
Boundary-Layer Meteorol (2013) 148:73–91
DOI 10.1007/s10546-013-9809-y

ARTICLE

Statistics of Turbulence in the Stable Boundary Layer
Affected by Gravity Waves

Zbigniew Sorbjan · Agnieszka Czerwinska

Received: 28 November 2012 / Accepted: 9 February 2013 / Published online: 3 March 2013
© The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract In order to investigate effects of interactions between turbulence and gravity
waves in the stable boundary layer on similarity theory relationships, we re-examined a
dataset, collected during three April nights in 1978 and in 1980 on the 300-m tower of the
Boulder Atmospheric Observatory (BAO). The BAO site, located in Erie, Colorado, USA,
30 km east of the foothills of the Rocky Mountains, has been known for the frequent detection
of wave activities. The considered profiles of turbulent fluxes and variances were normalized
by two local, gradient-based scaling systems, and subsequently compared with similarity
functions of the Richardson number, obtained based on data with no influence of gravity
currents and topographical factors. The first scaling system was based on local values of the
vertical velocity variance σw and the Brunt–Väisäla frequencyN , while the second one was
based on the temperature variance σθ and N . Analysis showed some departures from the
similarity functions (obtained for data with virtually no influence of mesoscale motions);
nonetheless the overall dependency of dimensionless moments on the Richardson number
was maintained.

Keywords Boulder Atmospheric Observatory · Gradient-based similarity · Gravity
waves · Stable boundary layer

1 Introduction

Turbulence in the stably stratified boundary layer often coexists with gravity (buoyancy)
waves (e.g. Turner 1983; Einaudi and Finnigan 1993; Cuxart et al. 2000; Yagüe et al. 2001).
Gravity waves can be related to shear (Kelvin–Helmholtz) instabilities (e.g. Blumen et al.
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2001), density currents (e.g. Sun et al. 2002), and triggered by small-scale topographic
features (e.g. Nappo 1991). When waves are sufficiently steep, they can overturn and generate
their own turbulence and mixing. Wave effects are usually detected on temporal and spatial
records of in situ and remote sensors as fluctuations or undulations of pressure, temperature,
reflectivity, and refractive index, with periods in the range from about a minute to about an
hour, and wavelengths from 100 m to several km (e.g. Rees et al. 2000).

Typically, the wave motions are not clearly distinguishable from the turbulent fluctuations
(e.g. Hunt et al. 1985). Unfiltered gravity waves, however, can cause various statistics of
turbulence to be significantly different than analogous moments associated with genuine,
small-scale turbulence. Including mesoscale effects in calculated fluxes can degrade similarity
relationships (Smedman 1988). Mahrt et al. (2012) described a method for differentiating
between turbulent fluctuations and gravity waves, based on a variable-averaging width. Within
the method, the perturbations were divided into three categories: “turbulent” with 0–5 s time
scales, “somewhat turbulent” with 5–60 s scales, and those with little “characteristics of
turbulence”, i.e. with time scales >60 s. Caughey and Readings (1975), Lu et al. (1983), and
Hunt et al. (1985) discussed the effects of waves in terms of spectral analysis.

The primary intention of this study is to extend the analysis of Hunt et al. (1985), hereafter
referred to as HKG-85, and to compare the observed moments of turbulence, which include the
effects of gravity waves, with the estimates based on the gradient-based similarity functions
of the Richardson number. The similarity functions were derived by Sorbjan (2010), and by
Sorbjan and Grachev (2010), using data collected over a flat Arctic ice cap during the Surface
Heat Budget of the Arctic Ocean (SHEBA) experiment, with no influence of gravity currents
and topographical factors.

Our paper has the following structure. The profiles of the potential temperature, wind
hodographs, as well as profiles of fluxes and variances, are presented in Sect. 2. The com-
parison of the similarity functions with the observed statistics of turbulence is discussed in
Sect. 3, and final remarks are presented in Sect. 4.

2 Observations

2.1 Data

The analysis of HKG-85 was based on observations collected in nocturnal conditions on the
300-m tower of the Boulder Atmospheric Observatory (BAO). The site, located in rolling
terrain in Colorado, USA, 30 km east of the foothills of the Rocky Mountains and about
60 km from the Continental Divide, has been known for its frequent detection of wave
activities, triggered by density currents and topographic features. The vicinity of the BAO
is characterized by a local terrain slope of about 7 %, while the foothills have roughly a
meridional orientation.

Data analyzed by HKG-85 were summarized in tables appended to their paper, and con-
tained values of the wind velocity and direction, temperature, dew-point temperature, the
vertical velocity and temperature variances, as well as the momentum and temperature fluxes,
detected at eight levels of the BAO tower: 10, 22, 50, 100, 150, 200, 250, and 300 m. The tower
instrumentation at each level included three-axis anemometers, propeller-vane anemometers,
fast-response platinum wire and slow-response quartz thermometers, and cooled-mirror dew-
point hygrometers. The sampling rate for the turbulence sensors was 10 s−1, and 1 s−1 for
the mean profile sensors. The standard averaging interval for the mean wind and temperature
statistics was 20 or 60 min.
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Table 1 Data summary of the cases analyzed by Hunt et al. (1985)

Event Date Period (MST) dd (◦) L∗ (m) Waves

1 18 April 1978 2120–2140 053 148 Moderate
2 18 April 1978 2220–2240 049 132 Present
3 18 April 1978 2300–2320 342 33 Present
4 22 April 1978 0006–0026 253 702 Present
5 22 April 1978 0026–0046 265 212 Present
6 22 April 1978 0046–0106 276 16 Present
7 22 April 1978 0206–0226 286 850 Strong
8 22 April 1978 0226–0246 276 189 Strong
9 22 April 1978 0246–0306 280 133 Strong
10 15 April 1980 1700–1720 276 123 Weak
11 15 April 1980 1820–1840 303 36 Present
12 15 April 1980 1900–1920 258 18 Present

The considered observations were collected on three nights: on 18 and 22 April 1978,
and on 15 April 1980. HKG-85 selected twelve 20-min events, which we will refer to
as E1–E12. Their characteristics are summarized in Table 1, which lists the event names,
dates, hours of occurrence, wind direction dd and the Monin–Obukhov (MO) length
L∗ = u2∗/(κβT∗), evaluated at z = 10 m, where u∗ is the friction velocity, T∗ is the surface-
layer temperature scale, κ is the von Karman constant, and β = g/T is the buoyancy
parameter.

Events 1–3 took place on the evening of 18 April 1978, in three intervals, 2120–2140,
2220–2240, and 2300–2320 MST, with Event 1 classified by HKG-85 as the case with
“moderate waves”. Waves during Events 2 and 3 were not categorized by HKG-85, and wave
activities for these cases are named in Table 1 as “present”. Events 4–6 were observed on the
night of 22 April 1978, in the intervals 0006–0026, 0026–0046, and 0046–0106 MST. The
wave activity was present, but not classified by HKG-85. Events 7–9 took place on the same
night of 22 April 1978, in the intervals 0206–0226, 0226–0246, and 0246–0306 MST. The
events were assigned as cases with “strong waves”.

Events 10–12, on the night of 15 April 1978, included data collected at 1700–1720, 1820–
1840, and 1900–1920 MST, with Event 10 classified as the case with “weak waves”. Events
11–12 were not categorized by HKG-85, and wave activities for these cases are marked in
the Table 1 as “present”.

As it follows from Table 1, the wind direction dd at the level of 10 m was in the range
253–342◦ during Events 3–12, and 049–053◦ during Events 1 and 2. The Obukhov length
L∗ at z = 10 m, was between 16 and 850 m, with the largest values of L∗ observed during
Events 4 and 7.

HKG-85 focused their analysis on spectra, cospectra, quadrature spectra, correlations, and
length scales. The momentum and temperature fluxes, as well as variances of the vertical
velocity and temperature, were evaluated, but not analyzed by them. These authors found
that in the “weak-wave” case, there was no apparent wave energy in the w spectrum, but the θ

spectrum showed a weak concentration of energy in bands of frequency. The wθ cospectrum
and quadrature spectrum were not much different from those in purely turbulent motions.
With “moderate-wave” activity, concentrations of energy appeared at discrete frequencies in
the spectra. The cospectrum was of the same order as the quadrature spectrum, with peaks
roughly at the same frequencies. The “strong-wave” events showed significantly more energy
at low frequencies in the w spectrum, and inertial subrange levels were comparable with those
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during the day. The spread between 10-m and 150-m spectral peaks was more pronounced
than in the moderate wave case. The θ spectrum showed distinct maxima, which corresponded
roughly with peaks in the w spectrum. Peaks in the wθ cospectrum and quadrature spectrum
were closer together on the frequency scale. Near the low end, the cospectrum changed sign,
which could have been associated with internal waves (as the heat flux due to internal waves
at times may be counter-gradient).

In all events, a significant amount of energy of internal wave motion was mixed with
turbulence, while heat was transferred vertically by low-frequency turbulence, and also by
wave or wave-like motions.

2.2 Evaluation of � and Ri

Since the potential temperature was not provided in HKG-85, we estimated it from the
definition, � = T (1000/p)0.286. The pressure p was evaluated by employing the hydrostatic
balance, which leads after integration to the exponential dependence of pressure on height in
the form: p(z) = p0exp[–gz/(RT0)], where p0 = 840 hPa is the mean pressure at Boulder,
g = 9.81 m s−2 is the gravity acceleration, R = 287 m2 s−2, K−1 is the gas constant, T0 is
the ground-level temperature, and z is the altitude. The effects of humidity were neglected.

In order to evaluate gradients, profiles of the wind velocity components U and V, as
well as the potential temperature �, were approximated using analytical expressions of the
form: f (z) = A + B z + C z2 + Dln(z). The coefficients A, B, C, and D were found by
using the method of the least squares, and the resulting expressions were subsequently used
to evaluate the Richardson number Ri = N 2/S2, where N = (βd�/dz)1/2 is the Brunt–
Väisäla frequency, β is the buoyancy parameter, S = [(dU/dz)2 + (dV/dz)2]1/2 is the wind
shear.

To improve the overall accuracy of approximations, some single points (outliers) had to be
omitted during the fitting process, as e.g., for the potential temperature during Event 11 at the
level of 100 m, and during Event E12 at the level of 300 m. Similarly, the wind components
above the level of 150 m during Events 1 and 2 were not taken into consideration. When
the approximated values and the observational points significantly differed, the second-order
finite differences were used to evaluate the temperature and wind-velocity gradients. Specif-
ically, the finite differences were employed to evaluate gradients of the wind components
(not shown) during Event 3 (at the level of 50 m), Event 10 (at the levels of 150 and 200 m),
Event 11 (at the levels above 150 m), and for the Event 12 (at the level of 100 m).

2.3 Potential Temperature and Wind Profiles

The observational points and the approximating curves of the potential temperature � are
presented in Fig. 1. Note that the wind direction at the level of 10 m during Events 1–2
was 049–053◦, which implies easterly winds off the plains toward the mountains (Table 1).
During Events 3–12, the wind direction was in the range 253–342◦, which indicates westerly
winds off the mountains. During Event 3 the wind direction near the surface changed to
342◦, and a 3 K surface cooling within 20 min occurred (Fig. 1a), which can be associated
with cold-air advection. The surface cooling during Events 4–9 (Fig. 1b) was significantly
lower, about 2/3 K h−1. A relatively strong, over 3 K surface cooling within 40 min dur-
ing Events 10–12 (Fig. 1c) can be associated with cold-air advection due to the drainage
flow.

123



Statistics of Turbulence 77

Fig. 1 Observational points and approximating curves of the potential temperature � during: a Events E1–E3,
b Events E4–E9, c Events E10–E12. The highest data point in case E12 was disregarded
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Fig. 2 Wind hodographs during Events E1–E4, E7, E8, E10 and E11. The x-axis of the coordinate system is
oriented along the wind direction at the lowest level of 10 m. The highest level is 300 m

Profiles of the wind velocity are shown in HKG-85, and consequently are not displayed
here. Instead, we present selected wind hodographs (for E1–E4, E7, E8, E10, and E11) in
Fig. 2. The x-axis of the coordinate system is oriented along the wind directions at the lowest
level of 10 m. The hodographs for Events 1–3 are spiral, with the angle α, between wind
vectors at the levels of 10 and 300 m, equal to about 30◦. The angle α for hodographs during
Events 4, 7, 8 and 10, 11 is very small, implying cold-air advection. The angle α during event
E3 is larger, equal to about 45◦.

Profiles of the Richardson Ri are depicted in Fig 3, and typically, Ri is small near the
surface and increases with height (Sorbjan 2012). According to Sorbjan (2010), thermal
stability in the stable boundary layer differs for individual layers, and can be classified based
on the local values of the Richardson number. Specifically, the layers can be “near-neutral”
when 0 < Ri < 0.02, “weakly stable” when 0.02 < Ri < 0.12, “very stable” when
0.12 < Ri < 0.7, and “extremely stable” when Ri > 0.7. When Ri < 0.7, a layer is
considered turbulent. Otherwise, in the “extremely stable” case, there is no turbulence, or it
appears sporadically.

As it follows from Fig. 3, during Events 1 and 2, the values of the Richardson number
were very small, indicating “weak stability” in the entire boundary layer. During Event 3
(strong surface cooling), the largest value of Ri appeared at level 10 m, and decreased with
height. Thus, the layer close to the surface was “extremely stable”. During Events 4, 8, 9, the
lower portion of the boundary layer can be classified as “weakly stable”, and the upper part
as “very stable”. During Event 5, thermal stratification was “weakly stable” or “very stable”
near the underlying surface, and “extremely stable” above the level of 200 m. During Events
6 and 7, the entire 300-m layer can be classified as “weakly stable”.

The boundary layer during Event 10 reached the “extremely stable” state at the level of 100
m, and during Event 11, the layer below level of 100 m was “weakly stable” or “very stable”.
The 100–200 m layer was “extremely stable”. During Event 12, the layer below the level
150 was “weakly stable” or “very stable”, and the uppermost 200-m layer was “extremely
stable”.
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Fig. 3 Profiles of the Richardson number during: a Events E1–E3, b Events E4–E9, c Events E10–E12. The
peak of Ri appears at levels where the wind shear is smallest
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2.4 Fluxes and Variances

The profiles of the second-order moments are depicted in Figs. 4, 5, 6 and 7. Hunt et al.
(1985) used 20-min averages, which include the wave scales. For comparison, Sorbjan and

Fig. 4 Profiles of the temperature flux during: a Events E1–E3, b Events 4–9, c Events E10–E12
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Fig. 5 Profiles of the momentum flux during: a Events E1–E3, b Events E4–E9, c Events E10–E12

Grachev (2010) employed variances and covariances calculated based on 1-h averaging and
frequency integration of spectra and cospectra. Figure 4 shows the vertical profiles of the
temperature flux H = w′θ ′. Note that there were no data available for the level of 250 m
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Fig. 6 Profiles of the temperature variance during: a Events E1–E3, b Events E4–E9, c Events E10–E12

during Events 1–9. Profiles during Events 1, 2, 10 and 11 have the expected appearance:
values increase with height from the most negative values near the surface to near-zero at
the top. There is an outlier (negative) at the level of 100 m in the E3 profile. During Event
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Fig. 7 Profiles of the vertical velocity variance during: a Events E1–E3, b Events E4–E9, c Events E10–E12

4, the temperature flux increased with height, and was positive above 150 m. According
to Lu et al. (1983), the heat flux could be counter-gradient due to the effects of internal
waves.
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During Events 5–9, the temperature-flux profiles generally decrease with height within
the lowest 150 m layer, and increase with height in the layer 150–200 m. Above the level of
200 m, heat fluxes are nearly constant during events E5, E8, E9, increase with height during
event E6, or decrease during E7, which could be associated with the effects of the gravity
waves. The temperature-flux profile during E12 (strong cold-air advection near the surface) is
highly irregular with negative and positive outliers. The positive values are counter-gradient,
and most likely caused by wave activity.

Profiles of the momentum flux τ = u′w′ are shown in Fig. 5. Note that there were no
available data for the level of 250 m during Events 1–3, and for the levels of 200 and 250
m during Events 4–9. Profiles during Events 1, 2, 10 have the expected form, where values
generally increase with height, from the most negative values near the surface to near-zero
values at the top. During Event 3 in Fig. 5a, profile values slightly decreased with height.
Profiles in Fig. 5b (Events 4–9) are highly irregular, which can be associated with the effects
of the gravity waves. The momentum flux during Event 11 in Fig. 5c was positive above the
50-m level.

Profiles of the temperature variance are presented in Fig 6, with profiles during Events
1–6 and 8–11 having the expected form. Values decrease with height from positive near the
surface to near-zero at the top. During Event 7, effects of internal wave motion are noticeable,
as increased values of the variance appear in the layer 100–250 m. During Event 12, increased
values of the temperature variances are present above the level of 22 m.

Profiles of the vertical velocity variance are shown in Fig 7. It is expected that the vertical
velocity variance decreases with height, from positive values near the surface to near-zero
values at the top. During Events 1 and 2, the variance first increases with height up to the
level of 50 m, and then decreases with height. The profile values during Events 3–9 increase
with height, which can be associated with the effects of gravity waves. During Events 10–12,
the variances are nearly constant with height. Note that data at the level of 250 m were not
available during Events 1–9.

3 Gradient-Based Similarity Formulation

3.1 Definition of Scales and Universal Functions

In this section, we will consider a similarity theory approach for the description of turbulence
in stable conditions. Sorbjan (2010) introduced several gradient-based, local scaling systems
for the stably stratified boundary layer, and also derived similarity functions using data
collected during the SHEBA field program in the Arctic (Grachev et al. 2008). We employ
two local scaling systems in this study. The first one, referred to as σw scaling, is defined by
the following set of local scales,

Lw = σw

N
, (1a)

Uw = Lw N ≡ σw, (1b)

Tw = Lw	 ≡ Nσw

β
, (1c)

where σw is the standard deviation of the vertical velocity. The length scale Lw in (1a) can
be interpreted as the vertical distance by which a parcel of air moves when its kinetic energy
is converted to work against the buoyancy force (e.g. Sorbjan 2008).
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The universal similarity functions for the σw scaling were found to be functions of the
Richardson number of following form,

τ

U 2
w

= 0.72
(1 + 450Ri2)

(1 + 300Ri2)3/2 , (2a)

− H

UwTw
= 0.80Ri1/2 (1 + 450Ri2)

(1 + 250Ri2)3/2 , (2b)

σθ

Tw
= 4.25Ri1/2 (1 + 450Ri2)1/2

(1 + 250Ri2)1/2 . (2c)

The above expressions are valid throughout the entire stable boundary layer, and in the range
Ri < 0.7. The value Ri = 0.7 can be considered as an effective critical Richardson number.
Note that the dimensionless moments in (2) depend on height z, since the Richardson number
is a function of height.

The second set of local scales, referred to as σθ scaling, is defined as follows,

Lθ = βσθ

N 2 , (3a)

Uθ = Lθ N ≡ βσθ

N
, (3b)

Tθ = Lθ	 ≡ σθ , (3c)

where σθ is the standard deviation of the temperature fluctuations. The similarity functions
for the σθ scaling have the following form (Sorbjan 2010),

τ

U 2
θ

= 0.04
(1 + 2500Ri2)

Ri(1 + 300Ri2)3/2 , (4a)

− H

Uθ Tθ

= 0.044
(1 + 2500Ri2)

Ri1/2(1 + 250Ri2)3/2 , (4b)

σw

Uθ

= 0.24
(1 + 2500Ri2)1/2

Ri1/2(1 + 450Ri2)1/2 . (4c)

The above expressions also apply throughout the entire stable boundary layer, and are valid
in the range Ri < 0.7. Note that σw/Uθ = (σθ/Uw)−1.

Sorbjan (2010) and Sorbjan and Grachev (2010),also provided the analytical expressions
indicating the dependence of the MO local stability parameter z/
∗, the flux Richardson
number Rf, and the correlation coefficient rwθ between the vertical velocity and temperature,
on the Richardson number Ri,

z


∗
= Ri

0.9

(1 + 300Ri2)9/4

(1 + 250Ri2)3/2 , (5a)

R f = Ri

0.9

(1 + 300Ri2)3/2

(1 + 250Ri2)3/2 , (5b)

rwθ = −0.2
(
1 + 2500Ri2)1/2 (1 + 450Ri2)1/2

(1 + 250Ri2)3/2 , (5c)

where 
∗ = −τ 3/2/(κβ H) is the local Obukhov length, R f = −β H/(τ S), and rwθ =
H/(σwσθ ) is the correlation coefficient between temperature and the vertical velocity.

It should be noted that within the local extension of the MO similarity theory, the local
scales for velocity, temperature and length, U∗, ϑ∗ and 
∗, are based on local values of
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two moments, the momentum and heat fluxes τ (z) and H(z) (e.g., Sorbjan 1986a,b). The
local MO theory assumes that dimensionless moments are functions of the parameter z/
∗.
A general form of the similarity function in stable conditions can be derived assuming the z-
less regime (e.g., Sorbjan 1986a,b), which implies that the dimensionless moments approach
constant values for sufficiently large values of z/
∗.

Since the MO similarity functions and the parameter z/
∗ include the same parameters
(τ and H ), the self-correlation problem arises. For comparison, the gradient-based similarity
scales (1) and (3) are based on two independent parameters, on a variance (σworσθ ), and on
N , while the similarity functions depend on the Richardson number Ri = N 2/S2 (which
introduces the third independent parameter S). As the result, the effects of self-correlation
are less severe.

3.2 Dimensionless Characteristics of Turbulence

Figures 8 and 9 show a comparison of the dimensionless fluxes and variances observed at
BAO, with their estimates, based on the gradient-based similarity functions, described by
Eqs. 2, 4, and obtained from SHEBA data. Symbols in Fig. 8 represent the observational
moments normalized by the σw scales: τ/U 2

w, H/(UwTw),and σθ/Tw, for weak, moderate
and strong waves, and also for the unspecified wave cases. Similar symbols in the Fig. 9
display the moments, normalized by the σθ scales: τ/U 2

θ , H/(Uθ Tθ ), and σw/Tθ .

Referring to the SHEBA similarity functions (2), (4), and (5), it should be mentioned
that there is no clear evidence of the gravity wave presence or absence during the SHEBA
experiment. It could only be stated that the SHEBA dataset is not affected by gravity waves
typically generated by obstacles, such as hills, tall plant canopies, and slopes, since the
experimental site was located a few hundred km from land, over an ice surface with an almost
unlimited and extremely uniform fetch. Generally, cospectra of surface fluxes observed during
SHEBA are less contaminated by mesoscale motions as compared with data from other sites.
The low-frequency disturbances in spectra and cospectra during very stable conditions were
often well-pronounced, except spectra for the w component (Grachev et al. 2005, 2008). A
potential source of such behaviour could be Arctic leads (e.g. Mauritsen et al. 2005), and the
passage of snowstorms (e.g. Bosart and Sanders 1986).

The empirical points in Fig. 8 follow the similarity curves surprisingly well. Departures
from the curves in Fig. 8a, b are larger for larger values of the Richardson number. The
largest departures for the fluxes can be observed for Ri > 0.2, for weak waves, strong
waves, and in cases with unspecified wave activities. The temperature variance, in Fig. 8c,
agrees with the similarity curve very well, except for a few outliers (for strong wave cases and
also unspecified cases) that exceed the theoretical values, especially around Ri = 0.1. The
dependence between the intensity of the gravity waves and the departures of the empirical
points from similarity curves cannot be clearly established in Fig. 8.

The overall agreement of the empirical points with the similarity curves in Fig. 9 is quite
good, nonetheless not as good as obtained for the σw scaling in Fig. 8. The largest departures
in Fig. 9a, b can be observed for Ri ∼ 0.1 during strong wave cases and in unspecified cases.
The temperature variance agrees with the similarity curve very well (note that Figs. 8c and
9c are symmetrical). As in Fig. 8, the dependence between the intensity of the gravity waves
and the extent of the departure of the empirical points for all moments from the similarity
curves cannot be clearly established.

A dependence of the remaining dimensionless characteristics of turbulence, i.e. the sta-
bility parameter z/
∗, the flux Richardson number R f, and the correlation coefficient rwθ ,
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Fig. 8 A dependence of the dimensionless moments (the σw scaling) on the Richardson number Ri: a the
momentum flux τ/U2

w, b the temperature flux H/(UwTw), c the standard deviation σθ /Tw

on the Richardson number Ri, is depicted in Fig. 10 a–c. Here, the similarity functions (5a)–
(5c) are also displayed as continuous curves. The general agreement of the empirical values
(points) with the curves is quite good. At Ri > 0.2, the points representing z/
∗ are located
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Fig. 9 A dependence of the dimensionless moments (the σθ scaling) on the Richardson number Ri: a the
momentum flux τ/U2

θ , b the temperature flux H/(Uθ Tθ ), c the standard deviation σw/Tθ
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Fig. 10 A dependence of the dimensionless characteristics of turbulence on the Richardson number Ri: a the
stability parameter z/
∗, b the flux Richardson number Rf, c the correlation coefficient rwθ
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below the similarity curve. There is no clear dependence of the departures from the curves
and the intensity of gravity waves, except for a few outliers located around Ri ∼ 0.1.

4 Conclusions

In order to investigate the effects of gravity waves on similarity relationships in the stable
boundary layer, we re-examined the data set of Hunt et al. (1985), collected on the 300-m
tower of the Boulder Atmospheric Observatory (BAO) during three April nights in 1978 and
1980. The dataset included 12 events, with wave motion present on all occasions, and were
classified by HKG-85 as cases with “weak waves”, moderate waves”, and strong waves”.
The intensity of waves for seven events was not directly specified.

The considered momentum and temperature fluxes, as well as the temperature and vertical
velocity variances in the 300-m layer, were scaled by two gradient-based similarity scaling
systems, and compared with similarity functions of the Richardson number, obtained during
the SHEBA experiment in the Arctic, with no influence of gravity currents and topographical
factors. The first scaling system was based on local length values of the form Lw = σw/N ,

with the second one based on Lθ = βσθ/N 2.

Our analysis showed that empirical points agreed favourably with the gradient-based
similarity functions for both scaling systems (2), (4) and (5). Significant departures from
the theoretical predictions appeared as outliers, but the overall dependency of dimensionless
moments on the Richardson number was maintained. The dependence between the intensity
of the gravity waves and the extent of departures for all moments could not be clearly
established.
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