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Turbulence in the nocturnal boundary layer with light
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Turbulence quantities are analyzed from nine months of data collected on the floor
of a valley where nocturnal cold pools are frequent. Often the speed of the vector-
averaged wind over the night is less than 0.5 m s−1 (near-calm winds) with no
preference for wind direction. The quantity of such near-calm data is sufficiently
large to allow new types of analyses as well as the opportunity to examine statistics
of the previously ignored near-neutral subclass of near-calm winds.

For near-calm weak winds and strong stratification, the turbulence can be diffi-
cult to isolate from wave-like motions and more complex small-scale structures. The
smallest scale perturbations on time-scales less than 5 s behave most like turbulence.
Larger-scale perturbations are characterized by very weak vertical velocity fluctua-
tions and large temperature fluctuations, but lead to systematic downward heat flux
after extensive averaging.

For near-calm nocturnal conditions, significant turbulence is mainly generated
by short-term (minutes) accelerations of unknown origin. The turbulence between
such infrequent mixing events is extremely weak, but not zero. While the turbulence
in the events approximately follows similarity theory, the extremely weak turbulence
scales neither with stratification nor bulk shear, and its inferred vertical length-scale
is small compared to the distance from the ground, even at the 2 m level. Copyright
c© 2012 Royal Meteorological Society
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1. Introduction

Generation of turbulence in very weak-wind stable
conditions is poorly understood and does not satisfy existing
similarity theory (Grachev et al., 2005; Basu et al., 2006;
Mahrt and Vickers, 2006; Sorbjan, 2010; Mahrt, 2011). These
conditions generally correspond to very small averaged
turbulent heat flux, as in the radiative regime of Van de Wiel
et al. (2003). The weak turbulence is generated primarily
by non-stationary shear associated with wave-like modes
and more complex submesoscale motions on time-scales of
minutes or tens of minutes (e.g. Mahrt, 2010; Hiscox et al.,

2010; Thomas, 2011). These submesoscale motions may be
partly or completely excluded in regional and larger-scale
numerical models (Belušić and Güttler, 2010; Seaman et al.,
2011). Such motions have been studied either statistically
or in case-studies of unusually well-defined structures.
With current understanding, submesoscale motions are an
unknown stochastic process. Thus, stochastic turbulence
appears to be generated by another stochastic process
contrasting with classical theory where a stationary mean
flow generates turbulence.

Even modest heterogeneity can significantly influence
the nocturnal boundary layer and lead to turbulence at
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higher Richardson numbers compared to homogeneous
sites (Derbyshire, 1995). Very weak winds are particularly
common in terrain depressions, small basins and valleys
with weak downvalley slope where cold pools form and
partially decouple the surface airflow in the cold pool from
overlying cold air drainage and larger-scale flow (Heywood,
1933; Whiteman, 2000; Vosper and Brown, 2008; Mahrt
et al., 2010).

For significant stratification and weak winds, Sun et al.
(2011) and Mahrt (2011) inferred that weak fine-scale
diffusion is carried by small eddies that do not interact
directly with the ground, even as low as a few metres
above the ground. Significant flux is also carried by larger
eddies during infrequent mixing events. Sun et al. (2011)
found that the mixing events are associated with temporary
acceleration of the wind above a height-dependent threshold
value. The mixing events are associated with large eddies
which couple with the ground surface. The weak-wind
turbulence is unable to completely adjust to the constantly
changing flow on time-scales just larger than the turbulent
time-scales. Little is known about the adjustment and decay
time-scales of such turbulence except in a more idealized
direct numerical simulation setting (Flores and Riley, 2011).

Mahrt (2011) inferred that the characteristics of the
fluctuations with weak winds and strong stratification vary
gradually with scale, suggesting that a sharp separation
between turbulence and non-turbulent motions is not
possible. This distinction is avoided in Galperin and
Sukoriansky (2010), who model the fluctuations as a mix
of turbulence and waves that merge in an intermediate
buoyancy subrange (Sukorianski and Galperin, 2011). Such
spectral approaches in the wave-number domain are difficult
to evaluate in the stable atmospheric surface layer because
of lack of fine-scale spatial information. Our spectra in the
time domain for very weak winds and strong stratification
are erratic and site-dependent on scales greater than a few
minutes.

Models of the relationship between z/L and the
Richardson number for large Richardson number
generally correspond only to a weak increase of z/L with
increasing large Richardson number (Beljaars and Holt-
slag, 1991), where L is the Obukhov length. For very
strong stability and weak winds, many studies find weak
or no relationship within the increasing scatter between
z/L and Richardson number, as in Figure 7 of Ha et al.
(2007), Figure 7 of Grachev et al. (2007), Figure 8 of Howell
and Sun (1999) and Figure 3 of Zilitinkevich and Essau
(2007). Grachev et al. (2007) concluded that universal sim-
ilarity theory for the dependence of the Prandtl number
on the Richardson number is unlikely for extremely stable
conditions.

These studies reveal the uncertain relationship between
fluxes and gradients in conditions of weak wind and strong
stratification. Mahrt (2011) found that the turbulence
within the near-calm regime (nominally winds less than
0.5 m s−1) is not closely related to the weak mean wind,
but is instead related to short-term accelerations associated
with submesoscale motions. The current study extends
this analysis to different features of the turbulence and
employs a much larger dataset that includes more extremely
stable conditions as well as a significant number of near-
neutral near-calm conditions. The latter regime has not been
previously examined in any detail. While the current dataset
contains only limited information on vertical structure, it is

sufficiently large to support new techniques to examine the
dependence of the turbulence on non-stationary motions.
This analysis will reveal new information on the relationship
of the turbulence to the mean flow and the non-turbulent
fluctuating flow.

2. Data

This current study analyzes eddy-correlation measurements
at 2 m with a Campbell CSAT sonic anemometer deployed
in a cold pool in the Rock Springs Network (Mahrt et al.,
2010), located in a valley with side walls of 300–350 m
elevation gain. Considerable loss of data was incurred
due to intermittent winter icing and temporary instrument
inaccessibility. Therefore, the winter period is excluded and
the retained dataset extends from late February 2009 until
October 2009. During this period, light nocturnal winds are
common at this site (Figure 1), partly due to formation of
cold pools.

Since the wind direction is constantly changing in the
near-calm regime, flow through the tower cannot be
eliminated. Flux loss due to the 15 cm pathlength may
be significant for the most stable conditions where the scale
of the main transporting eddies is small. Since the motions
for very stable conditions are relatively horizontal, vertical
averaging is more serious than horizontal averaging. The
angle between the CSAT transducers and receivers is 60◦
from horizontal, corresponding to a 10 cm vertical path
length.

The vertical motion at this station did not show a
detectable directional dependence and no tilt rotation is
applied. We compute differences of potential temperature
between 1 and 9 m using Campbell T107 thermistors. We
have excluded nights where the measured difference of
potential temperature between 1 and 9 m, δθ , is less than
0.1 K since the averaged flow could be unstably stratified
within the accuracy of the temperature measurement. Since
flux sampling problems are severe for very weak winds, we
select 6 h records instead of the usual 30 min or 1 h records.
The records begin at 2300 local time and end at 0500 local
time, yielding one record per night.

For near-calm conditions (6 h vector-averaged wind is
less than 0.5 m s−1; Mahrt, 2011), the wind is dominated
by non-stationary modes and the mean flow is of secondary
importance. Near-calm winds characterize 120 of the 271
nights or 45% of the nights. Remarkably, the 6 h wind vector
shows no detectable preference for wind direction; the wind
is approximately omnidirectional, as is shown for 1 min
records in Figure 5 of section 5.

3. Governing influences

The scaling variables for the turbulence in the near-calm
case are not known. Because of the control of the turbulence
by submesoscale motions, simple similarity theory is invalid.
Our general goal is to understand how the turbulence relates
to the mean flow and non-turbulent fluctuating flow. The
goal is not to relate non-dimensional turbulence quantities
to other non-dimensional turbulence quantities, as in flux-
based similarity theory. For example, z/L will be used as
a characteristic of the turbulence rather than a predictive
stability parameter.
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Figure 1. Frequency distribution of the 6 h averaged wind speed.

3.1. The mean flow

The mean wind speed is defined as

V ≡ (
[u]2 + [v]2

)0.5
, (1)

where the averaging defined by the square brackets will
normally refer to 6 h averages applied to the 2 m level.

The stratification will be defined in terms of the difference
of potential temperature between two levels, which can be
converted to a buoyancy velocity

Vb ≡
(

g δz δθ

�

)0.5

, (2)

where δθ is the difference of potential temperature, here
between 1 m and 9 m levels based on 6 h averages.

The ratio of these two velocity scales defines the surface
bulk Richardson number:

Rb ≡ V2
b

V2
. (3)

Values of the gradient Richardson number are expected to be
substantially larger than Rb since V/z is larger than the local
shear at the observational level, z. One of the difficulties
of studying near-calm conditions is that the Richardson
number can approach extremely large values. Even the log of
the Richardson number becomes erratic because the error in
the small mean wind may be the same order of magnitude as
the mean wind itself. Mahrt (2011) used the Froude number
to provide a better behaved stability parameter, but this
parameter becomes poorly posed in near-neutral conditions
where the stratification becomes extremely small. The utility
of the bulk Richardson number improves by averaging the
data over longer periods or combining records with similar
conditions through bin averaging (section 5).

3.2. Fluctuating flow

The calculation of the fluctuating flow will be detailed in
section 3.4. The fluctuating velocity scales (σw, σu and σv)

will be analyzed for each range of time-scales as well as the
non-dimensional velocity aspect ratio or velocity anisotropy
ratio:

VAR ≡
√

2σw

(σ 2
u + σ 2

v )0.5
. (4)

This ratio becomes unity when all three standard deviations
approach the same value.

The ratio of the available turbulent potential energy to the
kinetic energy increases with stability (Winters et al., 1995).
The ratio of the fluctuation potential energy to the vertical
component of the kinetic energy (Mahrt, 2011),

PE

KEz
≡ [T ′T ′]g

[θ][w′w′][∂θ/∂z]
, (5)

is even more sensitive to stability and scale since it excludes
the horizontal velocity fluctuations which decrease more
slowly with increasing stability and scale than the vertical
velocity fluctuations. For example, the ratio of the potential
energy to the total kinetic energy can become insensitive
to stability for large Richardson number as in Figure 5 of
Zilitinkevich et al. (2009). Derbyshire (1995) examined the
square root of PE/KEz (his Eq. 9) and found a general
increase with increasing Richardson number, but with large
scatter.

The complementary ratio of the perturbation potential
energy to the horizontal kinetic energy,

PE

KEx
≡ [T ′T ′]g

[θ][u′u′ + v′v′][∂θ/∂z]
, (6)

has not been previously examined and increases more slowly
with increasing scale since the ratio of horizontal variance to
the vertical velocity variance increases with increasing scale.

Additional non-dimensional quantities include correla-
tions between w′ and u′, v′ and θ ′. The w′–θ ′ correlation
is potentially simpler than that for momentum since
momentum fluctuations are directly influenced by pres-
sure fluctuations. The skewness and kurtosis of turbulence
quantities will also be examined as nominal documentation
of the intermittency and event nature of the fluxes.

3.3. Length-scales

The height above the ground and the Obukhov length, L, are
two traditional length-scales for describing turbulence close
to the surface. Two additional length-scales will be examined
that are formulated in terms of fluctuating quantities and
the mean stratification. The most common length-scale is

Lw ≡ σw

N
, (7)

where N is the Brunt–Väisälä frequency. Since this scale
is derived from parcel theory by neglecting pressure
fluctuations and fine-scale mixing, we anticipate that this
length-scale is an upper limit to the eddy vertical length-scale
(Mahrt, 1979). At the same time, σw may be underestimated
for very strong stability due to path-length averaging.

A corresponding temperature-based vertical length-scale
is written as (Sorbjan and Balsley, 2008)

Lθ ≡ gσθ

�

1

N2
, (8)
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where � is the averaged potential temperature. These two
additional length-scales behave less erratically than the
Obukhov length for very stable conditions (section 5) since
fluxes vary more erratically than variances and the Obukhov
length is a ratio of fluxes.

3.4. Scale dependence

To crudely define the dependence on scale, we compute
the fluctuations for three ranges of scales, 0–5 s, 5–60 s and
1–60 min. An orthogonal wavelet for Fourier decomposition
would have provided better scale resolution, but the resulting
cospectra for near-calm winds are erratic for individual
nights, particularly for Fourier cospectra. Recall that some
of the fine-scale structure is eliminated due to pathlength
averaging of the sonic anemometer.

For near-calm conditions, motions on time-scales less
than 5 s are the most turbulent-like, as is discussed below.
The heat flux carried by motions on time-scales between 5 s
and 60 s is comparable to the heat flux carried by motions
on time-scales between 0 and 5 s. However, motions on
time-scales between 5 s and 60 s are relatively horizontal
with quite small correlations between the very weak vertical
velocity fluctuations and large temperature fluctuations,
compared to traditional turbulence and the fluctuations on
0–5 s scales. The heat flux is significant because of large
temperature fluctuations. The heat flux on scales 1–60 min
varies erratically but, with sufficient averaging, becomes
significant and directed downward. The heat flux on these
scales is site dependent (not shown). In general, the attack
angles for the transporting motions on these scales can be
quite small (nearly horizontal motions) such that the fluxes
can become sensitive to any slight tilt of the anemometer or
flow distortion.

4. Between-night variations

While the stratification based on the 6 h values of δθ

tends to decrease with increasing wind speed and cases of
strong stratification do not occur with strong wind speeds
(Figure 2(a)), cloudy cases of weak stratification and weak
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Figure 2. The 6 h vertical temperature difference, δθ , as a function of the
speed of the 6 h vector averaged wind for (a) the entire range of wind speeds
and (b) weak winds only.
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Figure 3. Averaged quantities for ‘stronger’ 6 h winds (V >1.0 m s−1, black
dashed line), and for near-calm winds (V <0.5 m s−1) with 6 h weaker
stratification (δθ < 0.4 K, red solid line) and with strong stratification
(δθ > 1.0K, cyan thick solid). Averages are shown for: (a) the velocity
aspect ratio (VAR), (b) the ratio of potential to vertical kinetic energy
(PE/KEz) and (c) the correlation (cor) between w′ and θ ′. The x-axis is the
log of the median time-scale corresponding to the 0–5 s (left points), 5–60 s
(middle points) and 1–60 min range (right points).

winds do occur (lower left corner). The cases left of the thick
blue lines in Figures 2(a, b) correspond to bulk Richardson
number greater than 2 and therefore represent very strong
stability. The cases to the right of the solid black lines
correspond to weak stability with bulk Richardson number
less than 0.01. The broken red lines correspond to bulk
Richardson equal to 0.2, which divides the intermediate
regime into weaker and stronger stability subclasses.

For initial examination of differences between nights, we
define three classes:

1. ‘stronger winds’ (V >1.0 m s−1),
2. near-calm winds (V <0.5 m s−1) with 6 h averaged

weaker stratification (δθ < 0.4 K), and
3. near-calm winds with strong stratification

(δθ > 1.0 K).

A uniform scaling variable for the time-scale, such as the
inverse of the Brunt–Väisälä frequency or z/V , could not be
found since the intermittent generation of the turbulence for
very stable conditions is not well related to the 6 h averaged
stratification nor to the wind speed. Therefore, the x-axis is
defined in terms of dimensional time-scale.

Although the three ranges of time-scale used in Figure 3
do not fully resolve the scale dependence, they do provide
statistically robust differences between different ranges
of time-scale. Each non-dimensional characteristic of the
fluctuating motion depends on stability and time-scale in a
different manner (Figure 3), underscoring the complexity of
the near-calm regime. The velocity aspect (anisotropy) ratio,
VAR, decreases with increasing scale (Figure 3(a)). The near-
calm weak-stratification class (red solid) is characterized by
modestly larger values of VAR than the near-calm strong-
stratification class (thick solid cyan) and the stronger-wind
class (dashed black). Evidently, strong stratification limits
vertical velocity fluctuations for very weak winds, while
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eddies for the stronger-wind class are larger and more
constrained by interaction with the ground surface.

The ratio of potential energy to vertical kinetic energy
(Figure 3(b)) increases with time-scale and is greatest
for the near-calm strong stratification (solid cyan), while
this ratio is less for stronger winds and near-calm
winds with weak stratification. Consequently, this energy
ratio increases with increasing scale and stability. The
negative correlation between w′ and θ ′ is much larger
for stronger winds than for the two near-calm wind
categories (Figure 3(c)). The correlation is slightly stronger
for the near-calm strongly stratified class than the near-calm
weakly stratified class. Even though the vertical velocity
fluctuations are much weaker in the strongly stratified
class, the temperature fluctuations are larger. In contrast
to the two near-calm regimes, the stronger-wind regime
shows a maximum magnitude of the w′–θ ′ correlation for
the intermediate range of scales (5–60 s) and significant
correlation for the range of largest scales (1–60 min).
The transport shifts to larger scales with increasing wind
speed.

In summary, the three non-dimensional variables depend
on time-scale and stability in three different ways. The
velocity aspect ratio is most similar between the stronger
wind and near-calm strong-stratification classes, while
the ratio of potential energy to kinetic energy is more
similar between the stronger-wind and near-calm weak-
stratification classes, whereas the w′–θ ′ correlation is most
similar between the two near-calm classes. Also note that
the velocity aspect ratio changes the most between the
0–5 s and 5–60 s scales, PE/KEz changes the most between
the 5–60 s and 1–60 m range of scales, and even the
sign of the scale dependence of the w′–θ ′ correlation
depends on stability. Collectively, these complex results
indicate that existing similarity theory will not describe the
dependence of the fluctuating flow on mean wind and strat-
ification for near-calm conditions, as discussed further in
section 5.3.

The schematic (Figure 4) summarizes some of the results
from Figure 3, the literature (Introduction) and later findings
in section 5. The velocity aspect ratio, VAR, decreases rapidly
with increasing scale (Mahrt, 2011) as also occurs for the
present data (Figure 3), but for a given scale reaches a
maximum at a relatively large value of the Richardson
number, as in Figure 3 of Luhar et al. (2009), Figure 7 of
Sorbjan (2010) and Figure 6 of Mauritsen and Svensson
(2007). Or equivalently, VAR reaches a maximum at a
relatively small value of the Froude number as in Figure 6 of
Mahrt (2011). The decrease of VAR for strong stability was
not detectable in the laboratory results of Ohya and Uchida
(2003). The decrease of VAR for less stable conditions
occurs mainly near the surface where the larger eddies with
weaker stability are constrained by the ground surface. This
behaviour is observed in two of the three observational
datasets reported in Zilitinkevich et al. (2009), their
Figure 4.

The behaviour of z/L for large stability of the mean
flow (large Richardson number) varies dramatically in
the literature (Introduction) and varies erratically in the
current study as is discussed in section 5 and thus denoted
by ‘??’ in Figure 4. This figure emphasizes the complex
behaviour of the turbulence near the surface with increasing
mean stability. The next section investigates the relationship

Figure 4. A schematic of the dependence of flow characteristics on time-
scale and stability based on Figure 3, the subsequent analysis in section 5
and the literature. z/L?? emphasizes the large variability of z/L for large
stability (large Rb). ‘Max. corr.’ corresponds to heat transfer and recognizes
the decrease of the scale of the main transporting eddies with increasing
stability and the decrease of the w′–θ ′ correlation, both at near-neutral
conditions (small θ ′) and strong stability (small w′). Lz represents the
vertical length-scale examined in section 5. The smallest values of PE/KEz

are found in the lower left corner. The slanted arrow represents intermittent
transitions between mixing events (left side) and very weak turbulence in
very stable conditions (right side), as also sketched in Sun et al. (2011). This
figure is available in colour online at wileyonlinelibrary.com/journal/qj

between the turbulence and short-term variations on the
non-turbulent flow.

5. Mixing events

For very stable conditions, infrequent mixing events account
for much of the total flux. These events are characterized by
a range of flux values such that the definition of an event
in terms of a threshold value of some turbulence quantity is
somewhat arbitrary. Events, as observed by the fixed tower,
may last only 10 s or may extend over several minutes.

To study the variation of the turbulence in near-calm
conditions, we average the 0–5 s and 5–60 s statistics averaged
over 1 min periods and relate such statistics to the 1 min
averaged wind and stratification. The 1 min averaged winds
resolve the wave-like variations and other submesoscale
motions. For the near-calm regime, 1 min averaged wind
vector is almost omnidirectional (Figure 5), suggesting little
influence from nearby slopes of the valley walls and the
slight local slopes. The nearby cold-air drainage flows over
the cold pool and does not extend down to the surface at
this site (Mahrt et al., 2010).

5.1. Probability distribution

The frequency distribution of the 1 min averages of the
0–5 s heat flux (Figure 6) is skewed towards negative values
(skewness = –6) with extremely large kurtosis (170). This
extreme kurtosis invalidates the traditional concept of an
ensemble average and leads to severe sampling problems
that accompany the near-calm regime.

While the heat flux and other turbulence quantities
are significantly correlated to the 1 min wind speed and
the corresponding Richardson number, lagged correlation
analysis failed to reveal definite relationships of the
turbulence with the history of the wind field or Richardson
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Figure 5. The frequency distribution of 1 min wind direction for near-calm
conditions.
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Figure 6. (a) The frequency distribution of the 1 min averages of the 0–5 s
heat flux. The central bin (A) peaks at about 36 500 occurrences (far
off-scale) and accounts for about 96% of data, but accounts for very little
of the total heat flux. (b) The strongest heat flux events (B) become evident
with the severely truncated vertical axis. ‘Events’ span the heat-flux range
from the largest downward heat flux (far left) to an arbitrary threshold to
the right of B.

number, at least as revealed by observations at a fixed point.
Flow accelerations occur on a variety of time-scales and the
adjustment time-scale of the turbulence cannot be clearly
identified from the data. The mixing events assume a wide
variety of signatures, which must be partly due to capturing
different stages of development and decay and capturing
only the edges of some events. The turbulence quantities
such as σw and the heat and momentum fluxes show only
modest correlation to each other (trends with larger scatter,
not shown). For example, stronger turbulence events can
correspond to little flux while some events transport heat,
but little momentum, and vice versa. In addition, the 1 min
transport by 0–5 s motions is only modestly related to
transport by 5–60 s motions (not shown).

5.2. Stability dependence

Since the variability of the 1 min averages is enormous, fluxes
and other quantities are first averaged for 1 min periods

falling within a given interval of a governing parameter and
then ratios and multiplications are carried out in terms of
interval (bin) averages. Since the Richardson number for
individual 1 min periods may reach extraordinarily large
values with extremely weak winds, the various quantities
are averaged for different intervals of the wind speed
and then the Richardson number for each wind-speed
interval is computed from the interval-averaged wind
and stratification. Error bars within a given wind-speed
interval are generally small because of the very large dataset.
However, the standard error may significantly underestimate
the sampling difficulty because of the large kurtosis of the
turbulence quantities.

The data could have been organized by intervals of the
1 min stratification, δθ . However, the variation of Rb is much
more related to variations of wind speed than variations of
δθ . Therefore, Rb based on averages for intervals of δθ varies
over a much smaller range than the variation of Rb based on
averages for intervals of wind speed.

Interval-averaging over all of the 1 min records within a
given wind-speed interval accumulates a large sample size,
but does not constitute an ensemble average, partly because
external conditions vary within the wind-speed interval. For
example, 1 min periods with weaker stratification could
result from mixing events on strongly stratified nights or
could result from typical conditions on nights with weaker
stratification. The two regimes are analyzed separately in the
next subsection.

5.3. Dependence of σw on wind speed and stability

For near-calm nights with strong averaged stratification (6 h
δθ >1 K), the averaged 1 min σw decreases with increasing
δθ up to about 0.6 K, but does not decrease with further
increases of δθ (Figure 7(a)), i.e. systematically enhanced
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Figure 7. (a) The interval-averaged 0–5 s σw as a function of δθ for near-
calm nights with strong averaged stratification (6 h δθ >1 K). (b) The
increase of interval-averaged σw with increasing 1 min speed for 1 min
periods with very strong stratification (δθ >2 K, black dots) and 1 min
periods with weak stratification (δθ <0.4 K, open circles). (c) is as (b),
but for the 5–60 s motions. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj
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σw is found only for δθ < 0.6 K, which includes many of
the mixing events. Data from an individual tower cannot
determine whether (i) the reduced stratification plays a role
in allowing increased mixing, (ii) the increased mixing leads
to reduced stratification, or (iii) the two processes evolve in
concert.

The influence of the 1 min variations of stratification and
wind speed is now assessed further by subdividing the 1 min
periods for strongly stratified nights (6 h δθ >1 K) into
1 min periods with weaker stratification, (1 min δθ <0.4 K),
and 1 min periods with very strong stratification (1 min
δθ >2 K). For example, the open circles (Figure 7(b c))
correspond to periods of 1 min weak stratification that occur
within strongly stratified nights, while black dots correspond
to 1 min periods with very strong stratification that occur
on strongly stratified nights. Above a wind speed of about
0.7 m s−1, σw is slightly larger for the subclass of weaker
1 min stratification (open circles, Figure 7(b)), associated
with the enhanced turbulence for small δθ in Figure 7(a).
The influence of stratification is evidently secondary to the
influence of the wind speed. For the range of scales between
5 and 60 s (Figure 7(c)), σw behaves in a similar manner,
but σw is more inhibited by the stronger stratification (black
dots) than the 0–5 s perturbations. Stratification exerts a
stronger influence on the larger-scale perturbations.

The strength of the turbulence (1 min σw) for nights
with very strong stratification (black solid line, Figure 8(a))
decreases rapidly with increasing Rb until Rb reaches a
transition value of roughly 0.3 for this particular version of
the Richardson number. For larger values of Rb, σw decreases
only very slowly with increasing Rb. In fact, accounting for
the log scale, σw varies little over a broad range of large
values of Rb. Since Rb is strongly inversely correlated to V ,
this result is analogous to Sun et al. (2011), who found that
the turbulence was relatively independent of the mean wind
speed for wind speeds below a threshold value.

The largest 1 min values of σw occur more frequently
on the nights with weaker averaged stratification (6 h
δθ < 0.4 K) since these nights include numerous small
values of the 1 min Richardson number that are uncommon
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Figure 8. Interval-averaged 0–5 s (a) σw and (b) σw/V for near-calm nights
with strong averaged stratification (black solid lines) and near-calm nights
with weaker stratification (broken lines), as a function of log10(Rb). This
figure is available in colour online at wileyonlinelibrary.com/journal/qj

for nights with stronger averaged stratification. However,
for a given small value of Rb, σw is larger on nights with very
strong stratification (black solid line), Figure 8(a). Small
1 min Rb on strongly stratified nights are associated with
infrequent mixing events, while small 1 min Rb on nights
with weaker stratification occur throughout most of the
night. For a given small value of Rb, the events on strongly
stratified nights are associated with ‘stronger’ winds and
stronger stratification for the same value of Rb for nights
with weaker stratification. Therefore, a given value of Rb
with stronger wind and stronger stratification corresponds
to greater turbulence than the same value of Rb associated
with weaker wind and weaker stratification.

Although choosing scaling variables for the near-calm
regime is more tenuous than for fully developed turbulence,
the above complexity for small Rb can be reduced by
scaling the 1 min values of σw with the 1 min values of
V . The scaled value, σw/V , (black solid line, Figure 8(b))
decreases systematically with increasing Rb and reaches a
weak minimum at about Rb = 0.3. We again note that
these numerical values can be sensitive to the levels used
for calculation of Rb and the corresponding value of the
gradient Richardson number is expected to be substantially
larger. For the same small value of the 1 min Rb, σw/V
is approximately the same between the strongly stratified
nights and weaker stratified nights (compare the black solid
line in Figure 8(b) with the dashed line for Rb < 0.2).
For this weaker stability regime, Rb is a good predictor
for σw/V as to whether the turbulence is associated with
isolated events embedded in more stable flow or with typical
turbulence occurring on nights with weaker stratification.
Scaling approximately collapses the data onto a single
line.

In contrast to the small Rb regime (Rb < 0.3), σw

for larger Rb is relatively independent of the 1 min
Rb, with no difference between weakly stratified (broken
line, Figure 8(a)) and strongly stratified nights (solid line,
Figure 8(a)). Very stable periods are infrequent on the
nights with weaker stratification, but are characterized
by the same averaged σw as occurs on strongly stratified
nights with the same Rb. Since σw is relatively independent
of Rb (Figure 8(a)), which is strongly inverse-correlated
to the wind speed, σw/V not only increases with Rb
for large Rb, but is also larger on nights with weaker
averaged stratification (compare solid line with broken
line in Figure 8(b)). That is, large values of Rb on nights
with weaker averaged stratification correspond to weaker
winds, and therefore larger σw/V , than nights with very
strong averaged stratification. For the most stable regime
(Rb > 0.3), the turbulence is roughly independent of both
the wind speed and Rb, and scaling by wind speed introduces
artificial variation of the 1 min quantities and artificial
differences between nights. These qualitative observations
apply to the 5–60 s scales as well (not shown).

These results imply that similarity theory relating σw/V
to Rb is valid only for small Rb. For large Rb, σw is relatively
independent of Rb and V , and scaling by V is not justified.
σw may become independent of the mean wind because
the transporting eddies between events are sufficiently small
that they are governed by shear over thin layers that are not
well described by the bulk Richardson number, discussed
further in section 5.5. The decay of turbulent events may also
contribute to the fine-scale turbulence and such turbulence
would not be related to the current value of the very weak
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Figure 9. Interval-averaged correlations for near-calm nights for w–θ (red)
and w–u (black) for (a) the 0–5 s scales and (b) the 5–60 s scales, as a
function of log10(Rb). u is the wind component in the direction of the
1 min mean wind vector.
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Figure 10. The vertical length-scales σw/N (black) and Lθ (red) on near-
calm nights with strong stratification (6 h δθ > 1 K) as a function of the
1 min log10 Rb for (a) 0–5 s scales and (b) 5–60 s scales. Dividing the
length-scales by z= 2 m converts the y-axis to the non-dimensional ratio of
the length-scale divided by height above ground.

wind. Finally, for strongly stratified near-calm conditions,
σw may be strongly contaminated by non-turbulent motions
even for the 0–5 s scales, as is suggested by the very small
correlations (section 5.4).

Although the turbulence is extremely weak for the large-
Richardson-number regime, this regime accounts for about
one-third of the total 1 min heat flux, partly because it
occupies a little more than 83% of the flow. In fact,
the heat flux for the large-Richardson-number regime
may be underestimated because of sonic anemometer
pathlength averaging. Conversely, the small-Richardson-
number regime occupies a little less than 17% of the flow,
and accounts for about two-thirds of the total 1 min flux.
The small-Richardson-number regime includes flow with
only weak flux and flow with a wide spectrum of larger
values of the flux (Figure 6).

5.4. Mixing efficiency

Based on correlations, the 0–5 s motions transport heat
more efficiently than momentum (Figure 9(a)); in fact, for
strong stability, the w–u correlation vanishes and reverses to
very small positive values of uncertain significance for the
strongest stability class. Vanishing w–u correlation and sign
reversal are consistent with the concept of small eddy size
compared to z for strong stability, such that the eddies are
transporting according to the local shear on scales smaller
than the height above ground. The local shear in near-calm
conditions can reverse sign with height due to transient wind
maxima at the surface (Mahrt, 2008). Near-surface currents
with depths of 1 m or less and variable wind direction
can be common in the near-calm regime, as visualized by
fog (http://www.youtube.com/watch?v=8fu1bvGIF44). The
vanishing w–u correlation and reversal to positive values
also occurs for 5–60 s scales (Figure 9(b)). The very weak
upward momentum flux did not show a wind direction
preference, as might be expected from errors due to sonic
tilt or flow through the tower. At the same time, significant
unknown measurement errors cannot be ruled out.

For the 0–5 s scales, the magnitude of the w–u correlation
is significantly smaller than the magnitude of the w–θ

correlation such that heat is transported more efficiently
than momentum. For the 5–60 s scales (Figure 9(b)), the
magnitude of the w–u correlation is closer to the magnitude
of the w–θ correlation. That is, the 5–60 s scales transport
momentum much more efficiently than the 0-5 s scales,
revealing a change of eddy characteristics with increasing
scale. For the total range of time-scales up to 1 min, heat is
still transported more efficiently than momentum.

As a result of vanishing momentum flux and sign reversal
for very strong stability, the Obukhov length behaves
erratically for the most stable sub-periods. The very small
correlations for large Rb (Figure 9) suggests that σw is
dominated by non-turbulent motions even on the small
0–5 s scales, perhaps partly due to trend associated with
submesoscale motions. Such motions probably contribute
to the near independence of σw from the wind speed for the
weakest winds, particularly for the 5–60 s scales (Figure 7).

5.5. Vertical length-scales

As noted above, the Obukhov length behaves erratically for
near-calm winds and strong stratification and is not a useful
length-scale. For small 1 min Rb on near-calm nights with
strong stratification, the vertical length-scales Lw ≡ σw/N
(Figure 10, black) and Lθ (red) both decrease rapidly with
increasing Rb. These two length-scales then decrease only
slightly with increasing Rb for large Rb. For example, σw/N
asymptotes to about 10 cm for very stable conditions. Values
for near-neutral conditions are less certain due to larger
percentage errors in the vertical temperature difference.

For the strongest stability, the two vertical length-scales
become small compared to the 2 m height above ground.
The inference that the eddy size becomes small compared to
the height above ground for very strong stability is consistent
with the analysis in Sun et al. (2011) and is supported by
images of structure within ground fog (e.g. Figure 11).

While the length-scale based on vertical velocity
fluctuations (Lw, black) is significantly larger than that
based on temperature fluctuations (red) for 0–5 s scales, the
two length-scales are closer in value for the 5–60 s motions
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Figure 11. Common stratification of natural fog in the cold pool. Sharp
edges of the thin fog layers near the surface imply that the eddy size is much
smaller than the height above ground. Videos of this fog reveal only slow
fine-scale diffusion of the relatively sharp edges of the layers of fog. This
structure is frequent at this site. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

(Figure 10(b)). The 5–60 s fluctuations are characterized
by stronger temperature fluctuations and weaker vertical
velocity fluctuations than the 0–5 s fluctuations. For large
Richardson number, Lw for the 5–60 s scales is approximately
equal to Lθ such that

σθ

�
= C

σwN

g
, (9)

where C is unity for the 5–60 s scales. For 0–5 s scales, C is
approximately 0.5. For this very stable regime, σθ is linearly
proportional to σw and the square root of the stratification,
N.

6. Conclusions

On near-calm nights, the ‘turbulence’ is generated by
transient wave-like motions and numerous more complex
signatures collectively referred to as submesoscale motions.
Such generation is often event-like, corresponding to
extremely large kurtosis of various turbulence quantities
and requiring large sample size for meaningful statistics.
The events occur with a wide variety of intensities and
durations.

The distinction between the turbulence and submesoscale
motions is not well defined on near-calm nights with
strong stratification since characteristics of the fluctuations
change continually with increasing time-scale. The ratio
between potential energy and vertical component of the
kinetic energy increases rapidly with increasing time-scale
and increasing stability. With increasing time-scale and
stability, the heat flux becomes more associated with
larger temperature fluctuations and smaller vertical velocity
fluctuations than with weaker stratification or smaller scales.
The ratio of the vertical velocity fluctuations to the horizontal
velocity fluctuations and the correlations between w′ and
other quantities depend on stability and scale in a more
complex manner.

For the strongly stratified near-calm regime, short-term
decreases of the Richardson number, generally due to
transient increases of wind speed, lead to significant mixing.
The strength of the mixing events is, on average, proportional
to the short-term (1 min) wind speed and inversely related to

the Richardson number. Such infrequent enhanced mixing
can dominate the time-averaged statistics of the fluctuating
flow, such as σw and corresponding fluxes. However, the
stability at the valley location in this study is substantially
stronger than in traditional datasets over flat terrain. As
a result, the intermittency is more extreme than previous
studies over flatter terrain in that the mixing events are less
frequent, but more strongly dominate the averaged statistics.

For weak stability, whether occurring as occasional events
on strongly stratified nights or occurring more extensively
on weakly stratified nights, σw/V decreases systematically
with increasing Rb following the same general relationship
for both types of nights. However, for periods of very strong
stability, σw is relatively independent of Rb and wind speed,
such that scaling σw by the wind speed creates artificial
variation within nights and between nights. Scaling and
similarity theory for the regime of strongest stability is
not valid because the wind speed and stratification provide
inadequate information, as discussed in section 5.3.

The extensive between-event periods correspond to very
weak turbulence and small negative w′–θ ′ correlations and
very small w′–u′ of either sign, where u′ is the fluctuating
along-wind component. The resulting Obukhov length can
vary erratically and be sensitive to choice of scales and
therefore is not a useful indicator of the stability of the
flow. Other length-scales based on variances depend more
systematically on the Richardson number (section 5.5). For
the strongest stability (largest Richardson number), the
values of the length-scales, the behaviour of the velocity
aspect ratio (anisotropy) and video images of machine-
generated fog all suggest that the vertical scale of the eddies
is small compared to the height above ground, even as low as
the 2 m level in this study. As a result, similarity theory must
be reconsidered along with the recognition of the extreme
intermittency.
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