64 

Kansas (i.e. the peak at neutral stability approached from the stable side). The other 65 

peak was at about f  0.01. As conditions became more unstable (L  10 m) the latter 66 

peak shifted to higher frequencies. The peak at higher frequency meanwhile 67 

diminished in power while its frequency remained approximately constant so the 68 
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lower-frequency peak came to dominate in moderately unstable conditions, with 69 

z/L  1. Similar behaviour was noted in the w-T cospectra (where w stands for 70 

vertical wind speed and T for temperature). In the other direction, approaching neutral 71 

stratification from the unstable side, SHHS07 (Figs. 7 to 9) found that the lower-72 

frequency peak disappeared and the peak at f  0.3 became dominant. To account for 73 

these results, SHHS07 propose that heat is transported both by longitudinal rolls whose 74 

height spans the whole CBL and by smaller-scale eddies that impinge onto the surface 75 

and create smaller-scale turbulence. 76 

The second paper challenging the Monin-Obukhov interpretation of T spectra is 77 

by McNaughton et al. (2007), henceforth MCM07. They reported spectra for very 78 

unstable conditions, with L > 2 m and z/L < 0.73 at their lowest level, over a very 79 

smooth and extensive playa surface. MCM07 observed temperature spectra with single 80 

peaks like KWIC72 and SHHS07 for very unstable conditions but, unlike those 81 

authors, they found that in order to collapse the spectral peaks on the wavenumber ( ) 82 

axis, the mixed length scale zi
1/2

 z
1/2

 was needed, where zi is the depth of the CBL. To 83 

collapse the large-wavenumber end of the spectra they needed to scale the  axis using 84 

zi
1/4

 z
3/4

. The appearance of zi in these scales is in direct contradiction to the Monin-85 

Obukhov premise that only local parameters are needed to scale local processes. It is 86 

likely that the unresolved (stippled) region in Fig. 9 of KWIC72 reflects, at least in 87 

part, an incorrect scaling of their spectra. 88 

The purpose of this paper is to present some of our own spectral observations 89 

made in the surface friction layer (SFL), in conditions ranging from weakly to 90 

moderately unstable, and to interpret these new results by extending the structural 91 

model of MCM07 down into the SFL. The term "SFL" denotes the layer of the 92 

atmosphere in contact with the ground in which the surface drag is an important 93 

scaling parameter for velocity spectra. We use SFL to denote the layer of the 94 

atmosphere in contact with the ground in which the surface drag is an important scaling 95 

parameter for velocity spectra. In Section 2 we outline the context of our model as a 96 

complex dynamical system. Section 3 contains a description of the model as it stood 97 

prior to the analysis of the present data. Section 4 explains how the scaling parameters 98 

of the model are obtained. Section 5 describes the details of the two experiments and 99 

the data processing. In Section 6 we present the new observations, show that they are 100 

compatible with the observations of KWIC72, SHHS07 and MCM07, and argue how 101 

all of the observations can be explained by the new model. 102 

 103 
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2 The CBL as a complex dynamical system 104 

CBLs are complex dynamical systems. They are open systems, have nonlinear 105 

governing equations, many degrees of freedom and display the defining property of 106 

such systems: they are self-organising. That is to say CBLs spontaneously produce 107 

patterns of motion, the largest and most long-lived of which are the large-scale 108 

coherent structures that span CBLs. These may take the form of convective roll 109 

vortices (e.g Ferrare et al. 1991) or polygonal patterns of convection cells, which occur 110 

when shear across the CBL is small (e.g. Melfi et al. 1985). Smaller coherent 111 

structures have also been reported near the ground, though their form is less well 112 

defined (e.g. Schols et al. 1985, Katul et al. 1997, Hommema and Adrian 2003). But 113 

the idea of "patterns of motion" goes beyond just coherent structures. Complex 114 

dynamical systems are chaotic systems that have strange attractors, and coherent 115 

structures are only the most obvious manifestation of these. Recurrent, transient 116 

features such as direct and inverse cascade processes are other examples of patterns of 117 

motion, even when their form in space and time is unknown. 118 

As complex dynamical systems, the flows in CBLs are related to the flows in 119 

Rayleigh-Bénard cells (e.g. Bodenschatz et al., 2000): cells with convection between a 120 

heated lower plate and a cooled upper plate. Much can be learned from such systems, 121 

but the flow in a typical, horizontally uniform CBL is characterised by a much higher 122 

Rayleigh number (~10
18

) and the complicating effects of horizontal pressure gradients 123 

and an open upper boundary. Thus the energy required to maintain the turbulence in 124 

CBLs has three sources: the free atmosphere above, from where kinetic energy is 125 

delivered by entrainment through the capping inversion as the CBL grows during the 126 

daytime, the sun, which warms the ground and so delivers gravitational potential 127 

energy to the air in contact with the ground, and the synoptic pressure gradients acting 128 

within the CBL to create kinetic energy. There is remarkably little information on the 129 

relative importance of these three sources but, whatever the case, the combination of 130 

very large Rayleigh numbers and several sources of turbulence energy make CBL 131 

flows substantially different to the Rayleigh-Bénard flows seen in laboratory studies. 132 

This, plus the importance of CBLs in practical meteorology, are sufficient to make the 133 

study of CBLs a field of research in its own right. 134 

A new label for turbulence in CBLs is not, in itself, very important. What is 135 

important is the perspective it gives on how turbulence in CBLs works. For this we 136 

appeal to some general properties of complex dynamical systems. Firstly, the "patterns 137 

of motion", or more generally the strange attractors of complex systems, cannot be 138 
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deduced from the governing equations by any known mathematical techniques. 139 

Instead, to predict system behaviour the governing equations must be directly 140 

integrated through time, and the patterns then deduced empirically. For CBLs the 141 

Navier-Stokes equations must be integrated either naturally in a real flow or digitally 142 

in a well-constructed computer simulation and the coherent structures and other 143 

patterns of motion extracted by whatever techniques are available. Experiment rather 144 

than theory is our primary source of information. Secondly, experience with such 145 

systems shows that strange attractors can be quite sensitive to small changes in the 146 

formulation of the governing equations and boundary conditions. The implication is 147 

that mathematical analyses based on simplified models or linearised equations can 148 

sometimes produce results that differ dramatically from the prototype. Therefore 149 

results of turbulence models are always suspect until checked against experiment. 150 

Thirdly, in complex systems the chains of cause and effect become circular, with each 151 

part of the system depending on (being "caused by") all other parts of the system. For 152 

example, and as we shall explain in more detail below, the small-scale motions in 153 

CBLs are caused by the larger-scale motions in the flow, while the larger-scale 154 

motions are caused by the aggregation of the small-scale motions. 155 

The final attribute of such systems is controversial, and rapidly developing, but 156 

key to our assertion of the importance of understanding the patterns of motion as a 157 

route to understanding turbulence in CBLs. It is that there exists a thermodynamic 158 

optimisation principle that governs the form of strange attractors in complex systems. 159 

A focus of research has been the climate system in which, many argue, the weather 160 

patterns are such as to maximise entropy production (Ozawa et al. 2003, Lucarini 161 

2009). If so, the same optimisation principle should apply to turbulence in CBLs. Thus 162 

the "patterns of motion" found in CBLs are, very likely, arranged so as to maximise the 163 

transport of heat and momentum for the given external driving (geostrophic flow and 164 

surface forcing). These patterns of motion are thus the central concern in 165 

understanding the transport of momentum and scalars in CBLs. 166 

 167 
 168 

3 A structural model for heat transport in the SFL 169 

Here we briefly review the structural model of turbulence in the lower part of the CBL 170 

developed by McNaughton (2004a, b, 2006) and MCM07 and explore its implications 171 

for heat transport within the lowest part of the CBL, the SFL. Our model is a "complex 172 

dynamical system" model, in that it is based on a description and interpretation of the 173 
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recurring patterns of motion which develop spontaneously in real CBLs. One reason 174 

for summarising past work is that our understanding has evolved while the above 175 

papers were being published. In particular, the original account of eddies within the 176 

SFL (McNaughton 2004a, b, 2006) dealt with momentum transport only, and was 177 

written before MCM07 presented their account of eddy processes immediately above 178 

the SFL. Here we reconsider turbulence processes near the ground, including the 179 

suggestion by MCM07 that scalar transport near the ground is by the action of 180 

impinging outer eddies. The model described below is as it stood before our new 181 

analysis of data from within SFLs. As one would hope, the new data and analysis have 182 

given new insights and filled in a gap in the model. The purpose of this section is to 183 

provide a platform for understanding the new developments. 184 

 185 

3.1 Kinds of eddies 186 

We use the term "eddy" to describe all or any part of a "pattern of motion". That is, our 187 

eddies include well-defined coherent structures and less well-defined transient patterns 188 

of motion, such as occur in cascades, or even parts of cascades. In each case the word 189 

"eddy" will indicate structured rather than random motion, but beyond that we rely on 190 

context to make our meaning clear. 191 

Our model classifies eddies as "inner" or "outer" eddies according to their 192 

origins, and as "attached" or "detached" eddies depending on whether or not they 193 

extend down to the ground. Our categorisation of eddies as inner or outer eddies is 194 

essentially the same as Townsend's division into active and inactive motions 195 

(Townsend 1976). We prefer our terminology because, in our model, some outer 196 

eddies are decidedly active in heat transport within the SFL. Our classification of 197 

eddies as either attached or detached is also adopted from Townsend (1951, 1976). 198 

Thus, in the terminology suggested by Jiménez (1999), our model is a "Townsend 199 

model". The inner eddies are attached eddies directly created by velocity shear near the 200 

ground, together with smaller eddies created by their breakup. Inner eddies are the 201 

principal transporters of momentum within the SFL. Outer eddies, on the other hand, 202 

are associated with the large, attached, coherent structures that span the CBL and 203 

transport both heat and momentum through the bulk of the CBL, together with the 204 

smaller eddies associated with their breakup. 205 

Though our model has its foundation in Townsend's ideas, we introduce some 206 

modifications. These are of minor importance when only velocity statistics are 207 
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considered, as in Townsend's work on momentum and energy, but they have major 208 

implications for the transport of heat and other scalars within the SFL in convective 209 

conditions. In our scheme the attached outer eddies have a greater range of sizes, with 210 

the important consequences that the smallest of them do not move quite horizontally 211 

when they impinge onto the ground, so they can transport heat, and they can interact 212 

with inner eddies when their sizes are similar. We develop these ideas below. 213 

 214 

3.2 Outer eddies 215 

The largest outer eddies are the coherent structures that span the CBL, whether in the 216 

form of roll vortices aligned with the wind shear or convective cells. Because they 217 

span the CBL, their characteristic height is zi, and, since they have a characteristic 218 

form, the same length scale characterises their lengths and widths. These large eddies 219 

are attached since they extend down to the ground, and their motions are almost 220 

horizontal where z << zi. Near the ground they can be detected by their contribution to 221 

the power spectra of streamwise and lateral wind components at small wavenumbers, 222 

where  zi ~ 1. These large eddies, though long-lasting, are not permanent: they break 223 

up continuously and pass their energy downscale to smaller, less organised eddies, 224 

which are detached. Thus the zi-scale eddies receive their energy from sources 225 

originating outside the CBL, and they pass it on via the outer "Richardson" cascade to 226 

smaller and smaller eddies, and ultimately to dissipation as heat (Richardson 1920). 227 

This continuous flow of energy from larger to smaller structures is necessary to 228 

maintain the patterns of motion as a statistically steady state against the universal trend 229 

towards disorder (increase in entropy). 230 

Though there are three sources of turbulence energy in CBLs, it is enough for 231 

present purposes to know that when the turbulence is statistically steady the total rate 232 

of turbulence energy delivery must equal the loss to dissipation within the CBL. 233 

Experiments show that the dissipation rate is usually constant with height above the 234 

SFL (Kaimal et al. 1976, MCM07), so dissipation in the bulk of the CBL can be 235 

characterised by a single value, called the "outer" dissipation rate, o. Using the 236 

Kolmogorov law for the inertial subrange, we know the energy density associated with 237 

eddies of any particular size as ( o/ )
2/3

, where  is the wavenumber associated with 238 

eddies of that size. An energy scale for the largest eddies can be constructed by 239 

extrapolating the inertial subrange up to the scale of the largest eddies so, to within a 240 
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fixed numerical factor, the energy density of the largest eddies can be written as 241 

(zi o)
2/3

. 242 

The outer inertial subrange in CBLs spreads over many decades, so there is no 243 

fixed connection between the wavelengths of eddies within the Richardson cascade 244 

and any characteristic length of the system. However, outer Richardson eddies are 245 

carried along within larger Richardson eddies, and ultimately within zi-scale eddies, 246 

breaking up continuously as they go, and some of them are swept down into contact 247 

with the ground, thereby becoming attached. MCM07 suggest that the impinging outer 248 

eddies transform, through blocking by the ground, into pairs or arrays of streamwise 249 

roll vortices aligned with the wind. These roll vortices are of the same general shape as 250 

the zi-scale roll vortices, but they are smaller. Attached outer eddies are particularly 251 

significant for scalar transport, since they sweep up heat from near the ground and 252 

create temperature plumes in the convergence regions between them. Though their 253 

origin lies in the length-scale-free outer Richardson cascade, attachment gives 254 

characteristic length and energy scales to the population of attached eddies. At any 255 

height z the impinging eddies with the greatest vertical velocities have heights ~ 2 z, 256 

and thus wavelengths close to / . Eddies of that size in the outer Richardson cascade 257 

have energies ~ (z o)
2/3

, which gives an energy scale for the outer, attached roll 258 

vortices at height z. 259 

 260 

3.3 Inner eddies 261 

Inner eddies are produced by the shear layer near the ground and take their energy 262 

from the larger-scale processes that maintain that shear. They are associated with the 263 

transport of momentum within the SFL. The forms of the main momentum-264 

transporting eddies in the SFL have proven to be quite elusive, and there is, as yet, no 265 

consensus, though many authors talk of hairpin packet models (e.g. Perry and Chong 266 

1982, Hommema and Adrian 2003). Here we adopt a version of this, the TEAL 267 

(Theodorsen Ejection-Amplifier-Like) model proposed by McNaughton (2004a, b, 268 

2006). This is an inverse cascade model of the kind discussed by Jiménez (1999). It is 269 

"inverse" in the sense that attached eddies arise near the ground and then grow in size 270 

by a cyclic process to beget larger and larger eddies. This progression from smaller to 271 

larger is the inverse of the standard downscale progression in the Richardson cascade. 272 

Jiménez calls this a "Townsend cascade" since the eddies are attached and transport 273 

momentum. Because of these properties, eddies of the inverse cascade have lengths 274 
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which scale on z, and energies which scale on the square of the friction velocity, u* (or 275 

its generalisation, u , see next section). 276 

In our model the TEAL structures compete for space as they grow, so the less 277 

symmetrical – the majority at each level – become distorted, cease growing and break 278 

up, whence their energy passes down to the inner Richardson cascade. Most of these 279 

inner Richardson eddies are detached but some are attached, or become attached when 280 

carried down into contact with the ground. The majority of inner Richardson eddies 281 

dissipate within the SFL, but some are carried upwards within the warm plumes swept 282 

up between the attached outer eddies to finally dissipate at greater heights (MCM07). 283 

Within the SFL this export is reflected in a normalised dissipation rate that initially 284 

decreases with height rather than increasing monotonically from the neutral value (e.g. 285 

Edson and Fairall 1998), as would be expected if the power delivered to the TEAL 286 

cascades was all dissipated locally. 287 

 288 

3.4 Interactions between inner and outer eddies 289 

Eddies of different kind but similar size cannot exist in the same place at the same 290 

time: one or the other must prevail. Logically there is a third possibility – that 291 

interaction produces new kinds of eddies – but this does not seem to happen. The 292 

reason may be that eddies are limited to just a few general forms so that intermediate 293 

structures cannot be anything other than briefly transitional. By far the most common 294 

class of eddies are vortex tubes, which can take many forms: horizontal tubes, as in 295 

attached roll vortices or detached quasi-streamwise vortices; vertical tubes, as in dust 296 

devils or tornadoes; tubes bent back on themselves, as in hairpin eddies; bent and 297 

rejoined, as in toroids (examples of which are the convection cells common in strongly 298 

unstable CBLs); and as tangled masses of tubes of many sizes, as found in decaying 299 

turbulence (Farge et al. 2001). Another group is our TEAL structures. They are distinct 300 

because there is no suggestion of translational symmetry along any tube axis, and 301 

because growth is a fundamental characteristic. They are necessarily attached eddies 302 

and exist only in wall-bounded shear layers. A full eddy taxonomy may include other 303 

families, but these have not been described. For the present we propose that 304 

intermediate forms do not exist because they would not be viable, self-organising 305 

structures within the context of the Navier-Stokes equations. 306 

In our model, inner and outer eddies of similar scale meet and interact at the top 307 

of the SFL (McNaughton, 2004b). The inner eddies are attached, so at that level they 308 
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have heights comparable to the depth of the SFL, zs. The outer eddies have a full range 309 

of sizes, being Richardson eddies formed within larger-scale outer eddies that carry 310 

them down towards the SFL. TEAL structures grow upwards from the ground into the 311 

bases of these large outer eddies when these impinge onto the ground (become 312 

attached). The resulting interaction determines both the maximum height to which the 313 

TEAL cascades can grow, and the minimum size of the outer eddies that can avoid 314 

strong interaction and so penetrate the SFL and impinge onto the ground. The average 315 

height at which this inner-outer interaction occurs, zs, is an important parameter of our 316 

model. 317 

Individual eddies are temporary structures, so continual regeneration is necessary 318 

if a statistically steady population is to be maintained. That requires a continuous flow 319 

of energy through the system. McNaughton (2004b) proposed that the kind of eddy 320 

that dominates at any height is the one supported by the greatest flow of energy. At 321 

each scale the population of outer Richardson eddies is renewed by the breakup of 322 

larger eddies, so the energy that maintains their population is the spectral energy 323 

flowing down the outer Richardson cascade. This energy flow is independent of scale, 324 

and experiments show it to be independent of height (on most occasions). The power 325 

delivered to the outer detached eddies of any scale is thus o. In contrast, TEAL 326 

structures are powered by the shear, and so receive their energy directly from the 327 

larger-scale processes, ultimately synoptic-scale processes, that maintain that shear 328 

against the retarding effects of surface drag (McNaughton 2006). At any height z, 329 

energy is supplied at the rate u
3
/(k z), where k is the von-Kármán constant. Here u  is 330 

the friction velocity generalised to include the effects of fluctuating wind direction 331 

(McNaughton 2006). We call u  the "dissipation velocity" because it is related to total 332 

production of turbulence energy and so, ultimately, to dissipation. The SFL depth, zs, is 333 

then defined as the height where the energy flows to the interacting inner and outer 334 

eddies are equal: 335 

zs = u
3
/(k o). (1) 336 

 337 

3.5 Heat transport in the SFL 338 

Heat transport in the SFL is associated with the ramp-cliff structures observed on 339 

temperature traces. Antonia et al. (1979) showed that these are the signature of large-340 

scale (outer) eddy motions rather than a necessary local consequence of buoyancy in 341 

the plumes. (We will use the term "plume" generically to refer to elements of 342 
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temperature patterns, in much the same way that we use "eddy" to refer to elements of 343 

the patterns of motions.) The temperature statistics therefore depend on outer 344 

parameters through most of the SFL, even while the statistics of vertical velocity 345 

depend primarily on inner parameters. Momentum transport is, on the other hand, 346 

associated with inner scaling in the SFL. These differences in scaling properties led 347 

Lumley and Panofsky (1964) and Tennekes (1970) to propose that heat and 348 

momentum are carried by different kinds of eddies. This conclusion, though 349 

inescapable, remained outside mainstream thinking in micrometeorology because the 350 

dominant paradigm was statistical and local, and so not able to address the actions of 351 

different kinds of eddies. Here we describe heat transport (and momentum transport in 352 

the next section), both within the SFL and closely above, in terms of the types of 353 

eddies proposed by MCM07. 354 

Based on observations above the SFL, MCM07 proposed that heat is transported 355 

upwards in the common-up region between pairs of attached, outer, counter-rotating, 356 

streamwise roll vortices. Heat plumes therefore appear as long thin sheets of rising 357 

warmed air, called "sheet plumes" by Puthenveettil and Arakeri (2005). It is these 358 

sheet plumes that give rise to the ramp-cliff structures that are a universal feature of 359 

temperature time series measured near the ground. First, a fast, cool eddy sweeps down 360 

and contacts the ground, creating a microfront as it displaces the air ahead (Mahrt and 361 

Howell 1994). The arrival of a microfront is marked by a sudden drop in temperature, 362 

the "cliff" of a ramp-cliff structure. The impinging eddy, now in contact with the 363 

ground, develops into an array of counter-rotating streamwise vortices that sweep up 364 

heat from near the ground and lift it upwards in a set of parallel sheet plumes. A 365 

stationary observer on the line of a plume sees the temperature rise progressively as the 366 

plume develops. Surface drag slows the impinging eddy, until it too is displaced by a 367 

new eddy sweeping in from above. The local heat flux is largest when the sheet plume 368 

is best developed, which is just before the cliff (Mason et al. 2002). Temperature is 369 

steady in the common-down regions between rolls, and an observer placed there will 370 

see a period of steady temperature following a cliff. 371 

The starting point for our model of heat transport is therefore the proposition that 372 

impinging eddies of scales significantly larger than zs penetrate to the ground and 373 

transport heat within the SFL. Air warmed at the ground is swept together and 374 

upwards in the common-up regions between these roll eddies, and cooler air is 375 

transported down in the common-down regions; both regions contribute to the eddy 376 

flux of heat. The heat transport is efficient because the plumes of warmer air move over 377 
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vertical distances comparable to zs. This is possible because, due to active pressure 378 

redistribution of energy and momentum within them (Zhuang 1995), the inducing 379 

eddies maintain their shape for long periods (compared to z/u*) against the distorting 380 

effects of drag. At the beginning of the present analysis the idea was that the smallest 381 

of these outer eddies – those just large enough to avoid strong interaction with the 382 

inner TEAL structures – must have small enough diameters that they can generate 383 

plumes with significant vertical velocities down to very small heights. Very near the 384 

ground heat transport is by the z-scale eddies which, because of their overwhelming 385 

energy at very small z, must transport heat from the ground up into the bases of the zs-386 

scale eddies. 387 

Thus the hypothesis guiding the present analysis is that z-scale eddies carry the 388 

heat up the first little distance from the ground, to a height where it can be swept up 389 

directly by the zs-scale outer eddies, which have sufficient vertical velocity to carry it 390 

upwards and out of the SFL, even at such small heights. Results from our analysis 391 

below, using data from within the SFL, will modify this hypothesis. 392 

 393 

3.6 Momentum and heat transport compared 394 

Above the SFL, roll vortices transport momentum rather inefficiently since, with their 395 

forward velocity being the same on both sides, the common-up and common-down 396 

regions transfer similar amounts of momentum, but in opposite directions. Roll eddies 397 

therefore contribute to the variability of the momentum flux more than they contribute 398 

to the flux itself. This contrasts with their efficiency in transporting heat, since cool-399 

down and warm-up events both contribute to the flux. The transport of momentum in 400 

direction sometimes opposed to and sometimes aligned with the heat flux can be 401 

detected by wavelet coherence analysis of the heat flux and momentum flux signals: 402 

most of the heat flux is transported during brief intervals when the heat flux is either in 403 

phase (0°) or in antiphase (180°) with the momentum signal (Clement and 404 

McNaughton, unpublished results). Within the SFL, especially its lower parts, 405 

momentum is carried mostly by TEAL structures. These transport momentum much 406 

more efficiently than they transport heat. Pressure redistribution of energy and 407 

momentum within the TEAL cascades is again the key, but here it acts not to preserve 408 

a static form of the eddies but to facilitate their evolution and growth. Notably, 409 

pressure transfers energy outwards in the powerful ejections (Lin 2000) that occur in 410 

each successive stage of the TEAL cascade. Scalars are not transported by pressure 411 
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and get left behind. To scalars the motions of the TEAL structures must seem like 412 

disorganised churning. Probabilities dictate that even disorganised churning will cause 413 

some diffusion-like transport down the mean concentration gradient, but this is not 414 

efficient. 415 

At the smallest heights the vertical velocities associated with the impinging zs-416 

scale eddies must approach zero while those of the inner turbulence remain constant as 417 

size decreases, so inner eddies must eventually dominate heat transport as well as 418 

momentum transport at small enough heights. Kader and Yaglom (1990) find that 419 

temperature statistics obey inner scaling within a thin layer – their dynamic sublayer – 420 

up to only z  0.04 |L|. Remarkably, heat transport is more efficient than momentum 421 

transport even within purely inner turbulence, the turbulent Prandtl number being 422 

about 0.85 in logarithmic layers in neutrally-stratified flows (Kays 1994, Kader and 423 

Yaglom 1990). This is significantly less than 1. To solve this conundrum we propose 424 

that, even here, heat and momentum are transported by different eddies. As above, 425 

momentum is transported principally by TEAL structures, but we extend our model of 426 

heat transport to include transport by roll eddies created by the inner Richardson 427 

cascade. These may possibly be created as attached eddies, or maybe they are carried 428 

down to impinge onto the ground. Either way, this proposal is a logical extension of 429 

the model, since it reasserts the primary importance of attached roll eddies in heat 430 

transport that was already part of our explanation for heat transport in the SFL; we 431 

simply recognise another source of energy for those eddies. 432 

 433 

3.7 The structure of near-neutral CBLs 434 

As (1) shows, the SFL deepens as the outer eddies become less energetic, or the inner 435 

eddies more energetic. Thus zs and zi may become similar in size when outer 436 

convection is weak and/or surface shear is strong. An extreme example is the hurricane 437 

boundary layer (Foster 2005). When this happens there is no room for an outer 438 

Richardson cascade to develop, so (1) becomes invalid and zs and zi collapse onto the 439 

common scale zi. In a sense, the SFL grows to become the whole CBL. Calculated 440 

values of zs that exceed a substantial fraction of zi (say, zi/5) have no physical 441 

significance for without an outer Richardson cascade there is no outer limit to the SFL. 442 

 443 
 444 
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4 Scaling parameters for the surface friction layer 445 

The SFL depth, zs, is defined by (1), but typical field studies do not collect all the 446 

information necessary to use this relationship directly. Measurement of o would 447 

usually require sonic anemometers or fine-wire instruments mounted on a tall tower or 448 

suspended from a balloon, well above the expected height of the SFL. Direct 449 

measurement of u  would require a rapid-response drag plate at the ground. The latter 450 

is not always necessary because u   u*, except in near-windless convection, when the 451 

energy of the large outer eddies, (zi o)
2/3

, is comparable to the kinetic energy of the 452 

mean flow, um
2
/2, where um is the mean wind speed of the free CBL. However, a 453 

measurement of u* by eddy correlation typically has a large sampling error, and u  454 

(which it would approximate) appears in (1) to the 3rd power. To avoid these 455 

difficulties, we pursue an alternative approach to estimate o, zs and u , as follows. 456 

 457 

4.1 Outer dissipation rate 458 

The outer dissipation rate for turbulence energy, o, can be related to variables 459 

measured in the SFL, using a simplified turbulence energy budget for the whole CBL, 460 

as 461 

o = o g H0/ T (2) 462 

where g is acceleration due to gravity, T mean absolute temperature, H0 = '' vTw  the 463 

flux of virtual temperature ("buoyancy flux") at the ground, and o an empirical factor, 464 

the dimensionless dissipation rate. In the simplest possible turbulence energy budget, 465 

buoyant production is the only source and balances dissipation. If entrainment at the 466 

CBL top is completely neglected, then buoyant production decreases linearly from 467 

g H0/T at the ground to zero at zi, giving an average value of g H0/(2 T), hence o = 0.5. 468 

If it is assumed that 20 % of the buoyant production is not dissipated but instead lost 469 

by entrainment as heat flux across the CBL top, then o = 0.4 results. However, there 470 

may be other sources of turbulent energy in the CBL, most notably by the entrainment 471 

of kinetic energy, associated with the entrainment of momentum from aloft. It appears 472 

that there are no direct measurements of this term available to date. Instead, we rely on 473 

sparse published observations of o. Kaimal et al. (1976) found o to vary between 0.4 474 

and 1 for different days. Other estimates of o can be retrieved from the relationship 475 

between the dimensionless dissipation rate, 476 

 = k  z/u*
3

 (3) 477 
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and –z/L. Kader and Yaglom (1990) published two figures of /k vs. –z/(k L), one 478 

from their own extensive experiments, the other from a compilation of other published 479 

data. For 2 < –z/(k L) < 100, i.e. near and above the surface-layer top, they found a 480 

linear relationship in both figures. Inserting the definition of L, one can easily see that 481 

the slope equals o, i.e.  482 

 = o z/L      ,  z/L   (4) 483 

Kader and Yaglom (1990) found o = 1.2 for their own data and o = 1.1 for the 484 

compilation. Wyngaard and Coté (1971) and SHHS07 published figures of  vs. –z/L; 485 

in either, only two data points are shown for –z/L > 1.5, and these points are 486 

compatible with o  1.1. Edson and Fairall (1998) reported o = 0.99 (±0.28) for 487 

1.5 < –z/L < 7, over ocean. Summarising these data, we will use o = 1.1 as the best 488 

available approximation to obtain the average outer-layer dissipation rate, yet expect 489 

considerable run-to-run variability around this average: o may be as low as 0.4 490 

(Kaimal et al. 1976) or as high as 1.7 (average from the experiment of MCM07, 491 

R. Clement, pers. comm.). 492 

Combining (1) and (2) leads to  493 

zs = u
3
 T /( o k g H0) (5) 494 

Comparison of (5) to the definition of the Obukhov length, L, yields 495 

–zs/L = (u /u*)
3
 o

1
 (6) 496 

If u  = u*, then –zs/L  0.9. Given that u   u* by definition, and allowing for the 497 

variability of o, we may well round this further to 498 

–zs/L  1 (7) 499 

where we must admit an uncertainty of order ±70 % due to the variability of o, but 500 

this is good enough to position spectra fairly well on logarithmic axes, as done below. 501 

The approximate equality between a key parameter of our model, zs, and a key 502 

parameter of the Monin-Obukhov model, –L, so begins to explain why the latter model 503 

has enjoyed some empirical success even though it is based on false principles. 504 

 505 

4.2 Dissipation profile, SFL depth and dissipation velocity 506 

In order to retrieve zs and u  properly (independent of their proxies –L and u*), one 507 

needs to consider the profile of the TKE dissipation rate in the SFL, (z). We are not 508 
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aware of any direct measurements of this profile in the unstable SFL. Instead, we use 509 

again the relationships between  and –z/L (Wyngaard and Coté 1971, Kader and 510 

Yaglom 1990, Edson and Fairall 1998, SHHS07) to construct a likely dissipation 511 

profile. 512 

Near the ground,  varies linearly with z
1
 (manifest as a constant line in Figs. 6 513 

and 7 of Kader and Yaglom (1990) for –z/(k L) < 0.1, and implying that   1 for 514 

z/zs  0). Near the SFL top,  must approach o. Two necessary conditions are 515 

therefore: 516 

o/  = z/zs   ,  z/zs  0 (8a) 517 

o/  = 1      ,  z/zs   (8b) 518 

In between, the previously listed references, except Wyngaard and Coté (1971), agree 519 

that there is a region in the lower third of the SFL where  < 1, with a local minimum 520 

near –z/L  0.2 (±0.1). The existence of such a minimum is consistent with MCM07 521 

suggesting that smaller, detached inner eddies are transported upwards within the 522 

plumes to dissipate finally at heights of up to  3 zs. The minimum value is rather 523 

uncertain due to the scatter in every published dataset; 0.7 (±0.15) seems a plausible 524 

compromise. Functions that possess such a local minimum and comply with (8) can be 525 

fitted by 526 

 = (1 – a z/L)
1
 – o z/L (9) 527 

Such a shape was used by Thiermann and Grassl (1992), with a = 3 and o = 1. The 528 

parameter a determines, rather weakly, the position of the minimum (0.207 for a = 2, 529 

rising to 0.25 for a = 4, then dropping again to 0.235 for a = 7), and more strongly, the 530 

strength of the minimum (e.g. 0.914 for a = 2, 0.75 for a = 4, 0.613 for a = 7). Here we 531 

transform (9), using (4) and (8b) with (6), to 532 

( ) s

1

s

so

'1 zzzza

zz

++
=  (10) 533 

which obviously satisfies (8). By choosing a' = 5, the minimum of  is placed at 534 

z/zs = 0.247, with a value of 0.694. Inverting (10) yields 535 

( ) ( ) '2

1

'2

1

1'

1
21

2

os aaaz

z
+=  (11) 536 

Combining (10) and (1), one obtains 537 
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u  = (k o zs)
1/3

 = 
( )

31

s

1

s'1 ++ zzzza

zk
 (12) 538 

which near the ground collapses to 539 

u  = (k  z)
1/3

   ,  z/zs  0 (13) 540 

Equations (12) and (13) are useful because they allow u  to be computed from the 541 

inertial subrange of the horizontal wind spectrum (justifying the proposed name 542 

"dissipation velocity"). Computing u  from  and z is less prone to random sampling 543 

error than measuring u*, and it is less affected by local heterogeneity and flow 544 

distortion. We emphasise that (10) to (12) represent a plausible solution in accordance 545 

with published  values, but still require direct verification by measurements of the 546 

dissipation profile. 547 

 548 
 549 

5 Data collection and processing 550 

The data presented here were collected in two experiments, neither originally aimed at 551 

the investigation of temperature spectra. The first, in the following referred to as the 552 

"Coorong" experiment, was designed to investigate the structure of the CBL across a 553 

change in terrain roughness (to be reported elsewhere). It yielded fewer runs than the 554 

datasets of SHHS07 or MCM07, but has the advantage that aircraft observations were 555 

available to determine zi. The second, referred to as the "Aorangi" experiment, was 556 

designed to investigate methane emissions from beef cattle. A single sonic 557 

anemometer was operated continuously for 20 days in the same location, above 558 

extensive flat pasture land, providing 20 times as many usable runs as the Coorong 559 

experiment. No supporting CBL observations were made, so CBL depth had to be 560 

inferred from wind spectra, as described below. The Aorangi data, because of their 561 

superior sampling statistics, are considered the primary dataset to verify our proposed 562 

scaling scheme. The much smaller Coorong dataset is presented for two reasons. First, 563 

it allows direct testing of height dependence, unavailable at Aorangi. Second, it 564 

includes distinct types of CBLs spanning a larger range of zi values than the Aorangi 565 

data. 566 

 567 
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5.1 Coorong site, setup, and aircraft operation 568 

The Coorong experiment was conducted in October 2005. The site was 7 km inland 569 

from the Coorong coast of South Australia (35.90° south, 139.52° east). It was chosen 570 

because it featured a straight boundary between short pasture and scrubland running 571 

parallel to the coast (from north-north-west to south-south-east), so that during the 572 

afternoon the sea-breeze reliably caused the boundary to be perpendicular to the wind 573 

direction (wind blowing from the pasture to the scrub). Three sonic anemometers were 574 

set up on the pasture. One of them was an 81000V (RM Young, Traverse City, 575 

Michigan), mounted on top of a telescope mast, 7.0 m above ground. The others were 576 

CSAT-3 (Campbell Scientific, Logan, Utah), mounted on separate poles at 2.5 m 577 

height. One of the CSAT-3 was horizontally 8 m away from the RM Young, close 578 

enough to investigate the height dependence of turbulence parameters over the pasture 579 

directly. The other CSAT-3 was 450 m away to the south, to assess if the slightly 580 

different vegetation there caused a difference in roughness. This was not found to be 581 

the case, so we can treat the measurements with the two CSAT-3 as duplicates in the 582 

cross-wind direction over the same surface. A second RM Young sonic was operated 583 

in the scrub, 500 m downwind of the edge, at 7.0 m above ground. Vegetation height 584 

in the scrub was about 2.5 m. The sonic over the scrub thus operated in the roughness 585 

sublayer, not in the SFL, and for that reason will not be considered here. 586 

The aircraft was an HK 36 TTC ECO-Dimona motorglider (Diamond Aircraft 587 

Industries, Wiener Neustadt, Austria) owned and operated by Airborne Research 588 

Australia–Flinders University, Adelaide, South Australia. It is permanently equipped 589 

with a "BAT" turbulence probe to measure pressure, all three components of air speed 590 

and temperature at 20 Hz (Hacker and Crawford 1999), as well as all necessary 591 

equipment to take out aircraft motion and calculate the wind vector in ground 592 

coordinates. The main task of the aircraft was to fly grid patterns between 10 and 593 

100 m height above the pasture and scrub, during the afternoon, in order to collect 594 

high-frequency wind and temperature data along and across the turbulent structures in 595 

the SFL. Because of this flight pattern, it was not possible to derive o from aircraft 596 

data on a regular basis. For a handful of straight aircraft runs above the SFL, o was 597 

estimated from alongwind spectra. Only half of the o estimates agreed with results 598 

from (2) within a factor of 2, while the others were up to a magnitude larger or smaller. 599 

We concluded that the aircraft runs were not long enough to give meaningful statistics 600 

for this purpose. 601 

 602 
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5.2 Aorangi site and setup 603 

The Aorangi experiment was conducted in November 2008. The site (40.336° south, 604 

175.465° east) was located on Aorangi Research Farm, ca. 20 km inland from the west 605 

coast of the North Island of New Zealand, near the city of Palmerston North. The sonic 606 

anemometer was an 81000V (RM Young, Traverse City, Michigan), mounted on top 607 

of a telescope mast, 3.85 m above ground. The dominant wind direction (in general 608 

and in this experiment) is from the west, including frequent afternoon sea breezes 609 

when synoptic wind patterns are weak. On a minority of days during this experiment, 610 

steady south-easterly winds associated with fine weather were encountered. The terrain 611 

consisted mainly of flat paddocks. There were no significant flow obstacles to the 612 

west, south and east for at least 500 m. To the north, there was a water ditch dropping 613 

2 m below ground level at 40 m distance from the sonic anemometer mast, and a 614 

shelterbelt at ca. 150 m distance. The paddocks immediately surrounding the sonic 615 

mast had been sprayed with herbicide prior to the experiment, so that the ground was 616 

initially bare; by the end, a thin cover of herbage had grown back. The bare ground 617 

extended ca. 100 m from the sonic anemometer mast to the west, south and east, and 618 

35 m to the north. A herd of 61 beef cattle populated the sprayed paddock to the west, 619 

being fed with silage daily. The animals slightly increased the roughness length for 620 

westerly flow but were otherwise irrelevant to the flow properties and heat transport. 621 

 622 

5.3 Sonic anemometer data 623 

All sonic anemometers were set to output data at 20 Hz. For the CSAT-3, an 624 

oversampling factor of 3 was used (i.e. internally, samples were taken at 60 Hz), to 625 

avoid aliasing. The oversampling error was then removed with the transfer function 626 

given by Horst and Oncley (2006). The RM Young 81000V do not offer the option of 627 

oversampling at 20 Hz, but since they were mounted higher than the CSAT-3 at 2.5 m, 628 

aliasing would have been smaller and was thus neglected. 629 

In the Coorong, measurements were taken only on days when the aircraft was 630 

available, usually for between 2 and 6 h in the afternoon. The data were divided into 631 

runs of 30 min duration, synchronised between sonics to 1 s precision. Data analysis 632 

was restricted to wind directions between 164° and 339° relative to geographic north. 633 

The fetch over uniform pasture was of order 3 km for these directions. Runs with 634 

positive stability parameter L (near dusk) were excluded. During eight days of 635 

measurement, there were 44 runs of acceptable wind direction when all sonics operated 636 
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simultaneously. Of these, 25 were on the four days when zi could be determined with 637 

confidence from the aircraft data (see Section 5.5): 6, 10, 5 and 4 on 13, 14, 15 and 638 

16 October 2005, respectively. 639 

Characteristics of the sonic anemometers were compared in a separate 640 

experiment. Each sonic was set up on its own mast, 5.5 m apart in a straight line, 641 

3.88 m above a flat paddock with an upwind fetch of 600 m. In this comparison 642 

experiment, running for 3 days (daytime only), the standard deviation of T differed by 643 

3 % between CSAT-3 and RM Young, and by 1 % between sonics of the same type. 644 

Vertical temperature fluxes differed by 4 % between types and 2 % between identical 645 

sonics, respectively. u* typically differed by 3 % on average for any pair, but with 646 

much larger scatter than for T and ''Tw , while (k  z)
1/3

 differed only by 1 % on 647 

average, for any pair, with very little scatter. These differences were considered small 648 

enough that no retrospective corrections had to be applied to the Coorong data. Power 649 

spectra and cospectra were also compared and did not indicate any systematic 650 

differences between CSAT-3 and RM Young. 651 

At Aorangi, measurements ran continuously from 8 to 28 November 2008, with 652 

only a handful of brief interruptions for data backup and clock resetting. A total of 653 

1416 runs of 20 min duration were obtained. The size of the dataset allowed to 654 

determine the relationship between streamline tilt angle and wind direction. A 655 

sinusoidal pattern suggested a tilt of the instrument (incorrect levelling), leaning 1.8º 656 

off the vertical to the south-west. This finding agreed with the visual impression, in 657 

situ and on photographs, and therefore this tilt was removed in postprocessing by 658 

coordinate rotation. After that, a direction-independent apparent tilt of 1.3º downwards 659 

remained. This was interpreted as a flow distortion effect induced by the top-down 660 

asymmetry of the sonic probe on top of the mast, and corrected for by subtracting a 661 

corresponding fraction of the horizontal wind component from the vertical wind 662 

component, for each 20 Hz data point, before calculation of statistical moments and 663 

spectra. 664 

 665 

5.4 Computation of spectra and SFL parameters 666 

Power spectra for the wind components and temperature, as well as cospectra, were 667 

computed with the wavelet algorithm of Grinsted et al. (2004), based on the Morlet 668 

wavelet. We compared the wavelet-based spectra to spectra based on traditional 669 

Fourier transform and found the former slightly smoother than the latter but without 670 
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any systematic differences. The horizontal wind spectra, Su, were used to calculate , 671 

via the inertial-subrange relationship 672 

Su( ) =  
2/3

 
5/3

 (14) 673 

where  = 0.5 is the Kolmogorov constant (Sreenivasan 1995). The temperature flux 674 

measured by sonic anemometry was used as H0 in (2), neglecting the small difference 675 

between acoustic temperature and virtual temperature, in order to compute o. In the 676 

Coorong, where two heights were available, the temperature flux at 2.5 m was used. 677 

Then, zs and u  were obtained from (11) and (12), respectively. 678 

In order to convert from frequency n (observed with a fixed sampling rate) to 679 

wavenumber , the translation speed needs to be defined. While small eddies, in 680 

particular those from the inner inertial subrange, quite plausibly travel at the local wind 681 

speed u(z), this cannot be expected for the outer eddies. The largest, CBL-spanning, 682 

eddies travel at the mean wind speed of the free CBL, um. This value is likely to be the 683 

upper limit for the translation speed of the heat-transporting eddies. Like o, um is not 684 

available from measurements within the SFL. On the other hand, based on the notion 685 

that zs sets the minimum size of the attached eddies, it is reasonable to suppose that 686 

us = u(zs) is a good approximation of their translation speed. We estimate us by 687 

extrapolation from the wind speeds measured within the SFL, using the classical 688 

surface-layer wind profile for unstable stratification (Paulson 1970). Frequency is then 689 

converted to wavenumber by  = 2  n/us, and  is non-dimensionalised by 690 

multiplication with an appropriate length scale. 691 

Scaling of the spectra, both measured and modelled, was done for each run 692 

individually. Scaled spectra were then averaged into classes, as described in Sections 693 

6.1 and 6.2. 694 

 695 

5.5 Estimation of CBL depth 696 

In the Coorong experiment, the depth of the CBL was determined twice per day. 697 

Aircraft measurements of vertical profiles of temperature and wind speed were 698 

collected before and after flying the grid pattern. zi was then taken as the bottom level 699 

of the lowest strongly stable section of the potential temperature profile. For the first 700 

four days of measurements, aircraft profiles were either not reaching high enough or 701 

showed a complex CBL structure, so that the extent of the outer layer relevant for our 702 

scaling purposes was ambiguous. We therefore restrict analysis to the last four days, 703 
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when zi was either approximately constant between profiles (13 October, 725 m) or 704 

grew at an average rate, taken linearly in time, that seemed plausible (25 m h
1
 on 705 

14 October, for an already deep CBL, or 63 m h
1
 on 15 and 16 October, for the 706 

initially shallow CBL shortly after arrival of the sea breeze at the pasture site). 707 

At Aorangi, lack of direct measurements of CBL depth made it necessary to 708 

derive this parameter from the frequency of the maximum of the horizontal wind 709 

spectrum, nm, setting zi = u/(1.5 nm). It was found that the 20-min averaging period was 710 

in some instances (of low wind speed) too short to do this, and the spectra in general 711 

very erratic with multiple peaks, causing frequent ambiguity about nm. Therefore, u 712 

spectra were recalculated for 60-min averaging periods, and instead of simply using 713 

the absolute maximum, the first up to six local maxima of the (still erratic) spectrum 714 

were considered as candidates for nm. These candidates were then screened in the 715 

context of the likely temporal evolution of the CBL for each day – in other words, the 716 

sequence of hourly u spectra of each day was visually examined for persistent features, 717 

compatible with knowledge of the heat flux, cloud cover, and wind direction, to select 718 

the most likely value for zi. The hourly means of zi obtained in this way were assigned 719 

to the central 20 min of the hour, and then interpolated between hours to provide 720 

intermediate values for the first and last 20-min subperiod of each hour. This 721 

procedure, partly subjective, resulted in plausible temporal evolution of CBL depth, 722 

with growth in the morning and slow changes (up or down) in the afternoon, as well as 723 

in a few instances rather sudden changes associated with wind direction changes (front 724 

arrivals). It is possible that occasionally the wrong choice of nm was made, but because 725 

zi is a fairly conservative variable in the afternoon, and has a fairly predictable growth 726 

pattern in the morning, its error is unlikely to be more than 30 %, which should be 727 

sufficiently small for the scaling purposes considered below. 728 

 729 
 730 

6 Results and discussion 731 

Here we describe the CBL conditions for both experiments and, based on this, how the 732 

runs were sorted into classes. We then compare key parameters of our new scheme 733 

with their Monin-Obukhov counterparts. Next, the temperature spectra are presented 734 

and discussed, followed by the heat flux cospectra. 735 

 736 
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6.1 Aorangi experiment: CBL development and data classification 737 

At Aorangi, the predominant westerly wind directions were usually associated with 738 

variable cloud cover, often overcast. The maximum CBL depth, reached in the early 739 

afternoon and changing little until evening, was typically 300 to 500 m for these 740 

conditions, limited to such rather low values by the influence of the coastline 20 km to 741 

the west. On a minority of days, easterly winds prevailed, with less or no cloud cover. 742 

Then, zi reached afternoon values of 600 to 800 m. Within these ranges of variability, 743 

the CBL evolution was fairly similar between days. By including runs from the CBL 744 

growth phases in the mornings, the total range of zi values encountered spans about 745 

1.5 decades. 746 

Runs were considered suitable for analysis if they fulfilled the criteria of 747 

u* > 0.1 m s
1
 and H > 20 W m

2
. Of these runs, many with small z/zs (potentially very 748 

close to neutral stratification) had to be excluded due to significant noise in the 749 

temperature spectra. All runs with very small temperature variance ( T < 0.15 K) had 750 

noisy T spectra, accounting for half of the excluded runs. Runs with 0.15 < T < 0.35 K 751 

were manually screened to exclude those with unacceptable noise levels (accounting 752 

for the other half). 753 

A total of 509 runs were accepted. The z/zs values for these spread from 0.010 to 754 

0.79, with a broad maximum around the average value of 0.13. Only 6 runs were found 755 

in the upper half of the SFL (z/zs > 0.5). The data are sorted into five classes, named A 756 

to E according to decreasing z/zs, with the thresholds between classes chosen to 757 

compromise between the competing ideals of significantly different z/zs on the one 758 

hand, and similar class sizes (for similar levels of random error) on the other hand. 759 

These thresholds are: z/zs < 0.04 for Class E, 0.04 < z/zs < 0.09 for D, 0.09 < z/zs < 0.14 760 

for C, 0.14 < z/zs < 0.22 for B, and 0.22 < z/zs for A. In addition, a Class A* (near SFL 761 

centre, z/zs > 0.4) is defined as a sub-class of A rather than a separate class, comprising 762 

14 runs only. This approach spreads the z/zs range under investigation while keeping 763 

the size of Class A large enough to have a level of random error comparable to that of 764 

Classes B to E. Table 1 shows class sizes and average values of some SFL parameters. 765 

Wind speed and u* are positively correlated with zs, while zi is not – in fact, there a no 766 

significant differences in zi between the classes. 767 

 768 
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6.2 Coorong experiment: CBL development and data classification 769 

In the Coorong, z/zs ranged from 0.017 (at z = 2.5 m) to 0.52 (at z = 7.0 m). The 770 

25 selected runs were sorted into classes A to E as shown in Table 2. The primary 771 

classification is comparable to that for Aorangi, but based on zs rather than z/zs in order 772 

to allow direct assessment of the effect of z. Neighbouring classes differ by about a 773 

factor 1.5 to 3, except for Classes B and C, which cover the same range for zs. These 774 

two classes, however, were from days with very different CBL depth, so zi was used as 775 

a secondary sorting parameter. The classification is based on the strong differences in 776 

CBL and SFL characteristics between measurement days, as follows. 777 

On 13 October, the outer layer was represented by a well-mixed CBL, with 778 

neutral potential temperature profile. This CBL was capped at 725 m by a well-defined 779 

strong inversion. Wind speeds within it were high, with us > 11 m s
1
, and 780 

consequently, stratification was nearer to neutral than on the other days. Wind 781 

direction was steady around 240°. This day provided the runs of Class E. 782 

On 14 October, wind direction was also steady, at 220 (±10)°, but wind speeds 783 

were much lower, with us  3 m s
1
 until 1300 h, then steadily increasing to about 784 

6 m s
1
. When the aircraft arrived at 1050 h, a CBL had already developed up to 785 

1190 m. By 1300 h, this CBL had grown to 1245 m and heated up by about 1 K on 786 

average. In the upper half of the CBL the potential temperature profile was slightly 787 

stable, with a gradient of 0.6 x 10
3
 K m

1
 at 1050 h and 1.4 x 10

3
 K m

1
 at 1300 h; in 788 

the lower half the profile was neutral. Stratification in the surface layer was moderately 789 

to strongly unstable: L < 25 m and, in good accord with (7), zs < 28 m. This day 790 

provided the runs of Classes A and B. 791 

By contrast, on 15 and 16 October the CBL was a shallow sea breeze, the sudden 792 

arrival of which was detected by the sonic anemometers on both days. On 15 October, 793 

this sea breeze arrived at the pasture site at 1332 h. From the aircraft sounding at 794 

1400 h, its depth was obtained as 222 m, indicated both by a sudden increase in 795 

potential temperature and a reversal of wind direction. At the end of this day, the 796 

aircraft did not fly an ascent high enough to determine CBL depth, which was 797 

therefore estimated on the assumption that the CBL growth rate of 16 Oct also applied 798 

on 15 October. On 16 October, the depth of the sea breeze layer grew from 80 m at 799 

1200 h to 215 m at 1410 h. The CBL was thus shallower than on 15 October. Values 800 

for wind speed and zs on these two days were intermediate between those of 13 and 801 

14 October. Sorting by zs, one run from 15 October and three from 16 October form 802 

Class C, and four runs from 15 October and one from 16 October form Class D. 803 
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 804 

6.3 Comparison of new and traditional parameters 805 

Section 4.1 concluded noting the "approximate equality" of SFL depth and the 806 

(negative) Obukhov length. In Fig. 1 it is shown with what uncertainty this relationship 807 

applies to the present two datasets. There, the solid line indicates a slope of 1.1, which 808 

would be obtained if o = 1.1, as we assume throughout, and u  = u*. The latter 809 

assumption we have avoided, by computing  from (14) and using (11) to estimate z/zs. 810 

As a result of that procedure, we find z/zs  z/L only for z/L < 0.2 or so (Fig. 1). By 811 

contrast, for z/L > 0.2 we find that z/L frequently and considerably exceeds z/zs, and 812 

does so with large variability, indicating that the difference between u
3
 and u*

3
 is often 813 

significant. This implies, firstly, that z/zs tends to be more constrained at the upper end 814 

of its range (here: < 0.8) than z/L (here: < 3), and secondly, that runs classified as 815 

moderately to strongly unstable, according to z/L, spread across all classes of our 816 

classification by z/zs. 817 

These results warrant a closer look at u  values, which are not included in Tables 818 

1 and 2. From (12) it follows that u /(k  z)
1/3

 > 1 for z/zs < 0.8, with a maximum of 819 

1.13 at z/zs = 0.247. By implication, in the region 0.1 < z/zs < 0.3, where the majority of 820 

the Aorangi data are found, u  can be expected to exceed u* typically by 10 % 821 

(modifying (7) for that height region to –zs/L  1.2). Fig. 2 shows that the majority of 822 

u  values, from both experiments, fall indeed between u* and 1.2 u*, consistent with 823 

this expectation and a random error of u* of order 10 %. However, Fig. 2 also shows 824 

that for relatively weak wind speeds (u* < 0.3 m s
1
) this orderly relationship between 825 

u* and u  disappears and the latter tends to greatly exceed the former, with large 826 

variability. It is this variability that explains the enormous scatter in Fig. 1. 827 

Also shown in Fig. 1 are dashed lines marking ±70 % deviation from the slope of 828 

1.1, indicating the estimated uncertainty of o and thus o. This uncertainty potentially 829 

adds further variability not accounted for in Fig. 1, due to lack of knowledge of true o. 830 

To summarise, we find that the relationship (7) is fairly accurate only for 831 

moderate to strong, and steady, wind speeds (conditions that cause z/L < 0.2). In 832 

general it should be viewed as an order-of-magnitude relationship only. As a 833 

consequence, classifications by z/L, commonly found in the literature, can be 834 

interpreted as approximations of a z/zs classification, with the match between the two 835 

classifications becoming increasingly poorer as both parameters increase. 836 

 837 
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6.4 Temperature spectra – comparison to the Kansas model 838 

Here we compare our temperature spectra with the "Kansas spectra" of KWIC72, 839 

which have become a standard in boundary-layer meteorology. These spectra are 840 

normalised according to the rules of the Monin-Obukhov similarity theory (Monin and 841 

Obukhov 1954), but with an additional factor N 
1/3

, where  is given by (3) and N 842 

is the dimensionless dissipation of temperature variance. This factor is designed to 843 

force collapse of the inertial subranges of the various spectra. 844 

The temperature spectra from Aorangi, scaled with the Kansas scheme, are 845 

shown in Fig. 3, and from the Coorong in Figs. 4 and 5, for the classes listed in Tables 846 

1 and 2, respectively. The frequency axis is scaled using measurement height as the 847 

length scale and local wind speed at that height as the velocity scale. On the amplitude 848 

axis, we include, like KWIC72, the factor N 
1/3

. Assuming local balance between 849 

dissipation and 'production', the dimensionless dissipation of temperature variance, N, 850 

is substituted by the dimensionless temperature gradient, h, using the best-fit 851 

expression of Högström (1988, Eq. 15). SHHS07 followed the same practice. We 852 

include in Figs. 3 to 5 a curve describing the range where SHHS07 found the spectra 853 

for runs of "unstable, very close to neutral (UVCN)" stratification to collapse. This 854 

curve essentially agrees with the Kansas spectrum for f > 0.7, but at lower frequencies 855 

it has a lower amplitude, with a maximum at f  0.25. SHHS07's curve is not extended 856 

below f < 0.15 because no universal shape was reported there. 857 

The following features are observed in Figs. 3 to 5. First, at low frequencies and 858 

in the peak region, the measured spectra fall between the curves marked as "Kansas 859 

(neutral)" and "Kansas (max.)". Second, the class with the largest zs (E) has 860 

consistently more power at low frequencies than the other classes, and (if the spectra 861 

were smoothed further) would have the lowest peak frequency. By contrast, the class 862 

with the smallest zs (A) displays the highest peak frequency in Figs. 4 and 5, in line 863 

with the behaviour observed by KWIC72 and referred to in the first paragraph of 864 

Section 1. Third, in the inertial subrange the spectra from the five classes collapse well 865 

(except Class E in Fig. 3, due to high-frequency noise) and approach the neutral 866 

Kansas model curve, as well as that of SHHS07. Thus, our data are compatible with 867 

the data of KWIC72 and, since they do not quite reach into the "UVCN" range, also 868 

with those of SHHS07. 869 

KWIC72 fitted the neutral power spectra from Kansas for T and the velocity 870 

components to match a slope of 1 for the lower asymptote (f  0) and a slope of 2/3 871 

for the upper asymptote (f  ), and to display a single peak in between. Curiously, 872 
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the temperature spectrum is the only one for which KWIC72 deviated from the general 873 

shape by defining separate branches for lower and higher frequencies, joined at 874 

f = 0.15 (about twice the peak frequency). The joint of the two branches appears as a 875 

slight kink in Figs. 3 to 5, suggesting the possibility of two turbulence regimes (two 876 

types of eddies) contributing to the shape of the T spectrum. KWIC72 did not discuss 877 

this. 878 

Figs. 3 to 5 show that, at high frequencies, our T spectra converge towards the 879 

well-collapsed part of the spectrum observed by SHHS07 (their Figs. 8 and 9) for 880 

"UVCN" stratification (indicated with thick dots). In our interpretation, this indicates 881 

that inner eddies are – at least approximately – scaled correctly with the traditional 882 

(inner) scaling parameters. However, at low frequencies and in the peak region, where 883 

we expect outer eddies to be the main agents of transport, inner scaling is unable to 884 

provide a universal description of the T spectrum. 885 

 886 

6.5 Temperature spectra – scaling with the impinging-eddies model 887 

When scaling spectra (or cospectra) with the impinging-eddies model, as in this and 888 

the following subsection, we are interested in collapsing the peak positions between 889 

different classes and different experiments. Model spectra have a single and 890 

unambiguous peak, which separates a low-wavenumber flank, where the general trend 891 

of the amplitude is to increase, and a high-wavenumber flank, where the general trend 892 

is to decrease. By contrast, observed spectra display some degree of raggedness 893 

throughout (particular those from the Coorong, due to the small number of runs in each 894 

class). This raggedness does not mask the general trends on the flanks, but it leads to 895 

some ambiguity about the peak coordinates: the spectra have a "peak region" with 896 

multiple local maxima, usually not far apart. One could apply a smoothing procedure 897 

to reduce such ragged regions to single peaks, but we decided against that because 898 

such manipulation would remove the reader a step further from seeing the original 899 

results. Instead, we will use the term "peak" somewhat loosely to describe a smoothed 900 

hypothetical maximum, in the centre of the "peak region". This "peak" can also be 901 

viewed as the location where the extrapolated trends of the two flanks would intersect. 902 

In effect, the reader is expected to do some smoothing of the peak region by eye. We 903 

claim good collapse of observed spectra on the wavenumber axis when large fractions 904 

of their peak regions overlap, and we claim a match with a model curve when the peak 905 

position of the latter sits well within that peak region. On the amplitude axis, we claim 906 
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good collapse on a smoothed-by-eye basis. Even without defining a smoothing 907 

procedure, this is in practice well enough constrained, given the considerable 908 

uncertainties of the scaling parameters. These uncertainties are discussed further 909 

below. 910 

Our hypothesis is that attached outer eddies of scale zs transport heat through 911 

most of the depth of the SFL. What is not yet clear is how to implement this 912 

hypothesis. Rather than present our solution to this problem directly, we first show a 913 

result from an earlier stage of our empirical investigation. In Fig. 6, the temperature 914 

spectra are scaled with the parameters that MCM07 found to collapse the peak regions 915 

of T spectra above the SFL, i.e. a velocity scale (z o)
2/3

 on the amplitude axis and a 916 

mixed length scale (zi z)
1/2

 on the wavenumber axis. This scaling produces a family of 917 

spectra whose peak positions, on both axes, systematically approach the peak of 918 

MCM07's spectrum as z/zs increases. This is encouraging orderliness, by contrast to 919 

Figs. 3 to 5, but it is clear that we must introduce a dependence on z/zs into the scales 920 

for both axes if we are to turn orderly progression into collapse. 921 

Since our model expects zs to be the length scale of the transporting eddies rather 922 

than z, we replace z with zs on the wavenumber axis, giving a mixed length scale 923 

(zi zs)
1/2

. The visual impression of this scaling for the Aorangi data (Fig. 7) is excellent 924 

collapse of peak positions between classes, as well as excellent match with the above-925 

SFL value of 4.83. For the Coorong (Figs. 8 and 9), the spread between classes appears 926 

wider, but the overall match with the above-SFL value is still good. For the amplitude 927 

axis we proceed empirically, finding good collapse with each other, as well as best 928 

match with the above-SFL value of 0.7, when using (zs z)
1/3

 o
2/3

, as shown in Figs. 7 to 929 

9. To quantify the visual impressions, we discuss the uncertainty of the scaling on both 930 

axes next. 931 

The largest parameter error can be attributed to o, of order ±70 %. Since 932 

zs  o
1
, in first-order approximation of (10), the amplitude scaling with zs

1/3
 o

2/3
 is 933 

uncertain by about 25 %. The scaled amplitudes for Aorangi do indeed agree with 934 

MCM07 within 15 %, and for Coorong within 25 %. Also, the error of o may conceal 935 

systematic trends, because the real o depends on variables that were not measured, 936 

like entrainment of kinetic energy. This might explain why the classes with z/zs > 0.4 937 

(A* for Aorangi, Fig. 7; A for Coorong at 7.0 m, Fig. 8) have lower amplitudes than 938 

the others. 939 
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On the wavenumber axis, ±30 % error of zs
1/2

 is due to the uncertainty of o. This 940 

error component alone can thus explain the observed spread of ca. 20 % between peaks 941 

at Aorangi (Fig. 7). For the Coorong, adding rough error estimates of 10 % for zi
1/2

 and 942 

20 % for us (since   us
1
) results in a total mean square-root error of order 40 %, 943 

which is similar to the observed spread of the "peaks" (in the sense explained at the 944 

start of this section) in Figs. 8 and 9. In addition, potential inaccuracy of the assumed  945 

profile (10), particularly in the region 0.1 < z/zs < 0.3, may have caused bias of zs. 946 

Overall, it is concluded that the scaling in Figs. 7 to 9 achieves peak collapse on 947 

both axes within experimental error. A cautious estimate of the scaled peak 948 

wavenumber is  (zi zs)
1/2

 = 4.5 (±1.5), which agrees with the peak location that 949 

MCM07 found above the SFL on a  (zi z)
1/2

 axis (their Fig. 8). Our best estimate for 950 

the peak amplitude, scaled with (zs z)
1/3

 o
2/3/ ''Tw

2
, is 0.7 (±0.1), also in agreement 951 

with the above-SFL results if zs is replaced by z. The proposed scaling thus produces 952 

results that are consistent between the two present datasets and, via a smooth 953 

parameter transition for z  zs, with MCM07. This consistency means considerable 954 

improvement over the Kansas model, which does not predict exact peak locations or 955 

amplitudes but only a region (shaped as a curved band in frequency-amplitude space) 956 

into which the spectra are expected to fall. 957 

The mixed length scale on the wavenumber axis, in our interpretation, describes 958 

zs-scale eddies (the smallest outer eddies that survive interaction with inner eddies) that 959 

are organised into a pattern by the largest eddies that can exist in the CBL, of zi-scale. 960 

Though there is no mathematical theorem that says so, the pattern found in the present 961 

data and by MCM07 seems to be that a mixed length scale is always the geometric 962 

mean of the interacting scales. "Interaction" may mean that the larger-scale process 963 

modulates or organises the processes at the smaller scale. 964 

On the amplitude axis, the mixed energy (velocity) scale (zs z)
1/3

 o
2/3

 can be 965 

interpreted as follows. Our hypothesis from Section 3.5 is that heat transport in the 966 

SFL is predominantly by zs-scale eddies, which would suggest a velocity scale 967 

(zs o)
2/3

. However, the vertical motion of these eddies is blocked by the ground, and 968 

the strength of the blocking effect must be a function of z/zs. The empirically found 969 

velocity scale from Figs. 7 to 9 can be rewritten as (zs o)
2/3

 (z/zs)
1/3

, suggesting that 970 

blocking introduces the factor (z/zs)
1/3

 to the amplitude scaling, so that the plume 971 

velocity approaches zero at the ground. An analogy for this behaviour was observed by 972 

MCM07 above the SFL. They found that for small wavenumbers, on a (  zi)-abscissa, 973 

an amplitude scaling factor of (zi o)
2/3

 (z/zi)
1/3

 collapses the temperature spectra (their 974 
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Fig. 9). They interpret this to describe CBL-spanning eddies with a velocity scale 975 

(zi o)
2/3

 that are blocked by the ground, with a blocking factor (z/zi)
1/3

. The form of the 976 

amplitude scaling factor is consistent between MCM07 and the present data, except 977 

that in their case it applies to zi-scale eddies and in the present data to zs-scale eddies. 978 

The appearance of z in the amplitude scaling factor, therefore, does not represent the 979 

action of inner eddies but describes the blocking of the outer eddies by the ground. 980 

Apart from the successful collapse of peak locations, Fig. 7 has another distinct 981 

feature: as z/zs decreases successively from Class A* to E, the amplitude of the high-982 

wavenumber flank, for  zi
1/2

 zs
1/2

 > 30, systematically increases. In Figs. 8 and 9, the 983 

systematic increase in amplitude at high wavenumbers is less certain than in Fig. 7, 984 

probably because it is masked by errors in wavenumber scaling. The systematic 985 

progression with z/zs for large wavenumbers in Fig. 7 can be converted to a collapse of 986 

curves by changing the length scale on the wavenumber axis to zi
1/4

 zs
1/4

 z
1/2

 (Fig. 10). 987 

This new length scale can be rewritten as [(zi zs)
1/2

 z]
1/2

, suggesting that it mixes a 988 

simple length scale (z) with one that is itself mixed already. It collapses Classes B to E 989 

well for 7 <  zi
1/4

 zs
1/4

 z
1/2

 < 70, and the reason for lack of collapse at even larger 990 

wavenumbers is, very likely, instrumental noise. The obvious outlier is Class A. This 991 

class shows, in Fig. 7 already, a lower amplitude than the other classes throughout all 992 

wavenumbers, which, as argued above, may be due to systematic error of o. If this 993 

explanation is correct, then the Class A spectrum should be rescaled so that its peak 994 

height approximately matches the peak heights of Classes B to D in Fig. 7. Such a 995 

rescaling would remove the mismatch at large scaled wavenumbers in Fig. 10, too, 996 

resulting in collapse of all classes within experimental error. 997 

The doubly-mixed wavenumber scaling in Fig. 10 provides a smooth transition 998 

of scaling parameters at the top of the SFL. As before with the peak scaling, if zs is 999 

replaced by z on both axes for z/zs > 1, then the results of MCM07 are reproduced. In 1000 

their Fig. 10, all spectra collapse onto a line described by the function b (  zi
1/4

 z
3/4

)
-2/3

, 1001 

where b = 2.63 (±0.07), for the range  zi
1/4

 z
3/4

 > 20. Our Fig. 10 shows the 1002 

corresponding function for the doubly-mixed length scale, with the same amplitude 1003 

factor b, and we find that this function matches the spectra of Classes B to E well, for 1004 

scaled wavenumbers > 20. This quantitative consistency with MCM07 is further 1005 

support for the suggested doubly-mixed length scale. 1006 

To interpret this doubly-mixed scale, we note that, in this wavenumber range, the 1007 

eddies acting on the temperature field are detached eddies of the inner Richardson 1008 

cascade, with sizes scaling on z. We expect these eddies to shred the margins of the 1009 
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larger plumes. In other words, we expect an interaction between the plumes scaling on 1010 

the mixed length scale (zi zs)
1/2

 and the eroding eddies of z-scale. Again, we find that 1011 

interactions produce mixed length scales which are the geometric mean of the 1012 

interacting length scales. This explanation is the same as that offered by MCM07 for 1013 

their mixed scale zi
1/4

 z
3/4

 in the corresponding wavenumber range region above the 1014 

SFL (their Fig. 10). We further note that in both cases the velocity scale on the 1015 

amplitude axis needed to collapse the large-wavenumber regions is the same that 1016 

successfully collapses the peak regions, indicating that the shredded filaments travel 1017 

with the rising main plumes. 1018 

 1019 

6.6 Scaling of heat flux cospectra 1020 

For the heat flux cospectra there seems to be no alternative to scaling the ordinate on 1021 

the total heat flux at the ground, though this scales the area under the spectrum (in 1022 

semi-logarithmic presentation) rather than the peak amplitude. For this reason, if there 1023 

is a difference in amplitude between two cospectra in one waveband, there must be a 1024 

balancing difference in cospectral amplitude at other wavebands. Therefore we do not 1025 

expect perfect collapse of peak heights and concentrate on peak wavenumbers. 1026 

Again there is a question about how to implement our conceptual model, and 1027 

again we test a number of alternative scaling schemes. We begin by using the mixed 1028 

length scale that successfully collapses the positions of the peaks of the T spectra, 1029 

zi
1/2

 zs
1/2

. This tests the proposition that the lengths and aggregations of the flux-1030 

carrying structures are the same as those of the temperature structures themselves. We 1031 

find that collapse in peak positions between the classes is not as good as for the T 1032 

spectra. There is a clear trend for smaller z/zs being associated with higher peak 1033 

wavenumbers in the Aorangi data (not shown) – in fact not only the peak region, but 1034 

the whole spectrum shifts systematically upwards as z/zs decreases. In the Coorong, a 1035 

similar systematic shift with z/zs is not observed (Fig. 11). The cospectra agree with 1036 

those from Aorangi in that Class E has the flattest and widest shape and the largest 1037 

peak wavenumber, and that for Classes D and C (increasing z/zs) the peak wavenumber 1038 

decreases to approach that found for the T spectra. However, as z/zs increases further 1039 

(B and A), the peak wavenumber increases again. In the Coorong, a major difference 1040 

between Classes D and C on the one hand and B and A on the other is that the former 1041 

represent small and the latter large zi, so it seems that the influence of zi on the 1042 

wavenumber scaling has been exaggerated with an exponent of 1/2. Further, the peak 1043 
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wavenumbers for z = 7.0 m (not shown) are consistently smaller than those for 1044 

z = 2.5 m (Fig. 11), suggesting that z should be included in the length scale. 1045 

These observations lead us to test the doubly-mixed length scale that collapses 1046 

the large-wavenumber ranges of the T spectra, zi
1/4

 zs
1/4

 z
1/2

. Both for Aorangi (Fig. 12) 1047 

and for the Coorong (Figs. 13 and 14) this length scale successfully collapses the peaks 1048 

of the cospectra of Classes A to D. Of particular note is that the peaks are in the same 1049 

position in all three plots, at a scaled wavenumber of about 1.2 (±0.3). 1050 

The appearance of the doubly-mixed length scale is interpreted as follows. The 1051 

heat-transporting entities are not simply the whole (zi
1/2

 zs
1/2

)-scale plumes as detected 1052 

by their temperature signatures, but z-scale structures acting within the context of the 1053 

(zi
1/2

 zs
1/2

)-scale plumes. This involvement of z-scale eddies helps to explain how heat 1054 

transport in (zi
1/2

 zs
1/2

)-scale plumes can be so effective at heights down to only a few 1055 

percent of zs. It appears that there are z-scale eddies within zs-scale eddies within zi-1056 

scale eddies, and these sweep up plumes within plumes within plumes, with a 1057 

handover of heat upwards from one scale to another, and a handover of organisation 1058 

downwards from one scale to another. This can be described as a top-down 1059 

organisation of a bottom-up heat flux, extending right down almost to the smallest 1060 

scales. 1061 

At very small z/zs the doubly-mixed scale fails to collapse the cospectral peaks. 1062 

The Class E cospectrum from Aorangi (Fig. 12), for which mean z/zs = 0.027, shows a 1063 

plateau instead of a clear peak that spans the range 1 <  (zi
1/4

 zs
1/4

 z
1/2

) < 12, and in the 1064 

Class E cospectrum from the Coorong at 2.5 m (Fig. 14), for which mean z/zs = 0.023, 1065 

a distinct peak emerges at the upper end of this range, on top of a similar plateau. The 1066 

small values of z/zs place these observations within the near-ground layer where simple 1067 

inner scaling is expected (Kader and Yaglom 1990). Inner scaling implies that the 1068 

acting eddies are of z-scale. To test this scaling, the cospectra from the Coorong at 1069 

2.5 m are shown on a (  z) abscissa in Fig. 15, together with the neutral (0
+
) Kansas 1070 

cospectrum.  z differs from the normalised frequency f in "Kansas scaling" (KWIC72) 1071 

only by the factor 2  u/us. For Class E, u/us = 0.67, while for Class A, u/us = 0.82. 1072 

This spread is visualised by the thickness of the Kansas model curve in Fig. 15. The 1073 

peak of Class E is located at  z = 1.1 (±0.2), so in Kansas scaling, the peak location 1074 

would be at f  0.26. This agrees excellently with the position where SHHS07 find 1075 

peaks in their cospectra for "unstable, very close to neutral" stratification. It also 1076 

matches the cospectral peak position of "BOMEX data" that "show considerable 1077 

departure" (from the 0
+
 curve), reported by KWIC72 in their Fig. 14. 1078 
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Not only does the (  z)-scaling in Fig. 15 lead to agreement of the peak location 1079 

of Class E with the peak locations in BOMEX and SHHS07, but at this peak location 1080 

we also observe an orderly trend of the cospectral amplitude to decrease with 1081 

increasing z/zs (from Class E to A). This trend is opposite to that in the region where 1082 

Classes A to D have their peaks (at  z  0.2, but as shown in Figs. 12 to 14, properly 1083 

scaled with the doubly-mixed length scale). Our interpretation of this pattern is that the 1084 

heat flux cospectrum is generally composed of two contributions: one from the plumes 1085 

organised by outer eddies, as described above, and one from the inner eddies. It is 1086 

likely that the two contributions reflect not coexistence of different eddy processes in 1087 

the same place and time, which is unlikely in such a non-linear system, but alternation 1088 

in time as the energy of the inner eddies track outer-scale variations in wind speed and 1089 

shear stress. The two contributions are of equal strength for z/zs  0.03, and the trend 1090 

suggests that the inner scaling will dominate at lower z/zs. Inner scaling occurs at 1091 

wavenumbers associated with the action of detached eddies. These are the largest 1092 

wavenumbers in every cospectrum, as evident from the asymptotic collapse of all 1093 

classes at large  z (Fig. 15). At these wavenumbers, the contribution to the heat flux 1094 

depends only on the sizes and energies of the local detached eddies, which implies that 1095 

this contribution may be modelled using a mixing-length model. However, this is not 1096 

true for the larger-scale contributions to heat transport, which are organised in top-1097 

down fashion. 1098 

The pattern in Fig. 15 of two preferred peak locations, with a systematic 1099 

transition between them, is similar to that reported by SHHS07. Such a pattern may 1100 

also have been present at Kansas, but was probably missed by KWIC72 because they 1101 

did not use a z/zs classification. They did report the range of variability, though: the 1102 

unstable heat flux cospectra at Kansas fell into a band either side of the neutral (0
+
) 1103 

curve, with possible peak amplitudes within that band ranging from ca. 0.15 to 0.3, at 1104 

peak locations 0.02 < f < 0.3. These ranges are fully compatible with the present 1105 

observations. Fig. 15 suggests that the neutral Kansas curve does not represent the true 1106 

shape of any single cospectrum, but is a compromise between, or a composite of, many 1107 

runs with peaks that did not collapse with each other. At a time when surface-layer 1108 

turbulence was considered to have a single dominant length scale, and spectra and 1109 

cospectra were accordingly fitted with single-peaked functions, this was probably an 1110 

inevitable outcome. 1111 

 1112 
 1113 
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7 Conclusions 1114 

In this paper we have continued the development of the turbulence model of 1115 

McNaughton (2004a, b, 2006) and MCM07 by applying it to heat transport within 1116 

the SFL, of depth zs. We have presented temperature spectra and heat flux cospectra 1117 

from observations made within the SFL, at two different sites. Using the same methods 1118 

for scaling analysis as used by MCM07, we find that: 1119 

• The positions of the peaks of temperature spectra collapse, for the whole range 1120 

of z/zs encountered (0.01 < z/zs < 0.79), when wavenumbers are scaled with the 1121 

geometric mean of zs and CBL depth, zi. The scaled peak wavenumber is 1122 

 (zi zs)
1/2

 = 4.5 (±1.5). 1123 

• The heights of the peaks of temperature spectra collapse when wavenumbers 1124 

are scaled using (zs
1/2

 z
1/2

)
2/3

 o
2/3/ ''Tw

2
, at a value of 0.7 (±0.1). 1125 

• There is evidence that at the larger wavenumbers associated with the action of 1126 

detached eddies, the temperature spectra collapse when amplitudes are scaled in 1127 

the same way as for the peak region, and wavenumbers are scaled using the 1128 

doubly-mixed length scale zi
1/4

 zs
1/4

 z
1/2

. 1129 

• As z approaches zs, the new scaling scheme provides a smooth transition to the 1130 

above-SFL scaling of spectral peaks found by MCM07, with zs being replaced 1131 

by z in the scaling factors on both axes. 1132 

• The positions of the peaks of the heat flux cospectra collapse, for z/zs > 0.03, 1133 

when wavenumbers are scaled using the doubly-mixed length scale zi
1/4

 zs
1/4

 z
1/2

, 1134 

at a scaled peak wavenumber of 1.2 (±0.3). 1135 

• At the larger wavenumbers associated with the action of detached eddies, the 1136 

heat flux cospectra collapse when wavenumbers are scaled with the inner scale 1137 

z. For z/zs < 0.03, this wavenumber range contains the cospectral peak, at 1138 

 z = 1.1 (±0.2). 1139 

• As z/zs decreases, the cospectral amplitude at the location of the "mixed" 1140 

cospectral peak decreases, while the amplitude at the location of the "inner" 1141 

peak increases. For z/zs  0.03, the amplitudes at both locations are about equal. 1142 

The above observations are fully compatible with the results of SHHS07, and 1143 

compatible with the results of KWIC72 when the limitations of their analysis are taken 1144 

into account. 1145 
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Kader and Yaglom (1990) divided the lower CBL into a dynamic sublayer, a 1146 

convective-dynamic sublayer and a convective sublayer. This division is compatible 1147 

with our observations: the dynamic sublayer can be identified as the layer up to 1148 

z/zs  0.03, where inner scaling dominates all statistics, the convective-dynamic 1149 

sublayer is the layer 0.03 < z/zs < 1, where momentum transport is dominated by inner 1150 

eddies while heat transport is under the mixed control of inner and outer eddies, and the 1151 

dynamic sublayer is the layer above the SFL, where all transport is by outer eddies. 1152 

In terms of model development, the present results are fully consistent with the 1153 

earlier results and predictions in the model of the eddy and plume processes developed 1154 

by McNaughton (2004a,b, 2006) and MCM07. In particular, they are fully consistent 1155 

with the prediction that the smallest outer eddies that can penetrate the SFL without 1156 

strong interaction with the inner eddies have lengths that scale on zs. Not only does zs 1157 

set the lengths of the thermal structures (plumes) observed within the SFL, but it also 1158 

plays a role in setting the vertical velocities of those plumes. Taking note of the 1159 

present results, we propose an important refinement of the model: it is not the 1160 

impinging outer eddies that directly transport heat through most of the SFL, but z-scale 1161 

inner eddies acting within the plume structures which themselves are organised, in top-1162 

down fashion, by the impinging outer eddies. This modification is significant in that it 1163 

provides an intermediate mechanism for the hand-over in scale of heat, from the z-scale 1164 

plumes of size  0.03 zs in the dynamic sublayer to the (zi
1/2

 zs
1/2

)-scale plumes 1165 

observed at the top of the SFL. 1166 

Further experiments to test our new scaling scheme are highly desirable. Such 1167 

experiments should be designed to address two shortcomings of the present data. First, 1168 

the parameters of the outer layer, o and zi, should be measured directly. Of these two, 1169 

o is the crucial one, both because it influences the values of the SFL parameters zs and 1170 

u , and because little is known about the "climatology" of o in general and the range of 1171 

validity of the indirect parameterisation discussed in Section 4.1. By comparison, zi 1172 

can be fairly well inferred from indirect methods, and plays only a limited role in the 1173 

wavenumber scaling (though it will also affect the amplitude scaling of horizontal 1174 

wind spectra, not discussed here). Second, the suggested shape of the dissipation 1175 

profile within the SFL, / o(z/zs), should be tested and refined by measurements, in 1176 

order to improve the accuracy of the zs estimation. 1177 

In principle, there is no feature in the new scaling scheme that would prevent it 1178 

from being applied to scalar variables other than temperature. However, in practice one 1179 

needs to carefully consider to what extent a change in scalar "concentration" across the 1180 
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CBL top, and resulting entrainment flux of that scalar, acts as an additional source of 1181 

(co-)variance that affects the (co-)spectral scaling. 1182 

 1183 
 1184 
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Tables 

 

Table 1 Classification of 20-min runs for Aorangi, according to the SFL depth, zs. 

Class A* is a sub-class of A, representing measurements near the SFL centre. 

zi is CBL depth. us is the mean translation speed of eddy structures, assumed 

as u(zs). For each class, means and standard deviations (in parentheses) of the 

parameter values are shown. Measurement height was 3.85 m. 

 

Class No. Runs zs (m) zi (m) zi / zs us (m s
1
) u* (m s

1
) 

  A*   14 7.9 (1.3) 318 (173)  41   (21) 2.0 (0.8) 0.20 (0.06) 

A   66 13.4 (3.5) 349 (163)  28   (15) 2.9 (1.2) 0.22 (0.07) 

B 109 22.0 (2.9) 347 (152) 16.1 (7.5) 3.7 (1.5) 0.24 (0.08) 

C 108   34.9 (4.8) 366 (159) 10.6 (4.7) 5.3 (2.1) 0.31 (0.10) 

D 139   63  (16) 386 (151) 6.6 (3.3) 6.8 (2.4) 0.37 (0.10) 

E   87 158  (56) 315 (109) 2.2 (1.1) 11.0 (4.1) 0.53 (0.17) 

 

 

Table 2 Classification of 30-min runs for Coorong, primarily according to SFL depth, 

zs, and secondarily, between Classes B and C, according to CBL depth, zi. us 

is the mean translation speed of eddy structures, assumed as u(zs). For each 

class, means and standard deviations (in parentheses) of the parameter values 

are shown, except for zi in Class E, which is assumed constant. Measurement 

heights were 2.5 and 7.0 m. 

 

Class No. Runs zs (m) zi (m) zi / zs us (m s
1
) u* (m s

1
) Comments 

A 6 14.6 (2.4) 1226 (30) 86 (15) 3.4 (0.4) 0.26 (0.03) deep CBL 

B 4 22.8 (3.9) 1273 (33) 57   (9) 5.0 (1.1) 0.34 (0.05) deep CBL 

C 4 23.3 (5.1) 200 (35)    8.9 (2.3) 5.6 (0.7) 0.36 (0.03) developing sea 

breeze 

D 5 38.4 (8.2) 277 (91)    7.1 (2.0) 6.4 (0.2) 0.39 (0.02) developing sea 

breeze 

E 6 112  (17)   725    6.6 (0.9) 11.7 (0.5) 0.56 (0.03) steady sea 

breeze 
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Figures 

 

 

Fig. 1  Scaling parameter z/zs compared to Monin-Obukhov scaling parameter z/L, for 

Aorangi (diamonds) and Coorong (triangles). The solid line represents 

z/zs = 1.1 z/L, with ±70 % error limits indicated by dashed lines. 
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Fig. 2  Dissipation velocity compared to friction velocity, for Aorangi (diamonds) and 

Coorong (triangles). The solid line represents u  = u* and the dashed line 

u  = 1.2 u*. 
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Fig. 3  Temperature spectra for Aorangi, scaled with stability-dependent factors on the 

amplitude axis and local wind speed on the frequency axis. The spectra are 

averaged separately for five classes (A to E) defined in Table 1. Also shown are 

the neutral (0
+
) Kansas spectrum, the upper limit of the unstable range found at 

Kansas (Kaimal et al. 1972), and the "unstable very close to neutral" spectrum 

of Smedman et al. (2007) for n z/u > 0.15. 
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Fig. 4 Temperature spectra for Coorong at 7.0 m height, scaled with stability-

dependent factors on the amplitude axis and local wind speed on the frequency 

axis. The spectra are averaged separately for the five classes defined in Table 2. 

Also shown are the neutral (0
+
) Kansas spectrum, the upper limit of the 

unstable range found at Kansas (Kaimal et al. 1972), and the "unstable very 

close to neutral" spectrum of Smedman et al. (2007) for n z/u > 0.15. 

 

 

Fig. 5  Same as Fig. 4 but at 2.5 m height. 
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Fig. 6 Temperature spectra for Aorangi, scaled according to the scheme that 

McNaughton et al. (2007) found valid closely above the SFL. The spectra are 

averaged separately for the six classes defined in Table 1. The peak 

wavenumber of the model spectrum above the SFL is marked by a vertical 

dashed line. 

 

 

0.01 0.1 1 10 100 1000

    

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

   S  ( ) z        

w'T'

             2/3    2/3

T                   o

              2

          

      

1/2    1/2

____

z = 3.85 m MCM07 above SFL

0.4   < z/zs           (A*)

0.22 < z/zs            (A)

0.14 < z/zs < 0.22 (B)

0.09 < z/zs < 0.14 (C)

0.04 < z/zs < 0.09 (D)

           z/zs < 0.04 (E)



Scaling properties of temperature spectra and heat flux cospectra in the SFL Page 46 

 

Fig. 7  As Fig. 6 but with mixed length scales including SFL depth on both axes. Also 

shown is the peak region of the spectrum above the surface friction layer from 

McNaughton et al. (2007), with z replacing zs on both axes. The peak 

wavenumber of the latter is marked by a vertical dashed line. 
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Fig. 8 Temperature spectra for Coorong at 7.0 m height, scaled according to the 

impinging-eddies model, with mixed length scales including SFL depth on both 

axes. The spectra are averaged separately for the five classes defined in 

Table 2. Also shown is the peak region of the spectrum above the surface 

friction layer from McNaughton et al. (2007), with z replacing zs on both axes. 

The peak wavenumber of the latter is marked by a vertical dashed line. 

 

 

Fig. 9  Same as Fig. 8 but at 2.5 m height. 
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Fig. 10 Temperature spectra for Aorangi, with amplitude scaling as in Fig. 7 and 

doubly-mixed length scale on the wavenumber axis. The curve labelled " 2/3" 

describes the function 2.63 (  zi
1/4

 zs
1/4

 z
1/2

)
2/3

. 
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Fig. 11 Heat flux cospectra for Coorong at 2.5 m height, with the same wavenumber 

scaling as for T spectra in Figs. 7 to 9. The peak location of the T spectrum 

above the SFL, from McNaughton et al. (2007), is marked by a vertical dashed 

line. 

 

 

Fig. 12 Heat flux cospectra for Aorangi, with doubly-mixed wavenumber scaling. The 

average peak location for all classes except E is marked by a vertical dashed 

line, at a scaled wavenumber of 1.2. 
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Fig. 13 As Fig. 12, but for Coorong at 7.0 m height. 

 

 

 

 

Fig. 14 As Fig. 12, but for Coorong at 2.5 m height. The dotted vertical line indicates 

the location of the inner-scale peak for Class E, at a scaled wavenumber of 12. 
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Fig. 15 Heat flux cospectra for Coorong at 2.5 m height, with height above ground as 

the length scale on the wavenumber axis. Also shown is the neutral (0
+
) Kansas 

cospectrum (Kaimal et al. 1972); its line thickness represents the spread in the 

u/us factor, see text. Vertical dashed line: peak location of the Kansas curve, 

dotted line: location of the inner-scale peak for Class E, at a scaled 

wavenumber of 1.1. 

 

0.01 0.1 1 10 100

0.0

0.1

0.2

0.3

   C   (  )

___

w'T'

             

wT          

     

z = 2.5 m zi = 1226 m, zs =   15 m (A)

zi = 1273 m, zs =   23 m (B)

zi =   200 m, zs =   23 m (C)

zi =   277 m, zs =   38 m (D)

zi =   725 m, zs = 112 m (E)

Kansas (neutral)        


