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ABSTRACT

The authors investigate atmospheric internal gravity waves (IGWs): their generation and induction of
global intermittent turbulence in the nocturnal stable atmospheric boundary layer based on the new concept
of turbulence generation discussed in a prior paper by Sun et al. The IGWs are generated by air lifted by
convergence forced by the colliding background flow and cold currents near the ground. The buoyancy-forced
IGWs enhance wind speed at the wind speed wave crests such that the bulk shear instability generates large
coherent eddies, which augment local turbulent mixing and vertically redistribute momentum and heat. The
periodically enhanced turbulent mixing, in turn, modifies the air temperature and flow oscillations of the
original IGWs. These turbulence-forced oscillations (TFOs) resemble waves and coherently transport mo-
mentum and sensible heat. The observed momentum and sensible heat fluxes at the IGW frequency, which
are due to either the buoyancy-forced IGWs themselves or the TFOs, are larger than turbulent fluxes near the
surface. The IGWs enhance not only the bulk shear at the wave crests, but also local shear over the wind speed
troughs of the surface IGWs. Temporal and spatial variations of turbulent mixing as a result of this wave-
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induced turbulent mixing change the mean airflow and the shape of the IGWs.

1. Introduction

Nocturnal stable boundary layers (NBL) typically
contain wavelike motions. One example is the buoyancy-
forced internal gravity wave (IGW). Most documented
IGW characteristics are based on the linear gravity wave
theory, with the assumption that the wave amplitude is
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much smaller than the background-flow variation (Nappo
2012). One of the unique characteristics of IGWs is
their dispersion relationship; that is, IGWs can travel
and transport energy at speeds different from the
background wind. In addition, linear IGWs transport
momentum but not heat, as horizontal velocity oscil-
lations are 180° and temperature oscillations are 90° out
of phase with vertical velocity oscillations. Fundamentally,
buoyancy-forced IGWs are initiated by air displacement
in a stably stratified environment, which can be generated
by, for example, 1) topography (e.g., Chimonas and Nappo
1989; Smith 1989; Belcher and Wood 1996; Rees et al.
2000, 2001; Yagtie et al. 2001; Brown et al. 2003; Teixeira
and Miranda 2004; Vosper and Brown 2007; Chemel et al.
2009) and 2) disturbed streamlines related to convergence
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zones between background flow and density currents
from downdrafts of convective systems (e.g., Curry and
Murty 1974; Balachandran 1980; Chimonas and Nappo
1987) and downslope drainage flows (e.g., Jordan 1972;
Rees and Mobbs 1988; Balsley et al. 2002; Sun et al.
2002; Mahrt 2010; Viana et al. 2010). Because of the
rapid decrease of the atmospheric density with height,
especially under the influence of longwave radiative
cooling of the ground at night, IGWs are sometimes
ducted within the lower atmosphere for many cycles
(e.g., Rees and Rottman 1994; Chimonas 2002; Fritts
et al. 2003; Meillier et al. 2008).

Wavelike motions in the NBL are also likely initiated
by shear instability; these motions are called vorticity
waves by Carpenter et al. (2013) based on their gener-
ation mechanism. Atmospheric conditions that may
trigger wavelike motions have been extensively in-
vestigated (e.g., Hardy et al. 1973; Einaudi and Finnigan
1981; Finnigan and Einaudi 1981; Finnigan et al. 1984;
Gossard et al. 1985; Einaudi et al. 1989; Fitzjarrald and
Moore 1990; Chilson et al. 1997; Lee et al. 1997; Blumen
et al. 2001; Hu et al. 2002; Newsom and Banta 2003;
Finnigan et al. 2009; Belcher et al. 2012). In the litera-
ture, both buoyancy-forced and shear instability gener-
ated periodic motions are commonly called waves.

In addition to waves, the NBL is also characterized by
global intermittent turbulence (Mahrt 1989). Turbu-
lence intermittency has been investigated through both
observations (e.g., Kunkel and Walters 1982; Nappo
1991; Sun et al. 2002; Acevedo and Fitzjarrald 2003; van
de Wiel et al. 2003; Doran 2004; Sun et al. 2004; Banta
et al. 2007; Vindel and Yagiie 2011) and numerical
modeling (e.g., Costa et al. 2011; Zhou and Chow 2012).
Intermittent turbulence and waves are often connected.
Einaudi and Finnigan (1981), Finnigan and Einaudi
(1981), and Einaudi and Finnigan (1993) studied wave—
turbulence interactions by decomposing observations
into mean, turbulence, and wave components. Wave—
turbulence interactions have been theoretically investi-
gated at wave critical levels, where wind speed equals
wave phase speed (e.g., Geller et al. 1975; Nappo and
Chimonas 1992; Dornbrack and Nappo 1997; Tjernstrom
et al. 2009). Waves with large amplitudes can also lead
to turbulence through nonlinearity (e.g., Staquet and
Sommeria 2002; Staquet 2004). However, most studies
focus on wave breaking, with little discussion on how
turbulence affects wave characteristics.

Intermittent turbulence and gravity waves in the sta-
ble atmosphere have long been obstacles for numerical
modeling, and understanding wave-turbulence in-
teractions is particularly challenging (e.g., Thorpe 1987).
Wave-turbulence interactions are highly nonlinear and
depend on both background flow and wave disturbances.
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However, we find that there is a common IGW genera-
tion and wave-turbulence interaction pattern (section 2),
which occurs frequently, whenever the wind is weak [i.e.,
more than 74% of the time during the 1999 Cooperative
Atmosphere-Surface Exchange Study (CASES-99) con-
ducted in Kansas, United States (section 3)]. In other
words, although wave-turbulence interaction processes
are case dependent in terms of both location and
strength of turbulence relative to IGWs, as well as the
feedback of turbulence on IGWs, the turbulence gen-
eration processes are similar and can be explained using
the concept developed in Sun et al. (2012, hereafter
S12), as described in more detail in the next section. We
describe the physical processes through the analysis of
two nights: 20 October in detail and 9 October for cor-
roboration. As a result of the surface influence on tur-
bulence generation, wave—turbulence interactions, and
varying background wind on which the wave motions
are imposed, the observed wind oscillations may not
resemble the familiar sinusoidal waves with approxi-
mately constant amplitude and wavelength that are
commonly investigated in the literature. Nonetheless,
wave motions with varying amplitudes and wavelengths
are common and are investigated here. We focus on the
observed turbulence generation and the role of turbu-
lence in forcing wind and temperature oscillations as
a result of waves in the NBL near the ground. Com-
parison between these two individual cases and the
statistical results in S12 can shed light on the general
turbulence generation processes in the NBL.

Numerous researchers have used the CASES-99 data-
set for investigating stable boundary layers, including
turbulence intermittency (e.g., Coulter and Doran 2002;
Ha et al. 2007), but mainly focusing on general temporal
and spatial patterns of intermittent turbulence. Some of
them also incorporated one of the nights used in this
study, but for different scientific problems (e.g., Balsley
et al. 2002; Banta et al. 2007). In this study, we analyze
observations in detail to examine wave generation
(section 4) and characteristic structure (section 5), how
the waves modify the background wind and lead to in-
termittent turbulence, and how wave-turbulence in-
teractions generate wind and temperature oscillations
that modify IGWs and lead to turbulence-forced oscilla-
tions (section 6). Conclusions are in section 7.

2. Theoretical framework of wave—turbulence
interactions

S12 found that at a given height, nocturnal turbulent
mixing can mainly be divided into weak and strong re-
gimes depending on the relationship between tur-
bulence strength and wind speed, where turbulence
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strength can be either the standard deviation of hori-
zontal wind speed or vertical wind component or the
square root of turbulent kinetic energy. They also found
that turbulence in the strong regime, which corresponds
to the near-neutral regime, was generated by the bulk
shear V/z, where V is the wind speed at height z, and the
turbulence strength increased linearly with V at a given z.
The large coherent eddies that scale with z contributed
most to the strong turbulent mixing. As a result of the
efficient large-eddy mixing, the vertical temperature
gradient near the ground was reduced to nearly zero. In
contrast, relatively weak turbulence in the weak turbu-
lence regime was generated by local shear instability
with a vertical scale less than z. Because of a lack of large
coherent eddies that reach down to the ground, stable
stratification was prominent in the weak turbulence re-
gime. On average, the two regimes at a given z were
separated by a threshold wind speed V. The plot
showing the transition of turbulence strength as a func-
tion of V between the two regimes resembles a hockey
stick, analogous to the hockey-stick graph of Mann et al.
(1999). Therefore we call this dramatic transition in
turbulence as a function of a critical shear the hockey-
stick transition (HOST). HOST challenges the univer-
sality of the dependence of turbulent momentum flux on
dV/dz, such as in the Monin—Obukhov similarity theory
(MOST), particularly for strong turbulence where the
turbulence is observed to relate to V/z.

HOST appears at all nine observation heights over the
60-m observation depth in S12, and the threshold wind
speed systematically increases with height. Similar
HOST has been found elsewhere (van de Wiel et al.
2012; Mahrt et al. 2013; Martins et al. 2013). Some ear-
lier studies also found this sharp increase of turbulence
strength with wind speed (e.g., King et al. 1994; Acevedo
and Fitzjarrald 2003). In addition to these two regimes,
turbulence that is transported from surrounding areas
instead of being generated by bulk or local shear in-
stability associated with the local wind has a different
relationship between turbulence strength and wind
speed.

We apply HOST to understand the observed wave—
turbulence interactions, where the IGWs are generated
near the ground and are characterized by an antiphase
relationship between the horizontal and vertical wind
components (Fig. 1; see section 5 for detailed wave
analyses). Because the threshold wind speed that leads
to the strong turbulent mixing regime increases with
height, the wind speed oscillation near the ground
readily exceeds its threshold value compared to the air
above. Therefore, the wind speed oscillation of the
surface IGWs enables the wind speed to exceed its
threshold value at the wind speed maximum of the
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periodic component of the flow (herein, wave crests),
where the bulk shear instability initiates strong turbu-
lent mixing. The deep strong mixing enables large co-
herent eddies at the wave crests, which transport warm
and high-momentum air downward, and cold and low-
momentum air upward in the stably stratified layer near
the ground. As a result of the vertical redistribution of
the air of different temperatures that occurs at the wave
crests, the air temperature appears to oscillate at the
IGW frequency with a phase angle that varies with
height instead of 90° from the wave vertical velocity, as
in a linear IGW. Near the ground, the temperature os-
cillation is in phase with the wind speed of the IGWs;
that is, the periodic maximum wind speed and down-
ward motion are associated with the periodically
warmer air. The same strong turbulent mixing also re-
distributes the air of different momenta, enhancing the
airspeed near the ground and reducing the airspeed
above. The reduced airspeed above may lead to either
IGWs with a reduced amplitude in the wind speed os-
cillation or a reversed wind speed oscillation, which is
antiphase with the surface IGWs. These are the
turbulence-forced oscillations (TFOs).

The surface IGWs also enhance local shear over the
wind speed minimum of the periodic component of the
flow (herein, wave troughs) when the airflow is reduced
near the ground. The resulting enhanced local shear is
elevated above the ground, is smaller than the bulk shear,
and generates relatively weak turbulent mixing. Because
the elevated turbulent mixing leads to an increase of
turbulence with height, it reduces the local mean vertical
velocity and enhances the local mean horizontal flow at
the wave troughs where the vertical velocity of the IGWs
is maximum and the wind speed is minimum (section 6).
Consequently the elevated turbulent mixing over the
wave troughs can shorten the wave period. Therefore, the
IGW-induced turbulent mixing in the two turbulence
regimes associated with wave crests and troughs impacts
the existing IGW characteristics.

We demonstrate how we can apply the HOST concept
to two cases to explain wave—turbulence interactions,
where the variation of the turbulence strength is not
linearly related to the local shear 9V/dz. Through these
two cases, we also demonstrate what HOST in S12 is
built upon. The observed IGW generation and the
consequent wave—turbulence interactions following the
above-mentioned physical processes are summarized
schematically in Fig. 1.

3. Observations and data processing

The nocturnal data used in this study were collected
from a 60-m tower and six 10-m satellite towers (Fig. 2)
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6o at zo and leads to the turbulence-forced oscillations,
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(f) The increased local wind shear
(V2-V1)/(z2-z1) leads to enhanced
local turbulent mixing.
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(C) Weak turbulent mixing under wave troughs
is generated by local shear instability, and
the scale of the dominant coherent eddies
is less than zy.

ckground wind

(b) Strong turbulent mixing under wave crests is

generated by the enhanced bulk shear (V4/ z4),
which transports high-momentum and warm air
downward, enhancing Vqand 641 at z4 and leading
to w 8<0.

thick dashed lines=turbulence forced oscillations (TFOs), solid lines = buoyancy forced IGWs, dashed swirls = turbulent eddies

FIG. 1. Schematic cross section of wave—turbulence interactions. (a) IGW generation due to air lifted by con-
vergence between the background flow and a cold current; (b) strong turbulent mixing generated by bulk shear
instability at the wave crests of the IGW at z;; (c) weak turbulent mixing generated by local shear at the wave troughs
when V at z; is low; (d) 0 oscillation at z; resulting from downward transport of warm air by the strong turbulence at
the wave crests at z;; (¢) V and 6 oscillations (i.e. TFOs) at z, resulting from the upward transport of cold and low-
momentum air by the strong turbulence at the wave crests at z;; and (f) weak turbulent mixing above the wave
troughs at z; when V'is low at z; but higher at z,. Here, V, w, and 0 are the wind speed, the vertical velocity, and the
potential temperature, respectively. The tilde represents the oscillation at the IGW frequency.

during CASES-99 (Poulos et al. 2002; Sun et al. 2002,
2013). Six three-dimensional (3D) sonic anemometers
(SAs) were installed at 10-, 20-, 30-, 40-, 50-, and 55-m
height on the 60-m tower. Two additional SAs were in-
stalled at 1.5- and 5-m height on a 10-m tower, which was
10 m east of the 60-m tower to avoid flow distortion from
the base of the 60-m tower. The observations referred to
in this study as 60-m tower observations actually came
from both towers. The lowest SA was moved from 1.5 to
0.5 m starting on 20 October. In addition to the SA data,
five levels of prop-vane wind were obtained at 15, 25, 35,
and 45 m. The air temperature was measured at 34 levels
by thermocouples with a vertical resolution of 1.8 m on
the 60-m tower from 2.3 to 58.1 m, and also at 0.23 and
0.63m on two adjacent poles about 1 m from the 60-m
tower. At each satellite station, a wind vane, a 3D SA,
a temperature-humidity sensor, and a pressure sensor
were installed at 10, 5, 2, and 1.5m, respectively. The
location of the six satellite stations and the calculation of
the horizontal pressure gradient were described in Sun

et al. (2013). Station 3 was located in a relatively low and
wet area compared to the other towers; its measure-
ments may not follow large-scale trends and are not used
in this study.

All 12 levels of wind measurements are used in cal-
culating 9V/9z, as described in Sun (2011). In brief, the
wind speed profile at three measurement levels, in-
cluding one at z, one below, and one above, are fitted
with a log-linear function of z, and local shear is calcu-
lated using this locally fitted wind profile. Although
|0V/az| = aV/dz, where 9dV/dz and 9V/dz represent
a vector and a speed shear, respectively, the two differ
only when wind speed is weak, as vertical variations of
wind direction are eliminated by strong mixing associ-
ated with strong winds. We use dV/dz in this study to
focus on contrasts between MOST and HOST in near-
neutral conditions (i.e., the strong-wind regime).

Wavelet analysis used in this study is based on the
Haar basis, instead of the popular Morlet basis. Al-
though both wavelets can capture periodic motions in
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FIG. 2. (a) The elevation variation relative to the area mean
around the CASES-99 site and (b) the elevation (m) above sea
level around the 60-m tower with the six satellite stations (magenta
circles and numbers) and the 60-m tower (black X). The cold-
current vectors, which are approximately the same as the IGW
propagation vector, are marked for the 20 Oct (green) and 9 Oct
(blue) major events in (a). A 1ms ™! reference vector is plotted at
the upper-left corner of (a).

the atmosphere, atmospheric variations do not resemble
Haar or Morlet functions. Haar wavelets are simpler and
orthogonal, which leads to no ambiguity in in-
terpretation of decomposed variations (Howell and
Mahrt 1994; Howell 1995; Howell and Sun 1999).

The wind speed at 55 m was stronger than 10ms ' for
a significant fraction of 6 nights (7, 11, 13, 15, 17, and 25
October), less than 7ms ™' for the night of 26 October,
and between these two values for the remaining 20
nights during CASES-99. The wind at 55 m for the two
nights analyzed in this study is relatively weak (i.e., less
than 10ms ™ 1). This is the case for 74% of the nights
when wave—turbulence interactions were observed. On
the night of 20 October, a weak and broad high pressure
system was centered in northern Utah, and a small high
pressure system was centered in northwestern Texas.
The wind changed gradually from weak northerly to
southerly during the night as a low pressure trough
moved slowly southward to northwestern Kansas. On
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the night of 9 October, a high pressure system was
centered in southwestern Colorado and northwestern
New Mexico and slightly strengthened eastward toward
the morning. The wind remained northeasterly to
northerly throughout the night.

The dates are labeled in UTC time. For example, the
time period of the night of 19 October and the early
morning of 20 October is from 0000 to 1200 UTC 20
October; therefore, we label this night as 20 October.
The local standard time is 6 h behind UTC.

4. Wave generation and characteristics

IGWs have been observed to be associated with den-
sity currents either from downslope wind (e.g., Jordan
1972; Nappo et al. 2008; Viana et al. 2010) or thunder-
storms (e.g., Curry and Murty 1974; Balachandran 1980).
Both processes can provide the uplift required for IGW
generation in a stably stratified environment. Here, we
demonstrate that the density current for this kind of
IGW generation can be on a much smaller scale and
shallower than the 60-m observation layer. We illustrate
that buoyancy-forced IGWs are due to convergence
between background wind and cold currents near the
surface.

Wavelike motions lasted throughout the night of 20
October at all the stations (Fig. 3b). The relatively clean
wavelike motions at the lowest SA level (i.e., 0.5m)
started right after the wind speed decreased to near zero
around 0200 UTC (marked “3” in Fig. 4a) as the me-
ridional wind speed suddenly changed from northerly to
southerly for about 15 min in the bottom half of the 60-m
observation layer; this temporal change of air motion
was also evident at all the satellite stations (Figs. 3c, 4b).
The wind in the upper half of the 60-m layer was not
affected by this change and varied gradually from
northerly at the beginning of the night to southerly to-
ward the end of the night, which is consistent with the
synoptic situation. At the time of the sudden wind di-
rection change, the temperature decreased sharply
(Figs. 4e, 5d). The temperature reduction and the water
vapor specific humidity perturbation decreased with
height (Fig. 5), indicating the arrival of a cold current
near the ground. The wave development is evident in the
sharp enhancement of the vertical velocity (Fig. 5¢). The
increasing amplitude of the vertical velocity with height
is due to the general increase of the vertical velocity with
height near the ground and the decreasing influence of
turbulence on waves with height (more in section 6). The
initial changes of the wind direction and air temperature
are the most abrupt among all the observed variables
and are used to estimate the speed and direction of the
cold current based on the time differences of those
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FIG. 3. Wave—turbulence interactions on the night of 20 Oct, where
the surface IGW generation is associated with convergence between
the background flow and the cold current around 0212 UTC resulting
in the meridional pressure gradient spike and the wind direction
change in the bottom half of the 60-m observation layer. Shown
here are the time series of (a) meridional pressure gradient,
(b) wind speed, and (c) wind direction on the night of 20 Oct. The
5-min-averaged pressures are used in (a); 0.2-s~! data are used in
(b) and (c). The waves are analyzed in Fig. 10.

sudden changes at the stations. Principally, the method
is the same as the beam-steering method (e.g., Nappo
2012). We find that the cold air propagated at 0.8 ms ™
and was from 161° = 5° (represented by the light green
vector in Fig. 2a). Using the pressure measurements at
three stations and applying the beam-steering method,
the derived wave propagation speed and direction are
approximately the same as the cold current within the
uncertainty of the beam-steering method and the ob-
served arrival time at each station.

We also find that the arrival of the cold current is
closely related to a negative horizontal pressure gradient
spike. When the northward-moving cold current
reached the southernmost station, the local pressure in-
creased, resulting in a sharp decrease of the meridional
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pressure gradient (Figs. 3a, 4f). As the cold current
passed through the other stations, the horizontal pres-
sure gradient returned to its weaker negative value.
Using the observed pressures and air temperature at
stations 5 and 2, which are at about the same longitude
and altitude, we estimate the depth of the cold current
using the hydrostatic relationship described in Sun et al.
(2013) to be 35m. This compares reasonably well with
the highest level that the sharp temperature decrease
was detected by the thermocouples (Fig. 5d), as well as
the wind direction oscillation by the SAs (Fig. 5b). This
agreement suggests that the sudden meridional pressure
gradient spike is indeed associated with the arrival of the
cold current, even though the nonhydrostatic pressure
may also contribute to the pressure change at the arrival
of the cold current.

The terrain at the CASES-99 site is, in general, tilted
slightly downward toward the west with an elevation
change of less than 10m across 20km in the east-west
direction (Fig. 2). In addition, there are shallow gullies
north and south of the site. Because of the relatively
weak wind throughout almost the entire night, de-
velopment of drainage flows is inevitable (e.g., Soler
et al. 2002; Sun and De Wekker 2012), which is evident
from the wind direction down the southwestern terrain
slope prior to the arrival of the cold current. After the
arrival of the cold current, the flow in the bottom half of
the 60-m layer was initially influenced by the northward
cold current for about 15 min and later by the drainage
flow toward the southwest until 0500 UTC, when the
entire 60-m layer was under the influence of the synoptic
flow.

We had no tower observations in the gully south of
the site, so we can only speculate on the origin of the
cold current based on the observational study of a gully
southwest of the 60-m tower during CASES-99 by Soler
et al. (2002), the large-eddy simulation by Zhou and
Chow (2014) using the CASES-99 topography but for
a different night, and also a different observational
study by Lenschow et al. (1979). Both the drainage flow
down the southwestern terrain slope and the synoptic
flow over the cold gully south of the site could enhance
the shear over the gully. Subsequently, the shear-
generated turbulent mixing could transport the cold
air out of the cold pool, replacing it with warm over-
laying air. The increased hydrostatic pressure of the
cold air may add to the synoptic pressure gradient,
which could “push” the cold air away from the gully
toward the tower. The observed relationship be-
tween the negative meridional pressure gradient
and the southerly wind based on the entire nocturnal
CASES-99 dataset (Sun et al. 2013) adds credibility
to this speculation.
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stn 1
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stn 3
stn 4
stn 5
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time (UTC, h)

35 4

wind direction change, the wind speed change, the me-

ridional wind change, and the pressure change relative to the southernmost station around 0200 UTC. Because of the
temporal variation of the background flow and wave-turbulence interactions, wind oscillations may not be obvious

here but are visible when zoomed in, as in Figs. 9 and 11, or

in wavelet analysis when the IGW motions are effectively

separated from the other motions, as in Fig. 10. Shown are the time series of (a) 5-m wind speed, (b) 5-m wind
direction, (c) 5-m zonal wind, (d) 5-m meridional wind, (e) 2-m air temperature at the six stations, and (f) linearly
detrended pressure difference between station i (i = 1-6) and station 5 (i = 5) during the period of 0100-0400 UTC 20

Oct. The data are plotted here at 0.2~

Similar wavelike motions occurred on the night of 9
October (Fig. 6). Significant cold currents were observed
around 1000 UTC. Based on the sharp temperature
decrease across the observation domain, such as the one
marked “3” in Figs. 7e and 8d, the wave traveled at
1.3ms ! from 198° + 5° (represented by the dark blue
vector in Fig. 2a). Again the vertical decreases of the
wind speed, potential temperature, and water vapor
specific humidity oscillation amplitudes in Fig. 8 suggest
that the wavelike event was also initiated near the
ground. Balsley et al. (2002) found four cases of cold
currents up the gully southwest of the CASES-99 site;
the 9 October event is one of them. Using the observed
pressures and temperatures at stations 2 and 5, the es-
timated height of the cold current for this event is about
65m, which is again consistent with the temperature
decrease and the wind oscillation at the highest

. The boldface black numbers 1-3 mark the cold-current events.

observation level on the 60-m tower (Fig. 8). We spec-
ulate that the relatively deep cold current here is due to
the moderate background wind compared to that on 20
October, which causes the cold air to mix farther upward
and deepens the cold pool southeast of the site.

Similar to the above major cold currents associated
with the gullies surrounding the site, wave motions are
also triggered by even weaker drainage flows, which oc-
curred prior to the major cold currents investigated
above, such as the events marked ““1” and “2” for each
night (Figs. 4, 5,7, 8). In contrast to the above-mentioned
major cold currents, the wind at the time of these minor
cold currents is from the north-northeast (Figs. 4b, 7b),
and the wind direction change at the arrival of the minor
cold currents is barely noticeable because of the moder-
ate background wind. A close examination indicates that
the wind speed decrease at the time of the minor events is
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FIG. 5. Vertical variations of the wave—turbulence interactions on the night of 20 Oct indicating the depth of the cold
current, the vertical propagation of the IGWs, and the mini LLJ as a result of the strong turbulent mixing at the
beginning of the IGWs [dashed lines in (f)] compared to the ones before the arrival of the cold current. The wavelet
analysis of wind is in Fig. 10. Here (a) u, (b) v, (c) w, (d) PT, (e) ¢, and (f) V and TC represent zonal, meridional, and
vertical winds, potential temperature, water vapor specific humidity, wind speed, and thermocouple temperature,
respectively. The w value at the heights above the lowest SA is shifted by 0.3ms ™! from the level below for easy
viewing. The data used here are sampled at 0.2s 1. The boldface black numbers 1-3 mark the cold current events.

mainly due to a small decrease in the westerly wind
component u, while the meridional wind component v
change is relatively small, as v is much stronger than u
(Fig. 9). These observations suggest that these minor cold
currents are associated with drainage flows down the
southwestward slope. For event 2 on the night of 20
October, the high humidity peak in Fig. Se is associated
with relatively strong vertical mixing in the middle of the
60-m layer, which could be advected from the stronger
vertical mixing upstream of the 60-m tower as the un-
derlying 60-m layer is stabilized by the minor cold cur-
rent. Both strong and weak cold currents generated
a similar range of wave frequencies. Although the minor
cold currents individually have less impact, they may be
much more common than the major cold currents.

5. Internal gravity waves

We apply the Haar wavelet analysis described in
Howell and Sun (1999) to the time series of the air

motion to examine the time—frequency distribution of
the wavelike motions relative to the arrival of the cold
currents each night. The wavelet analysis is performed
on the vertical velocity w and the wind speed V along the
wind direction averaged between 0100 and 0400 UTC 20
October and between 0500 and 1200 UTC 9 October
with a moving time segment about 2 h in length at every
8s along the time series. On both nights, the kinetic
energy, KE = 0.5(V2 + w?), has a periodic maximum at
a wave period of about 7,, =20 min at the lowest SA
level (Fig. 10), and its variation is dominated by V. The
magnitude of the KE oscillation at the time period of T,
increases significantly after the arrival of the major cold
current each night.

Based on comparison between the linear inviscid
theory and the observed nonlinear waves, Einaudi and
Finnigan (1993) suggest that the linear wave theory
approximately captures the basic physics for observed
wave periods and wavelengths. Based on the linear
wave theory, buoyancy can only support IGWs with
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FIG. 6. Wave—turbulence interactions on the night of 9 Oct, where
the surface IGW generation is associated with convergence between
the background flow and the cold current around 0948 UTC, re-
sulting in the meridional pressure gradient spike and the wind di-
rection change. The labels are as in Fig. 3. The waves are analyzed in
Fig. 10.

frequencies between the Coriolis frequency f at the low
frequency end and the Brunt-Viisidld frequency
N =[(g/60)(96/9z)]""* at the high-frequency end, where
6o is the reference potential temperature (e.g., Gossard
and Hooke 1975). The estimated N is about 0.15s™ ! on
20 October and 0.1s~! on 9 October. Thus, using T, as
the estimated wave period, the observed wave frequency
is indeed less than the observed linear wave frequency
limit N for both nights.

The appearance of the simultaneous horizontal wind
change and the upward vertical motion on both nights—
both the dramatic meridional wind change at the arrival
of the major cold currents and the minor zonal wind
change at the arrival of the minor cold currents—
suggests that the wave motions are IGWs generated by
the air lifted by the collision between the cold currents
and the background flows (Fig. 1). The resulting mini-
mum wind speed at the arrival of each cold current, es-
pecially the major ones, reduces the turbulent mixing and
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upward cold-air transport, which temporarily helps
maintain the vertical temperature gradient that is en-
forced by the arrival of the cold current near the ground.

The horizontal and vertical wave oscillations are related
through the mass continuity equation. By definition, the
vertical wavenumber of IGWs has to be real. Therefore,
the horizontal and vertical wave components (expressed
with tildes) are related through the wavenumbers in the
horizontal (k) and vertical (1) directions as

V=—"1. 1)

Equation (1) indicates that for positive m and k, a max-
imum in V corresponds to a minimum in w, implying
that V and w should be 180° out of phase or antiphase for
a two-dimensional IGW (Nappo 2012). The observed
apparent antiphase relationship between V and w
(Figs. 9, 11) further suggests that the observed wave
motions are IGWs. The phase relationship between V
and w also suggests the interchange between potential
and kinetic energy once an air parcel is lifted. This en-
ergy exchange gives rise to the wind speed oscillations.

We calculate momentum and sensible heat fluxes as-
sociated with IGWs using the Haar wavelet analysis. We
first examine the cospectra Co[w, V] between w and V
and the cospectra Co[w, 0] between w and 6 from 0100
to 0600 UTC 20 October and from 0800 to 1200 UTC 9
October. For both nights, the magnitudes of both co-
spectra peak at a period of about 20 min, and are uni-
formly small at the higher-frequency end (Fig. 12).
Based on the observed Co[w, V], we define wave mo-
mentum flux wV (where the overbar represents an
integral over a range of time scales) as Co[w, V] in-
tegrated over the time scale from 1 to 60 min to include
the wave frequency, and turbulent momentum flux w'V’
as Co[w, V] integrated over time scales smaller than
1min to exclude the wave frequency. Based on the
variation of Co[w, V] with the frequency, it is not sur-
prising that the magnitude of WV is much larger than
that of w'V’ on both nights, which has also been ob-
served by Finnigan and Einaudi (1981). Similarly, the
magnitude of the wave sensible heat flux w6 is much
larger than that of the turbulent sensible heat flux w'6’
during the wave period on both nights. In addition, both
WV and w6 are negative at the lowest SA level on both
nights, which further confirms the antiphase relationship
between w and V. However, both wave fluxes are posi-
tive at 5 and 10m on 20 October and only at 5m on 9
October; they switch back to negative values above the
positive flux layer on 9 October but remain positive and
gradually decrease to near zero on 20 October. The
nonzero wave heat fluxes suggest that the IGWs are
influenced by turbulence and nonlinearity, as linear
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FIG. 7. The wave—turbulence interactions on the night of 9 Oct measured at the six satellite stations. The labels are as
in Fig. 4.

IGWs transport momentum but not heat (e.g., Nappo
2012).

We now investigate the time—frequency distribution
of Co[w, V] and Co[w, 0] around the wave period (i.e.,
Co[w, V] and Co[w, 0]) using the same Haar wavelet
analysis method as for the KE analysis described above
to examine the temporal variation of Co[w, V] and
Co[w, 6] relative to the arrival of the cold currents. We
concentrate on the bottom three SA levels to illustrate
interactions between the IGW and turbulence for the
night of 20 October (Fig. 13). Similar physical processes
occur above 10m. We find that at 0.5 m, Co[w, V] shifts
from dominantly positive to negative after the arrival of
the cold current. Comparison between the KE in Fig. 10
and Co[w, V] in Fig. 13 indicates that, at 0.5 m, negative
maxima of Co[W, V] occur at the IGW wave crests. In
contrast, at 5m, positive maxima of Co[w, V] occur at
the IGW wave crests (i.e., the Co[w, V] oscillation re-
verses between 0.5 and 5m). Co[w, V] at 10m is similar
to that at 5Sm. A simplified schematic of the above-
described oscillations is given in Fig. 1.

The negative maxima of Co[w, 6] at 0.5m are also
associated with the wave crests, and the oscillation of

Co[, 6] at 5 and 10m is antiphase with that at 0.5m
(Fig. 13). The appearance of the enhanced Co[w, 6]
oscillation at time scales other than the wave frequency
and prior to the arrival of the cold current is a by-
product of the decomposition of the sharp decrease in
the air temperature at the arrival of the cold current by
the Haar spectral analysis (Fig. 5d), which is a general
characteristic of spectral analysis. In other words, the
sharp temperature change results in a spread-out re-
sponse in both the frequency and time domains (Howell
and Mahrt 1994; Howell 1995). This artificial phenom-
enon related to the sharp temperature change in Fig. 13
does not significantly affect the time-integrated sensible
heat fluxes over the 5-h period in Fig. 12. The time-
frequency distributions of Co[w, V] and Co[w, 6] on the
night of 9 October are similar to those on 20 October
(not shown). The significant difference between 20 and 9
October is that the depth of the positive Co[w, V] and
Co[w, 6] layer is relatively thin on the night of 9 October
compared to the night of 20 October, and the periodic
negative Co[w, V] and Co[, §] maxima at 10m and
above on the night of 9 October are unaffected by the
turbulent mixing below.
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FIG. 8. Cross sections of the wave—turbulence interactions on the night of 9 Oct. The labels are as in Fig. 5.

6. Wave-turbulence interactions

Guided by the observation of the two turbulence re-
gimes in S12, we analyze wave-turbulence interactions
by focusing on the wave crests where strong turbulence
may be generated by the bulk shear instability and the
wave troughs where the local shear can be enhanced to
generate relatively weak turbulence.

a. Enhanced strong turbulent mixing

As explained in section 2, the threshold wind speed
increases with height. Therefore, wind near the ground
can readily exceed its threshold value, while wind speed
higher up may not do so, often resulting in turbulent
mixing decreasing with height. As a result of the de-
creasing influence of turbulence on the IGWs, the ver-
tical velocity oscillation of the IGWs is more distinct at
the upper levels of the 60-m observation layer (Figs. Sc,
8c, 11d), which is also clearly the case in Einaudi and
Finnigan (1993) and Newsom and Banta (2003). A close
examination of the major event on 20 October suggests
that turbulent mixing is strong at the wave crests when
the wind speed is enhanced by the presence of the IGWs,
and the composite wind speed of the IGWs and the
background flow at 0.5 m exceed the low-wind threshold

for its low elevation (Fig. 11a). The strong turbulent
mixing at the wave crests brings warm and high-
momentum air downward. As a result, the air temper-
ature is warmer at the wave crests than at the wave
troughs, leading to a temperature oscillation, which is
antiphase instead of in quadrature phase with the ver-
tical velocity of the IGWs, and therefore a negative
sensible heat flux at the wave frequency on both nights
(Figs. 12, 13). Although both wind and temperature
oscillations may be difficult to observe because of the
wave—turbulence interactions that are embedded in the
composite flow of the temporally varying background
flow and the original IGWs, the covariances between
W, V, and @ are clearly visible in the wavelet analysis
(Figs. 12, 13).

The downward transfer of high-momentum air also
enhances the wind speed at the wave crests observed at
the lowest SA level. An example is the wind speed spike
at 0.5m around 0212 UTC 20 October (Fig. 11b); that is,
the turbulent mixing enhances the amplitude of the
IGWs near the ground. As the wind speed at the SA
level exceeds its threshold value, the impact of the
strong turbulence generated by the bulk shear instability
on the background flow reaches 5 m first, as shown in the
sharp drop of the 5-m wind speed (Fig. 11b). As the wind
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speed at the SA level increases further, stronger turbu-
lence is generated, and its impact on the background
flow reaches 10m, as shown in the sharp drop of the
10-m wind speed. The downward transfer of high-
momentum air from 10 to Sm can compensate for the
momentum loss at 5m through the momentum conver-
gence, leading to a sudden wind speed increase or a local
wind maximum at 5m [i.e., a mini low-level jet (LLJ)],
which is observed on both nights (Figs. 5f, 8f), as well as
on 18 October during CASES-99 reported by Sun et al.
(2004).

The strong turbulent mixing at the wave crests near
the ground transports not only warm high-momentum
air downward, but also cold low-momentum air upward.
Consequently the wind speed and temperature at Sm
are lowered at the crests compared to the troughs
(Fig. 11a), leading to the apparent reversed wavelike
structure [i.e., the TFOs (section 2, Fig. 1)]. In other
words, the TFOs at Sm are forced by the strong turbu-
lent mixing at the IGW wave crests. The wind and
temperature of the TFOs are in phase at Sm and are
antiphase with the wind and temperature of the IGWs,
leading to positive or countergradient wave fluxes at
5Sm. As the vertical mixing generated by the bulk shear
near the ground decreases with height, the influence of
the low-momentum air near the ground on the upper air
decreases with height. On 20 October, the counter-
gradient wave fluxes are observed up to 30 m, but their
magnitudes, on average, decrease with height. On 9
October, the IGWs are observed in the entire 60-m

layer, and their amplitude is much larger compared to 20
October. Thus, the countergradient wave fluxes are
observed only at Sm as the turbulent mixing did not
lower the wind speed at 10 m enough to reverse the wind
speed oscillation there. The different depths of the TFO
layer for the two nights suggest the dependence of the
TFO depth on the strength of the vertical turbulent
coupling and the amplitude of the IGWs. The strength of
the strong turbulent mixing generated by the bulk shear
is linearly proportional to wind speed, which implies that
larger wave amplitude leads to stronger mixing. How-
ever, large-amplitude waves imply that the initial lifting
is strong, which results in a deep IGW layer where the
wind speed oscillation is also large at the upper level.
For IGWs with large amplitude, the wind speed re-
duction at the upper mixing level may not be strong
enough to reverse the phase of the wind speed oscilla-
tion there.

The in-phase relation between the horizontal and
vertical components of the TFOs is not unique to the
CASES-99site. It is noticeable, for example, in the time
series of horizontal and vertical velocities in Einaudi and
Finnigan (1993). Countergradient wave heat fluxes have
also been observed in the literature (e.g., Nai-Ping et al.
1983; Einaudi and Finnigan 1993), where turbulence is
also thought to contribute to countergradient wave heat
fluxes.

The mechanism of the TFOs is similar to the so-called
Jeffreys’s mechanism (Jeffreys 1925) used to explain the
observed wave motion of water running down a sloped
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FIG. 10. The time—frequency distribution of KE = 0.5(V? + w?) using the Haar wavelet analysis at (top) 10m, (middle) 5m, and
(bottom) the lowest SA level (0.5 m for 20 Oct and 1.5 m for 9 Oct) on (left) 20 Oct and (right) 9 Oct. The vertical axes are the log of the
frequency time scale (min). The Haar wavelet analysis is performed for a time period of 2'® s at every 8 5. The numbers 1-3 are for the cold
events for each night, as in Figs. 4 and 7. Note that the contour scale varies with height.

surface. Basically, Jeffreys’s mechanism involves alter-
nations between accelerated flow forced by the pressure
gradient along the slope and decelerated flow due to the
turbulent drag (Chimonas 1995; Pulido and Chimonas
2001; Chimonas 2003). Here, the reduction of wind
speed by the vertical turbulent mixing and the acceler-
ation of the airflow by the large-scale horizontal pres-
sure gradient in the TFOs are analogous to Jeffreys’s
mechanism, while the IGWs are due to the exchange
between kinetic and potential energy.

b. Enhanced weak turbulent mixing

In addition to the turbulence generated by the en-
hanced bulk shear instability at the wave crests, the
IGWs at the lowest SA height also trigger turbulence
through enhanced local shear at the wave troughs when
the airspeed is low near the ground but relatively high
above (Fig. 1). For example, the wind speed at 0.5m is
low at around 0224 UTC when the wind speed and the
vertical velocity at Sm are just recovered from their
low values from the strong turbulent mixing at about
0215 UTC (Figs. 11a,c). Thus, the increased local shear
between 0.5 and 5Sm (marked with the dashed square at
0224 UTC in Fig. 11a) induces turbulent mixing between
0.5 and 5m (Fig. 11c), which is visible in the high-
frequency w oscillations at 0.5 and Sm. A similar situa-
tion occurred around 0251 UTC (marked with the

dashed square at 0251 UTC in Fig. 11a). When the
horizontal variations of the second-moment terms can
be assumed negligible, the momentum balance equa-
tions read (Garratt 1992),

i ! 5
diV:_awV_iaip and 2)
dt 0z p dx
aw ow'w' 1 dp
_ = — —_— = — s 3
dt 9z p 9z & ®)

where V, W, p, and p are the time-averaged horizontal
wind speed and vertical motion, the air density, and air
pressure. Because w'w’ >0 and w'V’<0 as a result
of the ground momentum sink, ow'w//dz>0 and
ow'V'/9z <0 if turbulent mixing increases with height.
Assuming that the pressure gradients in (2) and (3) are
time independent, the elevated turbulent mixing would
lead to an increase in V and a decrease in w. When this
happens at the wave troughs of the near-ground IGWs,
the increased wind speed would lead to an earlier ap-
pearance of the next wind speed oscillation (i.e., the wave
period would be reduced). We call this new wave period
the turbulence-reduced wave period. The observed
turbulence-reduced wave period is visibly shorter after
0300 UTC, compared to its original value in Fig. 11a. The
observed wave period reduction associated with turbulent
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mixing is consistent with what Smith et al. (2007) found for
mountain waves using a simple conceptual model.

c. Observed turbulent mixing in relation to HOST
and MOST

In the above discussion, we qualitatively explain
the wave—turbulence interactions based on the HOST

concept of the different turbulent mixings in relation to
wind speed. We now demonstrate how the turbulence
strength as a function of wind speed during the wave—
turbulence interaction period compares with the
HOST in S12. Here we use the standard deviation of
w, oy, Over a 5S-min period to represent the turbulence
strength.
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In general, the observed o, variation with wind speed
during the IGW periods, especially at the lowest SA
levels (i.e., 0.5m for 20 October and 1.5m for 9 Octo-
ber), follows its variation averaged over all the nights
during CASES-99 (Fig. 14). As the observation height
increases to 5Sm, some points deviate significantly from
the averaged HOST at 5m (Fig. 14a). A close exami-
nation indicates that some of the large deviations are
due to a sharp decrease of both vertical and horizontal
wind speeds within the 5-min-sampling segments as
a result of a sudden increase of strong turbulent mixing
below when the wind speed below exceeds its threshold
value. In other words, the spikes of wind reduction
within the 5-min segments result in large o, but small V'
(black triangles in Fig. 14). Some of the large deviations
are due to the influence of the downward transport of
strong turbulence from above as a result of a relatively
weak LLJ around 50m after 0400 UTC (Banta et al.
2007) when the wind speed at Sm is still below the

averaged threshold wind speed (magenta triangles in
Fig. 14).

The general agreement between the two nights and o,
averaged over the entire nocturnal CASES-99 periods
as a function of V suggests that two turbulence regimes
are common and consist of numerous weak and strong
turbulent mixing events, which are either from the
wave—turbulence interactions, as in the two nights in-
vestigated in this study, or periods of consistently low- or
high-wind events. The large percentage of the relatively
weak-background-wind nights during CASES-99 en-
ables the frequent appearance of the wave-turbulence
interactions like those observed in this study, which is
confirmed by visual inspection of all the weak-wind
nights during CASES-99.

In contrast to the relationship between o, and V, g, is
related to dV/dz only near the ground (i.e., at 0.5 and
1.5m) because V/z ~ dV/dz at those heights. At 5m and
above, o, is independent of dV/dz. Because relating
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the cold events for the night, as in Fig. 4.

local vertical gradients to turbulent mixing is an essen-
tial assumption in MOST, the CASES-99 observations
challenge the generality of MOST.

7. Conclusions

Using the unique CASES-99 dataset, we have in-
vestigated wave—turbulence interactions for two NBL
cases using the HOST concept presented in S12. The
observed wave—turbulence interactions, which are
schematically summarized in Fig. 1, generate periodic
patches of turbulence and turbulence-forced oscillations
(TFOs) under weak winds.

The observed wavelike motions are buoyancy waves
generated by uplifting as a result of the convergence
between the background flow and surface cold currents
in the NBL and are characterized by a typical IGW
antiphase relationship between wind speed and vertical
velocity. The cold currents can be drainage flows, but the
most significant cold currents emanate from the cold
pools in the surrounding gullies. We speculate that these
relatively strong cold currents are the result of air
cooling by vertical turbulent mixing over the cold pools.

The IGW wind oscillations near the ground trigger
strong and vertically extended turbulent mixing at wave
crests when the composite flow of the background flow
and the wind speed oscillations exceeds the threshold

wind speed at a given height and the bulk shear in-
stability is triggered. The strong turbulence consists of
large coherent eddies, which mix efficiently in the ver-
tical direction. When the nocturnal air temperature in-
creases significantly with height, these large eddies are
capable of transporting the upper warm air downward
and the near-ground cold air upward, which modifies the
IGWs differently near the ground than at the upper level
of the mixing depth. Near the ground, the downward-
transported warm air results in temperature oscillations
that are in phase with wind speed and approximately
antiphase with the IGW vertical velocity, leading to
anegative sensible heat flux at the IGW frequency. Heat
transport at the observed IGW frequency would not
exist without this wave-turbulence interaction. In ad-
dition, the strong turbulence also transports high-
momentum air downward, which enhances the wind
speed at the wave crests, leading to an apparent wave-
amplitude increase.

In contrast, the strong turbulence mixing at the wave
crests transports low-level air of relatively low momen-
tum and temperature upward, leading to TFOs at the
upper level of the mixing depth. These apparent waves
have minimum wind speeds and temperature above the
wave crests of the surface IGWs, resulting in a reversal
of the wind speed and temperature oscillation compared
to the IGWs near the ground. Therefore, both wave
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FIG. 14. (a) Relationships between V and o, at 0.5, 1.5, and 5m, where the symbols are from the two nights
(between 0200 and 0600 UTC 20 Oct and between 0900 and 1100 UTC 9 Oct) and the curves are the averaged relation
during the entire nocturnal CASES-99 periods. (b) Relationship between dV/dz and o, at the three levels. In ad-
dition, the time series of V at the lowest three SA levels are shown for the nights of (c¢) 20 Oct and (d) 9 Oct. Each
symbol in (a) and (b) is a 5-min average. The black triangles mark those 5-min segments at 5 m that are affected by
sharp decreases in both w and V because of the strong turbulent mixing below, as shown in (c) and (d). The magenta
triangles mark those 5-min segments at 5 m influenced by the strong turbulent mixing from above and V < V. Note
that the stronger wind at the higher level influences the vertical alignment of turbulent mixing.

momentum and heat fluxes of the TFOs are positive
(i.e., countergradient). The depth of the TFO layer de-
pends on the balance between the vertical extension of
the turbulent mixing at the wave crests and the ampli-
tude of the IGWs. We find that the reversed wind
oscillations extend from 5 to 20m on the night of 20
October when the IGW amplitude is relatively small,
and they only exist at 5 m on the night of 9 October when
the amplitude of the IGWs is relatively large and the
IGWs are observed throughout the entire 60-m layer.
The relatively weak turbulent mixing is often generated
by the enhanced local shear instability above the wave
speed troughs when the wind speed near the ground is
reduced while the wind speed above remains relatively
large. The local shear has a finite vertical scale less than z
but different from 9V/dz. The relatively weak turbulent
mixing generated by the local shear instability does not
extend down to the ground and results in elevated

turbulence patches detached from the surface. When
turbulence increases with height over the wave troughs,
the vertical transport of turbulent momentum decreases
the mean vertical velocity but increases the mean wind
speed, resulting in the apparent reduction in the wave
period, or leading to the turbulence-reduced wave period.
Because the amplitudes of the IGWs or the TFOs are
much larger than the turbulent fluctuations, and they are
approximately either in phase or antiphase with the
vertical velocity of the IGWs, the momentum and heat
fluxes at the wave frequency are much larger than those
at turbulence frequencies. Because of the wave—turbulence
interaction and the temporal variation of the back-
ground flow, the wind and temperature oscillations may
not be pure sine waves. In addition their coherence with
the vertical velocity oscillation leads to significant mo-
mentum and heat transfer. Further investigation is
needed to determine the generality of the result.
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The consistency of the turbulence-wind relationship
for the two cases considered here with the HOST con-
cept in S12 suggests that this kind of wave—turbulence
interaction, which is observed whenever the background
wind is relatively weak, demonstrates the HOST con-
cept documented in S12. Using the entire nocturnal
dataset, we find that upward vertical velocity in general
increases with decreasing wind speed when wind speed
is weak during CASES-99 (not shown), which further
suggests that wave generation from shallow cold cur-
rents may occur often. In addition, the consistent re-
lationship between a negative meridional pressure
gradient and weak southerly flow based on the entire
CASES-99 dataset (Sun et al. 2013) suggests that the
gullies south of the site may play an important role in
generating relatively strong cold currents and IGWs. As
the CASES-99 site is relatively flat compared to most of
Earth’s land surface, IGWs associated with cold pools
and drainage flows are expected to be common in the
NBL elsewhere, even though they may not always
be easily identifiable, as their amplitude and period
may vary with time as a result of wave-turbulence
interactions.
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