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Abstract Vertical mixing of the nocturnal stable boundary layer (SBL) over a complex land

surface is investigated for a range of stabilities, using a decoupling index (0 < Drb < 1) based

on the 2–50 m bulk gradient of the ubiquitous natural trace gas radon-222. The relationship

between Drb and the bulk Richardson number (Rib) exhibits three broad regions: (1) a

well-mixed region (Drb ≈ 0.05) in weakly stable conditions (Rib < 0.03); (2) a steeply

increasing region (0.05 < Drb < 0.9) for “transitional” stabilities (0.03 < Rib < 1); and

(3) a decoupled region (Drb ≈ 0.9–1.0) in very stable conditions (Rib > 1). Drb exhibits a

large variability within individual Rib bins, however, due to a range of competing processes

influencing bulk mixing under different conditions. To explore these processes in Rib–Drb

space, we perform a bivariate analysis of the bulk thermodynamic gradients, various indicators

of external influences, and key turbulence quantities at 10 and 50 m. Strong and consistent

patterns are found, and five distinct regions in Rib–Drb space are identified and associated

with archetypal stable boundary-layer regimes. Results demonstrate that the introduction of

a scalar decoupling index yields valuable information about turbulent mixing in the SBL that

cannot be gained directly from a single bulk thermodynamic stability parameter. A significant

part of the high variability observed in turbulence statistics during very stable conditions is

attributable to changes in the degree of decoupling of the SBL from the residual layer above.

When examined in Rib–Drb space, it is seen that very different turbulence regimes can occur

for the same value of Rib, depending on the particular combination of values for the bulk

temperature gradient and wind shear, together with external factors. Extremely low turbulent

variances and fluxes are found at 50 m height when Rib > 1 and Drb ≈ 1 (fully decoupled).

These “quiescent” cases tend to occur when geostrophic forcing is very weak and subsidence

is present, but are not associated with the largest bulk temperature gradients. Humidity and

net radiation data indicate the presence of low cloud, patchy fog or dew, any of which may aid

decoupling in these cases by preventing temperature gradients from increasing sufficiently

to favour gravity wave activity. The largest temperature gradients in our dataset are actually
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associated with smaller values of the decoupling index (Drb < 0.7), indicating the presence

of mixing. Strong evidence is seen from enhanced turbulence levels, fluxes and submeso

activity at 50 m, as well as high temperature variances and heat flux intermittencies at 10 m,

suggesting this region of the Rib–Drb distribution can be identified as a top-down mixing

regime. This may indicate an important role for gravity waves and other wave-like phenomena

in providing the energy required for sporadic mixing at this complex terrain site.

Keywords Bulk mixing · Bulk Richardson number · Decoupling · Intermittency · Passive

tracer · Quiescent layer · Radon · Stable boundary layer · Top-down mixing · Turbulent

fluxes.

1 Introduction

1.1 Turbulent Mixing in the Nocturnal Stable Boundary Layer (SBL)

In the nocturnal SBL over land, the intensity, extent and evolution of turbulent mixing

are controlled and modulated by numerous interacting processes. Although much is under-

stood about SBL behaviour in near-neutral to moderately stable conditions when turbulence

is vertically continuous and connected to the surface (i.e. Monin–Obukhov similarity or the

local scaling theory of Nieuwstadt (1984) applies), characterization of mixing in the very

stable boundary layer (vSBL) remains highly problematic. Strongly stratified flow that devel-

ops due to clear-sky nocturnal longwave cooling of the ground in the presence of low wind

speeds frequently exhibits turbulent mixing that is intermittent in nature (Businger 1973;

Howell and Sun 1999; Mahrt 1999; Van de Wiel et al. 2002a,b, 2003; Mahrt and Vickers

2002, 2006; Banta et al. 2007; Ohya et al. 2008). If winds are very weak, cooling by radiative

flux divergence in the lowest 50 m (usually ignored) can become comparable in magnitude

to sensible heat-flux divergence, especially in the early evening and when fog is present (Van

de Wiel et al. 2003; Ha and Mahrt 2003; Sun et al. 2003). In calm conditions, the surface-

based mixed layer can become very thin indeed (<30 m) and completely decoupled from the

atmosphere above (Smedman 1988; Mahrt and Vickers 2006; Banta et al. 2007; Mahrt 2011).

If the flow aloft has a tendency to accelerate as a result of this decoupling, together with a

large-scale pressure gradient (forming a low-level jet), the growing shear may then generate

new turbulence and mixing, causing the SBL to temporarily re-couple with the deeper layer

(Businger 1973; Nappo 1991; Van de Wiel et al. 2002a,b, 2003; Acevedo and Fitzjarrald

2003). The vSBL is also known to be highly sensitive to even minor variations in local sur-

face roughness, thermal properties and terrain inclination, generating local density currents,

meandering motions, secondary circulations, microfronts and sudden flow perturbations (e.g.

Nappo 1991; Mahrt et al. 2001; Acevedo and Fitzjarrald 2003; Mahrt 2010a). Together with

propagating solitary and internal gravity waves that can transport remotely-generated energy

horizontally and vertically into the local area, these “submeso” disturbances can sporadically

initiate strong turbulent mixing despite the stable stratification (Hunt et al. 1985; King et al.

1987; Poulos et al. 2002; Sun et al. 2004; Mahrt 2010b). In fact, at very low wind speeds,

it may be that turbulence is generated predominantly by the submeso motions, and its rela-

tionship to the mean flow becomes weak (Mahrt 2011; Sun et al. 2012). Turbulence that is

primarily generated aloft (e.g. by shear associated with a low-level jet or gravity waves) is

termed “upside-down” mixing, and may be partially or completely detached from the surface

and confined to thin elevated layers (Ohya et al. 1997; Ohya 2001; Mahrt et al. 1998; Cuxart
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et al. 2000; Ha and Mahrt 2001; Mahrt and Vickers 2002; Conangla and Cuxart 2006). In

such cases, the traditional concept of a boundary layer breaks down altogether (Mahrt 1999).

Progress has been made in recent years in classifying mixing/scaling regimes incorporating

the vSBL (Holtslag and Nieuwstadt 1986; Ohya et al. 1997; Mahrt et al. 1998; Mahrt 1998,

1999; Van de Wiel et al. 2002a,b, 2003; Zilitinkevich et al. 2008; Sorbjan and Grachev

2010), developing similarity formulations applicable over a wider range of stabilities (e.g.

Sorbjan 2006a, 2008; Sorbjan and Grachev 2010) and dealing with data analysis problems

associated with submeso motions, non-stationarity and self-correlation (Vickers and Mahrt

2003, 2006; Klipp and Mahrt 2004; Sorbjan 2006b; Mahrt 2011). However, the complexity

of the numerous processes active in the vSBL, as well as the difficulty of predicting which

of them will be operating at any one time and location, has meant that the goal of a robust

generalized characterization of the vertically integrated behaviour of the SBL under a wide

range of conditions has yet to be realised, and remains a topic of intense interest within the

research community. The failure of numerical weather, climate and dispersion models to

represent SBL characteristics adequately within their finite grid structure leads to a range

of problems, including inadequate predictions of surface temperature, fog, dew/frost and

pollution levels (e.g. Mahrt 1998; Cuxart et al. 2006; Price et al. 2011).

One approach to this difficult subject in an integrated way is to first recognize that pro-

files of the internal thermodynamic variables (primarily temperature and wind) play a direct

and central role in both the forcing and modulation of turbulence in the SBL. Controlled

externally through source and sink functions that are highly complex in time and space, they

provide the immediate environment for turbulence but are in turn also strongly modified by

its presence. Because these profiles are closely involved at “both ends” of the mixing process,

it can be difficult to interpret them when attempting to separate the driving of turbulent mix-

ing from its ultimate outcomes. In contrast, changes in the distribution of a simple passive

scalar can provide direct and unambiguous information regarding the outcomes of turbulent

mixing, including its strength and vertical extent. Measurements of unreactive trace gases

with appropriate properties therefore have the potential to help disentangle complex relation-

ships of cause and effect in the study of atmospheric turbulence, and illuminate previously

obscured features of boundary-layer structure.

1.2 A Framework for the Bulk Characterization of Mixing

Turbulence in the SBL is driven primarily by the vertical wind-speed gradient and suppressed

by the vertical temperature gradient. We choose to express the balance between these influ-

ences using the well-known stability measure known as the bulk Richardson number, viz.

Rib =

g

θ

�θ

�z
(

�U

�z

)2
=

N 2
b

S2
b

, (1)

where �θ = θ (zm) − θs,�U = U (zm) are the differences of potential temperature and

wind speed across the layer �z = zm − zs where zm is the upper measurement height and zs

corresponds to the surface. Nb and Sb are the bulk Brunt–Väisälä frequency and wind shear,

respectively. In this study, the bulk gradients are evaluated across the layer from zs = 2 m

to zm = 50 m. In our approach, Rib is considered to precede (establish an environment for)

actual mixing, and may then be modified by it. We follow Mahrt and Vickers (2006) and Banta

et al. (2007) and others in rejecting the use of the Monin–Obukhov parameter (z/L) as a bulk
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stability measure, due to its uncertainty and self-correlation problems at high stabilities (when

turbulent fluxes are close to zero). As with Mahrt (2010b), we wish to relate the outcomes

of turbulent mixing to a bulk stability measure that is independent of turbulence quantities.

We adopt the tracer difference �C = C(zm) − Cs across the layer �z as an unbiased

measure of the layer-integrated outcome of the turbulent mixing process. As �C depends on

the surface concentration (Cs), which, in practice, is influenced by a number of extraneous

factors including geographic variations in the surface flux over the air mass fetch history

(Chambers et al. 2011), it is important to normalize our measure of bulk mixing appropriately.

In this study, we characterize scalar mixing in the SBL using the mass-based decoupling index,

Drb =
−�C

Cs − Cb
(2)

where Cb is the “background” concentration in the residual layer above. Drb expresses the

degree of decoupling between the surface-based shear-driven mixed layer and the residual

layer above, with Drb = 0 denoting completely mixed conditions and Drb = 1 denoting

completely decoupled conditions. In practice, Drb can take values below zero and above one,

corresponding to 50 m concentrations that are greater than Cs and less than Cb, respectively.

Such cases are relatively rare, however, and are interpreted as corresponding to non-stationary

conditions. In this study, we allow a small margin of ±0.2 around the “acceptable” range of

values for Drb [−0.2 < Drb < 1.2] and disregard all data points falling outside this range.

We consider Rib and Drb together to represent a two-dimensional cause-effect framework

for the characterization of bulk mixing in the SBL.

1.3 Atmospheric Radon as a Tracer for Vertical Mixing Over Land

We use the naturally occurring, radioactive noble gas radon (222Rn) to represent the bulk

mixing characteristics of passive scalars in the nocturnal SBL. Radon’s salient characteristics

as a tracer in ABL mixing studies have been discussed in Williams et al. (2011) and Chambers

et al. (2011). As its origin is almost exclusively soils and rocks at the land surface (Wilkening

and Clements 1975; Turekian et al. 1977), atmospheric radon is ubiquitous with a relatively

modest spatial variability in source strength over ice-free terrestrial surfaces (typically 15–

25 mBq m−2 s−1; Turekian et al. 1977; Lambert et al. 1982). For the purposes of vertical

mixing studies, temporal source variations can be considered to be negligible on diurnal

time scales (Israelsson 1978; Gogolak and Beck 1980; Griffiths et al. 2010). Furthermore,

atmospheric radon’s only significant sink is radioactive decay, and its half-life of 3.8 days is

long compared with turbulent time scales but sufficiently short to ensure that a concentration

decrease is maintained between the surface and the free troposphere that is typically two

orders of magnitude (Liu et al. 1984; Williams et al. 2011).

In contrast to the use of single-height observations of radon and its progeny to inves-

tigate atmospheric stability and dilution effects near the ground, studies reporting vertical

radon variations are rare (see reviews in Chambers et al. 2011 and Williams et al. 2011).

Although radon profiles correlate well with atmospheric mixing (Pearson and Moses 1966;

Hosler 1969; Williams et al. 2011), the practical difficulties of measuring high-resolution

(multi-height) profiles of radon make long-term measurements unrealistic. A sustainable

and productive compromise is the two-point gradient approach, in which the radon con-

centration difference, �C , is measured across an atmospheric layer adjacent to the surface

(Druilhet et al. 1980; Ussler et al. 1994; Chambers et al. 2011). Vertical differencing removes

or reduces background signals associated with horizontal advection and fetch-related source

variations, and compared with more common methods, the use of radon gradients for deriv-
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ing vertical mixing measures is simpler and less restricted to ideal surface or meteorological

conditions (Butterweck et al. 1994). Finally, due to radon’s 3.8 day half-life, there is no need

to account for radioactive decay in hourly gradient observations (Hosler 1969).

1.4 Outline

This study represents an attempt to characterize and interpret the integrated behaviour of

vertical mixing and decoupling in the SBL at a complex mid-latitude continental location

over a range of stabilities, using radon as a ubiquitous natural trace gas to provide a mass-

based measure of bulk mixing that is independent of the thermodynamic properties of the

layer of interest. Following a description of the site characteristics, available measurements

and data analysis techniques in Sect. 2, we begin our analysis of results by examining general

characteristics of the relationship between our chosen bulk measures of stability (Rib) and

mixing (Drb) in Sect. 3.1. As it will be seen that Rib and Drb, although connected, are by no

means dependent, the interpretation of position in Rib–Drb space and how it relates to vertical

location within the SBL is discussed in Sect. 3.2. With this interpretation in mind, we then

consider how measures of external influences (Sect. 3.3) and internal turbulence quantities

(Sect. 3.4) are represented in Rib–Drb space. In Sect. 4, we summarize our findings by

considering archetypal SBL types and how they map into different regions of Rib–Drb space.

2 Location and Measurements

2.1 Site Characteristics

In late 2005 a pair of detectors was installed at the Australian Nuclear Science and Tech-

nology Organisation (ANSTO) headquarters at Lucas Heights (34◦03′S, 150◦59′E) for the

continuous hourly monitoring of atmospheric radon concentrations at two heights. Lucas

Heights is 30 km south-west of Sydney and 18 km from the coast. Major geographical fea-

tures are shown in Fig. 1. Being at the southern edge of the Sydney metropolitan area, surface

land use in the area is a mixture of residential suburbs (mainly to the east and north), light

industry (ANSTO and the waste management centre directly to its north-west) and natural

vegetation (most of the southern semicircle). The local topography is fairly complex, with

changes in elevation on the order of 100–150 m within 1–2 km of the site (Fig. 1b). There

is no large-scale orography nearby, however, and so the site topography could be described

as similar to the region of small hills studied in COLPEX (Price et al. 2011). ANSTO itself

is atop a broad ridge, with significant gullies close by to the east and south. In the direct

vicinity of the measurement site, fetch conditions are highly heterogeneous. Immediately

(30–80 m) to both the east and west there are low (1–2 storey) buildings; 100 m to the south

there is natural eucalypt forest; and to the north, the tower is adjacent to grassed playing

fields. The tower’s location near the southern edge of the Lucas Heights site, together with

the fact that the prevailing nocturnal wind direction is in the sector south-south-east to west-

south-west, however, results in a large proportion of measurements being representative of

relatively unobstructed air approaching from the extended fetch of natural vegetation to the

south (Fig. 1), where there is a series of ridges and gullies.

2.2 Tower and Surface Measurements

Radon sampling at the Lucas Heights site was conducted on a 50-m tower with inlets posi-

tioned at 2 and 50 m above ground level (a.g.l.). Details of the radon measurement principle,
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Fig. 1 (Upper panel) Regional geographical setting and lower panel details of the measurement site at the

ANSTO, Lucas Heights, Sydney Australia. Prevailing nocturnal wind directions south-south-east to west-

south-west are shown with red lines. Data sourced from Geoscience Australia (www.ga.gov.au) and the Open

Street Map project (www.openstreetmap.org)

sampling and calibration methodology can be found in Chambers et al. (2011). Hourly-mean

atmospheric radon concentrations are produced by this technique, with a lower limit of detec-

tion (defined as the concentration at which the relative counting error exceeds 30 %) of around

40 mBq m−3 for both detectors.

Two three-dimensional (3D) sonic anemometers (Gill WindMaster Pro) recorded 20 Hz

wind components and fast response sonic air temperatures at 10 and 50 m a.g.l. on the

Lucas Heights tower. Measurements made with the system gain at maximum, indicating

the presence of an obstruction in the signal path such as condensation on the transducers,

were excluded from the final dataset. Sonic temperature is internally corrected for crosswind

contamination.

Given the complexity of the site and the prevalence of submeso motions in the SBL (see

Sect. 1), the nocturnal data gathered using the sonic anemometers are expected to contain

a significant submeso component. In order to separate turbulent and submeso components
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in the statistics derived from the sonic data, variances and covariances were first computed

using 2-min linearly detrended data blocks and then averaged back to hourly values to reduce

random flux errors. This technique is similar to Klipp and Mahrt (2004). Statistics of the sub-

hourly variations were also computed and retained, in order to characterize the strength of

submeso motions and intermittency.

Air temperature, relative humidity (Vaisala, HMP45C), wind speed and wind direction

(Gill, 2-D windsonic) were recorded at 2, 10 and 50 m a.g.l. on the Lucas Heights tower;

incoming shortwave radiation (LI-COR silicon pyranometer) and net radiation (REBS, Q7.1)

sensors were mounted at 10 m a.g.l. Other measured quantities included: surface atmospheric

pressure, soil moisture, soil temperature, ground heat flux, rainfall and radiative surface

temperature. Meteorological measurements were stored on a Campbell CR-1000 data logger

as 10-min averages of 20-s readings and later aggregated to hourly values to match the radon

and eddy-covariance measurements.

2.3 Data Availability, Constraints and Definitions

Due to periods of maintenance or malfunction, the 2 and 50 m radon detectors were only

in simultaneous operation for approximately 2 years and 7 months of the 4-year period

2006–2009. In addition, turbulence data from the sonic anemometers were not used when

wind directions were in the range 275–335◦, corresponding to the angle subtended by the

(substantial) tower structure. For the current study, only nocturnal hours were used (1800–

0500, Australian Eastern Standard Time, AEST) with the additional constraints that a stable

stratification (positive �θ ) should be indicated by both the 2–50 and the 2–10 m temperature

differences. Removing all missing data and applying all constraints resulted in a total of 3472

hourly data points (equivalent to 316 nights) available for the final analysis.

A large fraction (around 55 %) of the final dataset sampled the unobstructed fetch from

the dominant south-south-east to west-south-west sector. This included a large proportion

of the high bulk Richardson number cases (76 % of cases with Rib > 1) representing light

wind speeds and high surface pressures (weak synoptic flow). The site’s ridge top location

likely precludes the formation of a deep SBL, due to slow drainage flows into nearby valleys

at night in light winds and subsidence conditions. Higher nocturnal wind speeds tended to

be associated with a more south-west to west component and lower Rib values. Winds with

an easterly component were relatively rare at night, and tended to occur in the early evening.

The north-westerly direction is not represented in this dataset, due to the tower obstruction

(see above).

Unless otherwise stated, Rib, Drb and all gradients discussed in the analysis correspond

to differences between the 2-m and 50-m levels on the Lucas Heights tower. Surface radon

concentrations (Cs) correspond to the 2-m level, and “background” (residual layer) radon

concentrations (Cb) are estimated as the minimum of all measured radon concentrations in

the four hours before sunset (assumed to be 1800 AEST).

3 Results

3.1 Broad Features of the Stability-Mixing Relationship

Figure 2a presents hourly Drb values versus Rib for the entire dataset; also shown are median

and quartile values of Drb calculated in logarithmic Rib bins. Three distinct regions are

apparent in the distribution:
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(a) (b)

Fig. 2 a Hourly Drb values versus Rib , both as a scatter plot (grey) and as median and quartile values

in logarithmic Rib bins (black); inset is the median/quartile plot with a linear Rib axis (blue); and b joint

frequency distribution (24 × 24 grid points) of hourly data in Rib–Drb space. Grid squares containing less

than four data points are masked out in black. In both plots, vertical dashed lines indicate the (nominal) value

of the critical bulk Richardson number (Rib ≈ 0.2)

1. A well-mixed region (Drb ≈ 0.05) in weakly stable conditions (Rib < 0.03).

2. A steeply increasing region (0.05 < Drb < 0.9) for “transitional” stabilities (0.03 <

Rib < 1).

3. A decoupled region (Drb ≈ 0.9–1.0) in very stable conditions (Rib > 1).

The logarithmic binning of Rib results in a broader, more gradually increasing, relationship

than is apparent in the scatter plot. This is due to the natural bounds on the Drb values at both

zero and one, which leads to strongly skewed distributions close to both extremes (see quartile

ranges in Fig. 2a). Such biases are removed by binning the distribution in both dimensions,

and Fig. 2b presents the joint frequency distribution (JFD) of hourly data in Rib–Drb space

(number of data points falling into a particular grid cell, expressed as a percentage of the total

data points). This presents a clearer and less biased interpretation of the dataset than the Rib

binning shown in Fig. 2a, and also introduces a useful framework for the bivariate analysis

presented later.

The location of maximum data concentration in the JFD is likely to be affected both by

site characteristics and the upper measurement height. In particular, the maximum would be

expected to shift left or right (Rib dependence) according to the predominance of stability

types encountered at a particular site, and up or down (Drb dependence) according to the

height of the upper measurement relative to typical boundary-layer depths (normalized height,

zm/h). It is not intuitively obvious, however, whether the main shape of the JFD would change

from site to site, or indeed over the course of a typical night. For example, it is unclear whether

the three regions identified above are always fixed to the same ranges of Rib. Such questions

are beyond the scope of the current study, however, and will be left for future work.

The Rib–Drb relationship presented in Fig. 2 represents boundary layers with a large

range of characteristics, bracketed by two quasi-stability-independent states corresponding

to fully-coupled (Rib < 0.03) and fully-decoupled (Rib > 1). Between these two asymptotes

is seen a broad transitional regime representing a progressive decoupling of the surface-

bounded layer from the overlying atmosphere as the layer bulk stability increases. This

three-regime classification of the SBL is similar to that adopted by Mahrt et al. (1998), who

used z/L as their stability parameter. The current results show, however, that particularly

in the transitional region (centred around the commonly-assumed critical bulk Richardson
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number of Rib ≈ 0.2), the degree of bulk scalar mixing (Drb) exhibits a large variability even

within a fixed Rib bin. This is to be expected, given the large range of competing processes

operating to influence bulk mixing in the SBL (as discussed in Sect. 1), and it will be seen

that a bivariate analysis of key variables in Rib–Drb space is a useful method for further

exploration of these processes.

3.2 Interpretation of Position in Rib–Drb Space

Because local turbulent mixing characteristics can change with altitude relative to SBL depth

(z/h), the value calculated for Rib depends on the height of the upper measurement. However,

Drb can be considered to be a de facto vertical mixing coordinate that is matched to Rib.

When Drb ≈ 0, the layer of interest is completely mixed and the upper measurement height

(zm = 50 m) is effectively indistinguishable from the near-surface measurement height (i.e.,

zm/h → 0). On the other hand, when Drb ≈ 1, the surface-bounded layer is decoupled from

the atmosphere above and the upper measurement height is completely removed from surface

influences (i.e., zm/h → ∞). This reasoning suggests that a degree of universality should

exist in the representation of turbulence quantities in Rib–Drb space, such that changes in

the (relative) height of the upper measurement lead to a vertical shift in the position of the

maximum point density in the joint frequency distribution (Fig. 2b), but do not affect the

shape of distributions of turbulence quantities mapped onto the same space. It should be noted,

however, that this “universality” would only be expected to hold for passive scalars that have

similar characteristics to radon: in particular, residence/decay times that are long compared

with turbulence time scales and minimal diurnal variations in the surface source function.

For the purposes of visually interpreting position in Rib–Drb space, it is useful to imagine

an exponential form for the radon profile, defined by its concentrations at the surface and at

the upper measurement height:

ĉ ≡
C − Cb

Cs − Cb
= e−z/he , (3a)

he =
−zm

ln (1 − Drb)
, (3b)

where he ≡
∫ ∞

0 ĉdz is the integral length scale calculated using C(zm), Cs and Cb, assuming

the exponential distribution. The distribution of Cs − Cb in Rib–Drb space (not shown) can

then be applied to calculate the set of idealized profiles shown in Fig. 3.

Following up the main spine of the joint frequency distribution in Fig. 3 (h → f → c),

we see a progression from a well-mixed boundary layer that is much deeper than the tower

(Fig. 3h) to a shallow decoupled layer with large radon values very near the surface, dropping

sharply to near-background levels at 50 m (Fig. 3c). Off-spine cases also have physical

meaning: Fig. 3j (small Drb/large Rib) probably corresponds to a moderately mixed vSBL

with depth just above the upper measurement height of 50 m, and Fig. 3a (large Drb/small

Rib) includes early evening cases where vertical temperature gradients remain small and

radon has only just started to accumulate near the ground. It has been verified that this part

of the distribution contains a relatively high proportion of early evening data (not shown).

3.3 Thermodynamic Gradients and External Influences

Figure 4 presents conditional median distributions (CMD) of the bulk thermodynamic gra-

dients in Rib–Drb space. CMDs are formed by calculating the median value of a measured

quantity using all hourly data points falling into a particular bivariate grid cell.
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(a) (b) (c) (d)

(e) (f) (g)

(k)

(h) (i) (j)

C-C
b
 [Bq m-3]

Fig. 3 a–j Idealized exponential vertical radon profiles (solid blue lines), based on the distribution of Cs −Cb
in Rib–Drb space at the positions marked by purple triangles in k. Dashed red lines indicate the upper

measurement height (zm = 50 m). In k, grid squares containing less than four data points are masked out in

black. The thick black line corresponds to the 1 % per grid square contour of the Rib–Drb JFD (Fig. 2b)

(a) (b)

Fig. 4 Conditional median distributions of bulk thermodynamic gradients: a wind shear; b Brunt–Väisälä

frequency

Figure 4a exhibits the expected overall decrease in wind shear (Sb) with increasing stability

(Rib). A CMD of the 2-m wind speed (not shown) indicates that low wind speeds (<0.5 m s−1)

are common near the surface when Rib > 0.3 for all Drb. At the near-neutral end, however,

increasing Drb is linked with decreasing wind shear, so that the highest wind speeds are

associated with the smallest values of both Rib and Drb. Figure 5a, which presents the

850-hPa geostrophic winds derived from the Australian Bureau of Meteorology’s regional

LAPS model (Puri et al. 1998), confirms that low Rib/ low Drb periods tend to be associated
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(a) (b)

(c) (d)

(e) (f)

Fig. 5 Indicators of external influences on mixing: a 850-Pa geostrophic wind from the LAPS model; b net

radiation; c surface pressure; d relative humidity at 2 m; and submeso standard deviations of e 50-m wind

speed; and f 10-m temperature

with a strong “background” pressure gradient driving the wind shear. As discussed in Sect. 3.2,

this region of Rib–Drb space is associated with a well-mixed boundary layer that is much

deeper than the Lucas Heights tower (c.f. Fig. 3h).

On the other hand, high values of Drb in near-neutral conditions (Fig. 3a or b) are asso-

ciated with moderate wind speeds, and can occur in the early evening at this site (before the

temperature profile has altered appreciably), or in overcast/foggy conditions. Figure 5a–c

confirm that geostrophic winds tend to be relatively weak, net radiation tends to be small in

magnitude and surface pressures tend to be relatively high in this region of Rib–Drb space.

The bulk temperature gradient (expressed as a Brunt–Väisälä frequency in Fig. 4b)

increases uniformly with increasing stability up to a little beyond the critical bulk Richardson
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number (Rib ≈ 0.2–1.0). At higher stabilities (Rib > 1), however, a strong variation with

Drb is evident. The largest temperature gradients do not correspond to the most decoupled

conditions (Drb ≈ 1), as might be expected, but are instead associated with values of the

decoupling index in the range Drb < 0.7.

Again, the indicators of external influences shown in Fig. 5 provide us with explanations

for these observations. The high Rib/high Drb region of Rib–Drb space tends to be associated

with high relative humidity (Fig. 5d) and low net radiation (Fig. 5b), which may indicate the

presence of low cloud or thin patchy fog at this ridge-top site (thicker fog tends to occur mainly

in the nearby valleys). Together with the possible release of latent heat at the surface by dew

formation, this explains the reduced bulk temperature gradients in this part of the distribution.

Relatively high surface pressures (Fig. 5c) may indicate that subsidence is acting to promote

decoupling. Finally, geostrophic forcing (Fig. 5a) is very small. As will be seen in the next sec-

tion, these conditions correspond to the smallest turbulence intensities encountered at this site.

The Drb range exhibiting the largest temperature gradients (Drb < 0.7) at high stabilities,

on the other hand, tends to be associated with relatively large magnitude net radiation values

(Fig. 5b) and higher geostrophic winds (Fig. 5a). This suggests clearer nights and the possi-

bility of low-level jets. Such conditions, together with the higher Brunt–Väisälä frequencies,

are often associated with the presence of gravity waves and other submeso phenomena that

can excite sporadic turbulent mixing (see Sect. 1). In fact, evidence for increased submeso

variability in this range is seen in the CMDs of submeso variations of 50-m mean wind

speeds and 10-m mean temperatures (Fig. 5e, f). We identify this region of Rib–Drb space

as representing a top-down mixing regime.

In summary, the bulk thermodynamic gradients exhibit patterns of variability that are not

functions of Rib alone. Different combinations of values for the bulk temperature gradient and

wind shear that together correspond to the same value for Rib, map onto distinctly different

regions in Rib–Drb space. These regions, which match with particular sets of values for

various important indicators of external influences, will be seen below to correspond to

vastly different regimes of turbulent mixing in the SBL.

3.4 Distributions of Turbulence Quantities

3.4.1 Variances

Figure 6a shows scatter and binned median/quartile plots of the vertical velocity standard

deviation σw at 10 m versus bulk Richardson number (calculated across the layer 2–50 m) for

all hourly data points. It is immediately seen that at 10-m height there is a strong relationship

between turbulence intensity and bulk stability, with the Drb-averaged σw values decreasing

steeply across a transitional regime from around 0.6 m s−1 in weakly stable conditions to

less than 0.1 m s−1 in very stable conditions. The transition occurs across two decades of Rib

centred around 0.2 with σw being relatively Rib independent on either side. These general

characteristics of the binnedσw plot at 10 m (Fig. 6a) match with the three regimes identified in

the stability-mixing relationship (see Sect. 3.1 and Fig. 2), and compare well with the velocity

variance versus Richardson number relationship observed during the FLOSSII experiment

(Fig. 9 in Mahrt and Vickers 2006), as well as results from the Microfronts project (Fig. 1 in

Mahrt et al. 1998) and CASES-99 (Fig. 2 in Banta et al. 2007).

In contrast to the 10-m results, σw at 50 m (not shown) is more scattered over the whole

range of Rib; in Fig. 6b, the median 50-m/10-m σw ratio reaches values significantly greater

than unity for large Rib. In Fig. 6a, b, the binned results are also split into three categories

corresponding to low (−0.1 to 0.2), medium (0.3 to 0.7) and high (0.9 to 1.1) ranges of Drb.
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(a) (b)

(c) (d)

Fig. 6 a Median/quartile plot of vertical velocity standard deviation (σw) at 10 m in logarithmic Rib bins

(black), split into three categories corresponding to different ranges of Drb (red, green, blue), and scatter plot

of hourly values in grey; b same for ratio of σw at 50 m and 10 m; c CMD of σw at 10 m (note logarithmic

colour scale); d CMD of ratio of σw at 50 and 10 m

At 10 m, the three Drb categories all produce similar plots of σw versus Rib (Fig. 6a), whereas

in the 50-m/10-m ratio plot the three categories split wide apart after Rib = 0.2 (Fig. 6b).

In the high Drb category, in which the 50-m measurement level is completely decoupled

from the surface, the median σw values at 50 m are slightly smaller than those seen at 10 m

(ratio < 1). In contrast, the two lower Drb categories both capture 50-m σw values that are

significantly higher than those found at 10 m (ratio ≫ 1) for a similar range of Rib. In fact,

Drb variability accounts for the majority of the increased scatter at high Rib values in the

50-m σw data.

Figure 6c shows a CMD plot of σw at 10 m; the highest values of σw at 10 m are found in

the low Rib/low Drb sector and the lowest in the high Rib/high Drb sector, with the remaining

areas showing intermediate values. A CMD plot of the ratio of σw at 50 m to σw at 10 m

(Fig. 6d) furthermore reveals that σw values at 50 m are similar or only slightly less than those

at 10 m all along and to the left of the main spine of the JFD (see also Fig. 6b). As discussed in

Sect. 3.2 (see Fig. 3), for near-neutral Rib and small Drb the SBL is likely to be significantly

deeper than the height of the tower and we should not expect significant vertical variations

of turbulence quantities. Furthermore, as low Rib/high Drb cases tend to occur in the early

evening, it may be that high σw values at 50 m correspond either to mixing near the top of a

growing new stable layer, or to remnant decaying turbulence from the previous afternoon.

In the narrow part of the high Rib/high Drb sector centred on Drb = 1, where the lowest

σw values are found at 10 m (Fig. 6c), the 50-m/10-m ratio is close to or even slightly less than
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(a) (b)

Fig. 7 CMDs of: a virtual (sonic) temperature standard deviation (σθv) at 10 m; b ratio of σθv at 50 and

10 m

unity in Fig. 6d. The 50-m σw values in this region are the smallest encountered in this dataset,

confirming that this region of Rib–Drb space corresponds to a vSBL topped with a “quiescent

layer” (Banta et al. 2007). In strong contrast, much higher ratios are found for Drb < 0.7 at

high Rib. In the range 0.4 < Drb < 0.6, σw at 50 m can be 2.5 times larger than σw at 10 m

for Rib > 1 (Fig. 6d). This corresponds precisely to the region of maximum Brunt–Väisälä

frequency in Fig. 4b, strongly suggesting a top-down mixing regime. Increased turbulence

intensities aloft in moderately and very stable conditions have been found by others to be

associated with the presence of low-level jets (Conangla and Cuxart 2006; Conangla et al.

2008) that can excite gravity wave and other sub-meso disturbances.

In Fig. 7, we present standard deviations of sonic potential temperature (10-m values

and 50-m/10-m ratios), noting that sonic potential temperature is closely related to virtual

potential temperature (Kaimal and Gaynor 1991), θv. Through the weakly stable regime, the

10-m σθv stays approximately constant with low values around 0.14 K (Fig. 7a). Significant

σθv values require vertical motions in the presence of a temperature gradient, and at low Rib

values temperature gradients are very small (Fig. 4b). Through the transitional regime, the

temperature gradient increases but vertical motions decrease, resulting in σθv values that only

slowly increase (Fig. 7a). Little Drb variation is evident, other than a slight trend towards

smaller σθv at high Drb values.

For high Rib values (Rib > 1), however, σθv at 10 m varies strongly with Drb (Fig. 7a).

For values of Drb above 0.8, σθ at 10 m remains relatively small, presumably due to the

extremely low turbulence levels (see discussion in previous section). However, for Drb < 0.7,

σθv values become large. In the range 0.4 < Drb < 0.6, median σθv values at 10 m reach

0.5 K, following a pattern similar to, and consistent with, that of the high vertical temperature

gradients found in that range (Fig. 4b).

For low Rib, σθv values are similar or even increase slightly from 10 to 50 m (ratio 1.0–

1.2 in Fig. 7b). As Rib increases, however, the 50-m/10-m σθv ratio decreases steadily and

uniformly across Drb values, reaching values around 0.3 or smaller above Rib ≈ 1. This is

consistent with progressively larger temperature gradients near the surface as Rib increases.

3.4.2 Fluxes and Intermittency

The CMD of the 10-m momentum flux, expressed as a friction velocity (u∗), reduces smoothly

with increasing Rib (Fig. 8a). Little Drb variation is evident, except in near-neutral conditions

where u∗ decreases with increasing Drb consistent with decreasing wind shear (Fig. 4a).
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(a) (b)

Fig. 8 CMDs of: a friction velocity (u∗) at 10 m; b ratio of u∗ at 50 and 10 m

(a) (b)

Fig. 9 CMDs of: a kinematic virtual (sonic) heat flux (〈wθv〉) at 10 m; b ratio of 〈wθv〉 at 50 and 10 m

u∗ reduces slightly with height throughout much of the present dataset, with 50-m/10-m u∗

ratios around 0.8 along the spine of the JFD (Fig. 8b), except in the Rib > 1/Drb < 0.7

region where u∗ at 50 m can be very significantly (up to 3.5 times) larger than u∗ at 10 m.

As has been noted previously, it is not surprising to find little change from 10 to 50 m

in the low Rib/low Drb region. However, the fact that the 50-m/10-m u∗ ratio was often

significantly greater than unity and rarely <0.8 for Rib > 0.2 in the present dataset indicates

that nighttime mechanical mixing is often driven from above at this site. An increase of wind

stress with height in very stable conditions has been noted by others and attributed to mixing

driven by elevated sources including low-level jets (Forrer and Rotach 1997; Ohya et al.

1997; Ohya 2001; Ha and Mahrt 2001; see also discussion in Mahrt 1999). Even in the high

Rib/high Drb region the ratio tended to remain in the range 0.8–1.0 (Fig. 8b), contrasting

with vSBL topped with quiescent layers encountered in the CASES-99 experiment over flat

grassland (Banta et al. 2007) where u∗ values fell dramatically with altitude.

Figure 9 presents CMDs of 10-m sonic temperature fluxes and 50-m/10-m flux ratios;

these covariances correspond approximately to kinematic virtual heat (buoyancy) fluxes,

〈wθv〉. Despite the small temperature gradients, heat fluxes at 10 m (Fig. 9a) are largest in

magnitude in the low Rib/low Drb region, due to the strong vertical motions present. As Rib

values increase and turbulence levels fall through the transition regime, however, the heat flux

is rapidly suppressed, reaching small values for Rib > 0.3. Heat fluxes at 50 m are similar to

those at 10 m in near-neutral conditions (ratio ≈ 1 in Fig. 9b), but the ratio decreases rapidly

to near-zero values for Rib > 0.2. Above Drb = 0.7 at high Rib, 50-m fluxes and 50-m/10-m
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(a) (b)

Fig. 10 CMDs of heat flux intermittency factor at a 10 m and b 50 m

flux ratios are indistinguishable from zero to the accuracy of these measurements. Below

Drb = 0.7, the heat-flux ratio is small and variable but remains mainly positive.

Integrating the distribution in Fig. 9a across all Drb values (not shown), we find that the

maximum (negative) virtual heat flux, corresponding to the point of balance between small

temperature fluctuations in near-neutral conditions and suppressed vertical motions as the

stratification becomes more stable (Derbyshire 1990; Malhi 1995; Mahrt et al. 1998), occurs

at around Rib = 0.01 in the present dataset. This roughly coincides with the boundary

between the weakly stable and the transitional regimes. When the heat flux is re-plotted

against binned values of the Obukhov stability parameter (not shown), the maximum value

is found to be at around z/L = 0.4, which compares well with the results of Mahrt et al.

(1998).

The complete collapse of heat fluxes at 50 m in the high Rib/high Drb region (Fig. 9b)

compares well with cases of the vSBL topped with a quiescent layer seen in the CASES-99

experiment (Mahrt and Vickers 2002; Banta et al. 2007). In the high Rib/low Drb region,

which we have interpreted as a “top-down” intermittent mixing regime, this extreme atten-

uation of heat fluxes with height is less pronounced. However, in this dataset we do not

encounter the significant increases in heat-flux magnitudes with height that have been seen

by others in upside-down cases (e.g. Mahrt 1985; Ohya et al. 1997). This contrasts with our

results for u∗, discussed above, and may indicate that “top-down” mixing tends to be more

efficient in transporting momentum than heat at this site, a fact that is perhaps related to the

types of submeso motions generated by the complex topography. It is interesting to note that,

in the wind-tunnel study of Ohya (2001), the addition of surface roughness elements was

found to remove the vertically increasing heat flux they had observed over smooth surfaces

(Ohya et al. 1997) in the most stable cases.

Finally, the intermittency of the virtual heat flux, defined here as the fraction of 2-min

sonic temperature fluxes that are larger (more positive) than the mean flux in each 1-h record

(average of 30 ×2-min fluxes), is presented in Fig. 10. Intermittency remains close to 0.5 for

Rib < 0.2 at both levels, but starts to increase for larger Rib. At z = 50 m, the increase starts

earlier (at lower Rib values) and is widespread across all values of Drb, whereas at z = 10 m

the increased values are concentrated mainly in the range 0.3 < Drb < 0.9. The largest

intermittencies are found in the range 0.4 < Drb < 0.6 at z = 10 m, where their values

exceed 0.8. Values of various intermittency measures that increase with increasing stability

and decrease in intensity with height have been reported by others (e.g. Mahrt 1998, 2010b).

Nappo (1991) suggests that, in very stable conditions, the major portion of heat, momentum
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and mass transfer near the surface is accomplished during intermittent episodes of strong

mixing leading to temporary breakdown of the stability profile.

3.5 Discussion

With the exception of temperature variances, all the turbulence quantities presented change

rapidly with increasing Rib through the transitional regime, and then change much more

slowly and become highly variable in the very stable regime. This behaviour is similar to

that reported by Mahrt et al. (1998) and others, and it is clear from the current study that a

significant part of the variability seen at high Rib is due to changes in the degree of decoupling

of the surface-bounded very stable boundary layer (vSBL) from the residual layer above.

Large changes in decoupling can occur for a constant value of Rib, depending critically

upon the particular combination of the bulk wind shear and bulk Brunt–Väisälä frequency

present, which in turn are related to a range of external parameters, including net radiation,

geostrophic forcing and surface pressure (as discussed in Sect. 3.3).

The extremely low turbulence intensities (σw) and temperature variances at z = 50 m

compared with z = 10 m, found when the radon decoupling index is near unity (Drb ≈ 1) at

high bulk Richardson numbers (Rib ≈ 1–10), identifies this region of the Rib–Drb distribution

with the “quiescent layer” as defined by Banta et al. (2007). The fact that 50-m momentum

and heat fluxes are also found to be negligibly small in this region further confirms that

the presence of this layer indicates that the atmosphere above is completely isolated from

the shallow (≪50 m) vSBL below. In terms of external influences on the turbulent mixing,

this fully decoupled shallow vSBL tends to occur when geostrophic forcing (ug) is small

and surface pressure is high. Quiescent conditions in this dataset tend to be associated with

relatively small net radiation magnitudes and high humidities, which we take to indicate

the presence of low cloud, patchy fog and the possibility of dew formation at the surface.

This appears to conflict with the expectation that the weakest turbulence occurs in clear-

sky conditions, suggesting that radiative effects may not always be the dominant factor

in determining turbulence levels at low wind speeds. The consequence of this important

observation is that quiescent layers do not necessarily occur when the temperature gradients

are largest (clear skies). The largest Brunt–Väisälä frequencies are in fact associated with

smaller values of the decoupling index (Drb < 0.7) in this dataset, indicating the outcome

of enhanced mixing. The presence of strongly stratified flows and low-level jets is known

to be conducive to the generation of gravity waves and other submeso phenomena that can

excite sporadic turbulent mixing (see discussion in Sect. 1). Strong evidence confirming the

identification of this region of the Rib–Drb distribution as a top-down mixing regime has

been seen in enhanced turbulence levels, fluxes and submeso activity at z = 50 m, and high

temperature variances and heat-flux intermittencies at z = 10 m.

It is interesting to note that, in this dataset, weak geostrophic forcing, higher surface

pressures and the occurrence of low cloud, patchy fog or dew tend to be associated with

decoupled conditions irrespective of the value of the bulk Richardson number. This may in

part be attributable to the site’s location on a ridge top. Such locations are susceptible to slow

drainage flows into nearby valleys at night in light winds and subsidence conditions, thereby

preventing the formation of a deep SBL on the high ground (Price et al. 2011).

4 Summary and Conclusions

The aim of this study was to characterize the bulk properties (vertically-integrated behaviour)

of the SBL at the Lucas Heights site for a range of bulk stabilities (Rib), using the radon-based

123



398 A. G. Williams et al.

decoupling index Drb as an independent measure of the degree of decoupling of the upper

(50 m) measurement level from the surface-bounded turbulent mixed layer.

The general characteristic of the Rib–Drb relationship is a progressive increase in decou-

pling of the surface-bounded layer from the atmosphere above as Rib increases, centred

around the commonly used critical Richardson number Rib(crit) = 0.2. However, within

this general relationship Drb exhibits a large range of values for any given Rib, due to a num-

ber of competing processes operating to influence bulk mixing under different conditions.

A bivariate analysis of key variables in Rib–Drb space was found to be a useful method for

exploration of these processes.

The decoupling index Drb provides an unbiased quantification of the layer-integrated out-

come of the turbulent mixing process. It is not affected by temporal or geographic variations

in the surface flux within the measurement footprint, and does not influence the thermody-

namic processes determining the evolution of the SBL. Furthermore, Drb can be considered

to be a de facto normalized vertical mixing coordinate that is matched with Rib in a way that

suggests a degree of universality in the representation of turbulence quantities in Rib–Drb

space. For example, changes in the height of the upper measurement are expected to lead

only to a vertical shift in the position of the maximum point density in the joint frequency

distribution in Rib–Drb space, but are not expected to affect the conditional median distrib-

utions (CMD) of key turbulence quantities mapped onto the same space. Likewise, whereas

the distribution of cases within the JFD would be expected to change somewhat from site

to site, the characteristic patterns seen in the CMDs might not. Such hypotheses cannot be

tested until similar datasets are available from other sites, however. It should also be remem-

bered that this “universality” would only be expected to hold for passive scalars with similar

characteristics to radon (long residence/decay times and minimal temporal variations in the

surface source function).

The observed bivariate distributions of turbulence quantities match well with those of

the bulk thermodynamic gradients and various indicators of external influences. This leads

to consistent and strong interpretations of various significant regions in Rib–Drb space,

which seems to support our universality hypothesis. It is therefore a reasonable proposition

to associate these well-defined regions with archetypal SBL regimes. Figure 11 represents

an attempt to postulate such an association, based on the evidence presented in this study.

Within this model, we identify five major regions of Rib–Drb space and associate them with

the following set of SBL archetypes:

1. The near-neutral deep SBL (Rib < 0.03, Drb < 0.4; 7.6 % of cases) is a well-mixed layer

that is much deeper than the 50-m Lucas Heights tower. A strong background synoptic

pressure gradient drives significant wind shear in the lower atmosphere, which overrides

any effects of longwave surface cooling associated with clear skies.

2. The near-neutral shallow SBL (Rib < 0.03, Drb ≥ 0.4; 3.4 % of cases) is a moderately

mixed layer that is relatively shallow (<50 m if Drb ≈ 1). Although a weak synop-

tic pressure gradient drives only a moderate wind shear, prevailing thermal conditions

have precluded the development of a vertical temperature gradient. These include over-

cast/foggy skies, and early evening conditions in which the sensible heat flux and radiation

divergence have not yet acted long enough to alter the temperature profile appreciably

and radon has only just started to accumulate near the ground.

3. The transitional SBL (0.03 ≤ Rib < 1; 66.4 % of cases) is a moderately mixed layer,

probably of depth 50–80 m at this site, with a relatively small wind shear and a devel-

oping temperature gradient. In this state, small changes in the driving wind shear and/or

temperature gradient can lead quickly to changes in turbulent mixing and fluxes. The
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Fig. 11 SBL archetypes in Rib–Drb space (see text for discussion)

boundary layer remains continuously turbulent and has not yet started to show strong

signs of turbulence decay and intermittency. Turbulence levels and fluxes tend to reduce

with height, and the layer becomes progressively thinner and decoupled as the bulk

Richardson number increases. This archetype has sometimes been called the “traditional

boundary layer” (e.g. Mahrt and Vickers 2002).

4. The shallow vSBL topped with a quiescent layer (Rib ≥ 1, Drb ≥ 0.7; 14.7 % of

cases) is a very shallow (≪50 m) completely decoupled layer with negligible wind shear

(no pressure gradient), temperature gradients that are strong but may be limited by the

presence of low cloud, patchy fog or dew, and weak vertical motions that have not been

enhanced by the presence of low-level jets and submeso motions. This boundary layer is

characterized by vanishing turbulence levels and fluxes with height, and resembles the

“extremely weak mixing” cases of Mahrt and Vickers (2006) and the “quiescent” cases

of Banta et al. (2007). This SBL archetype is likely to be associated with the maximum

build-up of contaminants at the surface and possibly slow drainage flows down into the

nearby valleys at this ridge-top site.

5. The top-down vSBL (Rib ≥ 1, Drb < 0.7; 7.9 % of cases) is a weakly to moderately mixed

layer with clear skies and very strong temperature gradients. Small but not negligible wind

shear, submeso motions and low-level jets aloft drive intermittent top-down turbulence

events that mix momentum and temperature downwards towards the surface.

In general, the results of this study suggest that the introduction of a decoupling index based on

a simple passive scalar can yield valuable information about the turbulent mixing process in

the SBL that cannot be gained directly from a single bulk thermodynamic stability parameter.

Large variability of scaled turbulence quantities such as the drag coefficient at high bulk

Richardson numbers has been attributed to a loss of applicability or accuracy of the scaling

variable as turbulence degenerates and becomes more intermittent and influenced by submeso

motions (Mahrt 2010b). The results of the current study emphasize this viewpoint and suggest

that for Rib > 1 different turbulence regimes may occur for the same Rib depending on the
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particular combination of values for Nb and Sb. In this study, the highest Nb values tend to be

associated with submeso activity and upside-down mixing, which may indicate an important

role for gravity waves and other wave-like phenomena in providing energy required for

sporadic mixing at this site. It is known that the submeso energy is generally greater in

complex terrain (Nappo 1991; Vickers and Mahrt 2006). It is also possible that, in a fashion

similar to semi-open forest canopies, the irregular roughness elements in the vicinity of the

Lucas Heights tower can occasionally induce gravity waves in very stable conditions near the

surface that have phase angles significantly different from ±90◦ and can therefore contribute

to fluxes of momentum and heat (Lee et al. 1996, 1997). In complex topography, Acevedo and

Fitzjarrald (2003) found that temperature recoupling between regional stations at different

altitudes occurred more frequently as wind speeds or cloud fractions increased. Our results

concur with their wind-speed finding, but suggest that in very stable conditions (high Rib)

low cloud, patchy fog or dew formation may actually be associated with stronger decoupling

if the wind speed is very low. This is because under such circumstances mechanical forcing

is completely suppressed and temperature gradients do not increase sufficiently to initiate

gravity wave activity that leads to top-down mixing.

Future studies are planned to focus on the behaviour of scaled variables in Rib–Drb space,

diurnal variability of decoupling and stability, and further exploration of the site-dependence

of these results.
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