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Abstract. Using the unprecedented observational capabilities deployed during the Cooperative
Atmosphere-Surface Exchange Study-99 (CASES-99), we found three distinct turbulence events on
the night of 18 October 1999, each of which was associated with different phenomena: a density
current, solitary waves, and downward propagating waves from a low-level jet. In this study, we focus
on the first event, the density current and its associated intermittent turbulence. As the cold density
current propagated through the CASES-99 site, eddy motions in the upper part of the density current
led to periodic overturning of the stratified flow, local thermal instability and a downward diffusion of
turbulent mixing. Propagation of the density current induced a secondary circulation. The descending
motion following the head of the density current resulted in strong stratification, a sharp reduction
in the turbulence, and a sudden increase in the wind speed. As the wind surge propagated toward the
surface, shear instability generated upward diffusion of turbulent mixing. We demonstrate in detail
that the height and sequence of the local thermal and shear instabilities associated with the dynamics
of the density current are responsible for the apparent intermittent turbulence.
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1. Introduction

Numerous observational studies have concentrated on documenting unstable
boundary-layer structure utilizing Monin–Obukhov (M–O) similarity theory. In
contrast, stable boundary layers have been less studied. Intermittent or sporadic
turbulence is frequently observed, yet the origin of the intermittency is not well un-
derstood (Nappo, 1991; Howell and Sun, 1999; Mahrt, 1999). Mesoscale motions
related to turbulence intermittency have been linked to Kelvin–Helmholtz (K–H)
instabilities, gravity waves, and wake vortices (Doran and Horst, 1981; Mahrt and
Larsen, 1982; Emanuel, 1983; Etling, 1990). A series of papers based on data from
the Boulder Atmospheric Observatory (BAO) focused on interactions between tur-
bulence and gravity waves (Lu et al., 1983; Finnigan et al., 1984; Finnigan, 1988;
Einaudi et al., 1989) and between turbulence and solitary-like waves (Cheung and
Little, 1990; Einaudi and Finnigan, 1993).

Blumen et al. (1999) analyzed the heat budget in a shallow density cur-
rent. However, detailed relationships between intermittent turbulence and transient
mesoscale motions have not been studied due to lack of simultaneous observations
of different vertical and horizontal scales of motions in the nocturnal bound-
ary layer. The Cooperative Atmosphere-Surface Exchange Study-99 (CASES-99),
conducted near Leon, Kansas, in October, 1999, provided unprecedented observa-
tional coverage of the nocturnal boundary layer (Poulos et al., 2002). In this study,
we focus on relationships between turbulence intermittency and a density current
that occurred at approximately 0145 UTC on the night of 18 October 1999. The
data used in this study are described in Section 2. Detailed relationships between
intermittent turbulence and the dynamics of the density current are analyzed in
Section 3. A summary is given in Section 4.

2. Observations and Data Processing

The CASES-99 data used in this study were collected mainly from the 60-m
scaffolding tower (37.648◦ N, 96.736◦ W), and six 10-m Integrated Surface Flux
Facility (ISFF) towers, which surrounded the 60-m tower (Figure 1). All these
towers were located at the main experimental site and were deployed by the At-
mospheric Technology Division (ATD) of the National Center for Atmospheric
Research (NCAR). On the 60-m main tower, sonic anemometers (Campbell CSAT
and Applied Technologies, Inc.) were mounted at 8 levels (1.5 m, 5 m, 10 m,
20 m, 30 m, 40 m, 50 m, and 55 m), Krypton hygrometers (Campbell KH-20)
at 3 levels (5 m, 20 m, and 55 m), IRGA H2O/CO2 open-path IR gas analyzers
at 2 levels (20 m and 40 m), an infrared CO2 analyzer (Li-Cor 6251) at 1 level
(5 m), barometers (Paroscientific) at 3 levels (1.5 m, 30 m and 50 m), prop-vane
wind measurements (RM Young Model 9101 Anemometers) at 4 levels (15 m,
25 m, 35 m, and 45 m), and aspirated Väisälä 50Y Humitter sensors (PRT) for
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Figure 1. The plan view of the six 10-m ISFF towers and the main 60-m tower.

temperature/humidity measurements at 6 levels (5 m, 15 m, 25 m, 35 m, 45 m, and
55 m). All the above sensors, except the Väisälä temperature/humidity sensors,
were mounted on 4 m booms, pointing to the east. The measurements from the
sonic anemometers, Krypton hygrometers, and IRGA H2O/CO2 sensor on the 60-
m tower were sampled at 20 s−1 and the remaining instruments at 1 s−1. On each
ISFF tower, a sonic anemometer and a krypton water vapour sensor were mounted
at 5 m, a prop-vane anemometer for wind measurement at 10 m, and a barometer
and Väisälä temperature/humidity sensor at 2 m. The sampling rate from the sonic
anemometers and krypton water vapour sensors at the ISFF towers was 20 s−1, and
the rest of the measurements on the ISFF towers were sampled at 0.2 s−1.

Air temperature was also measured by thermocouples (E-type, Chro-
mel/Constantan, 0.0254 mm diameter) at 32 levels on the main tower and two
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levels on two adjacent posts (Burns and Sun, 2000). The thermocouple temperat-
ures were recorded at 5 s−1 with a vertical resolution of 1.8 m on the main tower
between 2.3 m to 58.1 m height, and also at 0.23 m and 0.63 m on two adjacent
mini-towers. The absolute thermocouple temperatures compare well with the as-
pirated air temperatures, and temperature fluctuations compare well with virtual
temperatures from the sonic anemometers (Poulos et al., 2002).

The FM-CW (frequency-modulated continuous-wave) radar system, developed
by the University of Massachusetts Microwave Remote Sensing Laboratory, is a
vertically pointing S-band radar with 2.5-m height resolution within a 3◦ beam
(Ince et al., 1998). During CASES-99 it operated at a center frequency of 2.735
GHz corresponding to a wavelength of 0.11 m. The FM-CW radar is sensitive
to refractive index gradients and fluctuations at a scale of half the wavelength,
or 0.055 m. At microwave frequencies the refractive index depends primarily on
humidity and to a lesser extent on temperature.

The High Resolution Doppler Lidar (HRDL), a scanning, coherent Doppler
lidar system designed for atmospheric boundary-layer research, was deployed by
the Environmental Technology Laboratory (ETL) of the National Oceanic and
Atmospheric Administration (NOAA) at a site approximately 1.45 km south of
the 60-m tower. HRDL produces range-resolved measurements of radial velocity
(i.e. the component of the wind velocity along the beam) and aerosol backscatter.
By scanning in azimuth or elevation, HRDL can map out the wind field over a
two-dimensional section of the atmosphere. In this study the most useful scans
were vertical-slice scans generated by scanning in elevation at a fixed azimuth. Its
velocity precision is 0.1 m s−1 for diffuse aerosol returns, and its range resolution
is 30 m. The minimum range was 270 m for this project, and the maximum range,
which depends on aerosol concentration, was generally ∼2.5 km in the relatively
clean nighttime air of the CASES-99 site. A description of the HRDL system,
including design specifications, is given in Grund et al. (2001) and Wulfmeyer et
al. (2000), and a more in-depth discussion of its role in CASES-99 is given in
Blumen et al. (2001), and in Newsom and Banta (2002).

The Argonne National Laboratory Boundary Layer Experiment (ABLE) Dop-
pler mini-sodar monitored wind profiles from about 10 m to 200 m height (Coulter
and Martin, 1986). It measures the intensity and Doppler shift of backscattered
acoustic energy associated with index of refraction fluctuations, which depend on
temperature and humidity fluctuations.

In order to capture the fast temporal variation of the turbulent fluxes, all turbu-
lent fluxes are calculated using perturbations from the 5-min unweighted means.
Based on calculations of accumulated turbulent fluxes, the 5-min data sample size
captures all the turbulent eddies most of the time. Unlike Einaudi et al. (1989)
and Einaudi and Finnigan (1993), in which turbulence was separated from gravity
waves, the 5-min data sample size used in this study may occasionally include some
wave contributions to fluxes. The 5-min data intervals are carefully chosen to avoid
the sudden sharp temperature changes associated with mesoscale disturbances. In
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Figure 2. Thermocouple temperatures at selected heights (a subset of the thermocouple measure-
ments) on the night of 18 October 1999.

this study, the Universal Time Coordinated (UTC) is used; therefore, the entire
night is within one UTC day. The local standard/daylight saving time is 6/5 hours
behind the UTC time.

3. Turbulence Intermittency and the Density Current

During the night of 18 October 1999, Intensified Observation Period (IOP)-7, three
distinct turbulent events, characterized by large temperature decreases, occurred
around 0145 UTC, 0630 UTC, and 1220 UTC, respectively (Figure 2). Intermit-
tent turbulence is clearly evident in the observed vertical velocity fluctuations at
8 levels on the 60-m tower (Figure 3). Strong turbulent mixing was associated
with the first and third events, and weak turbulent mixing with the second event
when the stratification was maximum for the night. HRDL observations indicated
that there was a low-level jet (LLJ) throughout the night. The speed of the LLJ
maximum was relatively steady at 7 ± 1 m s−1 at around 200 m (Figure 4). The
wind direction varied from southerly to northerly during the night. In this section,
we demonstrate that the first event is a density current and the apparent intermittent
turbulent mixing during the passage of the density current is associated with local
thermal and shear instabilities introduced by the dynamics of the density current.
The other two events during the night will be studied in a subsequent paper.

3.1. DENSITY CURRENTS

Density currents (also called gravity or buoyancy currents) can be initiated from
distant cold fronts, drainage flows due to ground radiative cooling, or atmospheric
mesoscale disturbances (Simpson, 1997). As a density current develops, the fast-
moving cold air sweeps across the ground, leading to enhanced turbulence within
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Figure 3. The vertical velocity at 8 levels on the 60-m tower on the night of 18 October 1999. Starting
from 5 m, the value of the vertical velocity is shifted by the amount listed at the right side of each time
series. Intermittent turbulence and instabilities that are not associated with event I will be discussed
in a subsequent paper.

the density current. The propagation of the density current eventually slows down
due to surface drag associated with turbulent mixing (Fulton et al., 1990; Simpson,
1997). As a result, the density current usually forms an elevated leading edge or
‘nose’. The head of the density current can extend higher than its tail. Our detailed
data analysis of event I demonstrate all these density current features (see the
remaining section). Therefore, we will call event I a density current in this study.
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Figure 4. HRDL time-height cross-section of wind speed and direction during the night of 18 October
1999. Each vertical profile is averaged over 30 min.

3.2. OVERTURNING EDDIES AT THE TOP OF THE DENSITY CURRENT

At approximately 0140 UTC on 18 October 1999, the air temperature, starting from
the upper levels on the 60-m tower, suddenly dropped by up to 2 ◦C during a 14
min period (Figure 5). As the temperature rapidly decreased at almost all the levels
except near the ground, the temperature above 10 m oscillated at a period of about
0.7 min (a frequency of 0.15 s−1). Since the observed frequency is higher than
the local Brunt Väisälä frequency of 0.02 s−1, the temperature oscillations were
forced by eddies, and were not internal gravity waves. After several temperature
oscillations, the air temperature, starting from the top level, increased sharply by
≈ 3◦C at almost all the levels on the 60-m tower except near the ground, and was 1
to 2◦C warmer than the temperature before the large drop at each level. Associated
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with the large temperature drop, the humidity and carbon dioxide increased as well
(Figure 6).

The downward propagating temperature drop on the night of 18 October indic-
ates that the density current nose passed by the 60-m tower at 0140 UTC. Since
humidity and CO2 decrease with height due to evaporation and respiration at the
ground under normal stable nocturnal boundary conditions, the sudden increase
of CO2 and water vapour, and the oscillation of the air temperature in the upper
part of the density current imply that the warm, dry low-CO2 air was pushed under
the cold, moist high-CO2 air by overturning eddies generated by the moving dens-
ity current. These overturning eddies at the top of the density current head were
also observed by the FM-CW radar (Figure 7) and the HRDL vertical-slice scans
(Figure 8a).

According to Simpson (1969) and Thorpe (1973), strong shear above a density
current can lead to Kelvin–Helmoholtz billows as the nose of the density current
steadily propagates. The development of the billow is associated with K–H in-
stability formed at the interface between two fluids of different densities moving
relative to each other. Similar wave disturbances above density currents were also
observed from numerical simulations of propagating internal bores by Klemp et al.
(1997), from ambient shear flow on density currents by Liu and Moncrieff (1996),
and from thunderstorm outflow by Droegemeier and Wilhelmson (1986). Lalas et
al. (1976) found that the ground can destabilize K–H waves and lead to instabilities
at many wavelengths.

Einaudi and Finnigan (1993) observed similar phenomena around 330 m at
night at the BAO tower, where the potential temperature gradient and the wind
shear were strongest. In that case, a large temperature oscillation was observed
between 50 and 100 m, with an oscillation period on the order of 10 min. During
the CASES-99 event, a similar wind shear layer was observed by HRDL between
100 and 200 m. Therefore, the overturning eddies observed in the upper part of
the density current (corresponding to 0140-0146 UTC at 60 m in the top panel
of Figure 5) could be associated with the disturbance generated by the shear flow
instability on the density current.

3.3. TURBULENCE AND THERMAL INSTABILITY

The overturning eddies generated local thermal instability (Figure 5), with large up-
ward sensible heat flux and downward moisture and carbon dioxide fluxes between
about 30 and 50 m (Figure 9). The direction of this turbulence transport is oppos-
ite to the fluxes in the surrounding stable environment. Comparisons between the
sonic anemometer data sampled at 1 s−1 and 20 s−1 (not shown) indicate that the
counter-gradient fluxes were associated with small eddies and would be missed by
slow response instruments. This result is consistent with the conclusions of Mahrt
(1985) that turbulence generated by the buoyancy instability within stratified flow
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Figure 5. Thermocouple temperatures at selected heights (a subset of all the observation heights,
which are labeled at the right end of each time series) during the passage of the density current
(bottom panel). The temperature variations are enlarged for the period of the largest temperature
decrease during this event (top panel). The black circles in the top panel indicate the time and height
when the air temperature was colder than that at 1.8 m below by at least 0.25◦C, indicating regions
of local thermal instability. The time series of temperature in the top panel are shifted by the amount
listed in the figure for better viewing of the time and height of the thermally unstable spots.
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Figure 6. Time-height cross section of (a) air temperature (thermocouples), (b) specific humidity
(aspirated Väisälä), (c) wind speed (prop-vanes), (d) wind direction (prop-vanes), (e) vertical velocity
(sonic anemometers) at 8 levels on the 60-m tower, and (f) relative variations of carbon dioxide
mixing ratio at 5 m and 40 m on the 60-m tower during the density current passage. The vertical
velocity above 5 m is shifted by the value on the right side of each time series for better viewing of
the time and height of turbulent mixing.
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Figure 7. Time-height cross section of the FMCW radar echo beginning at 0135 UTC indicates an
interfacial layer initially near 200 m decreasing to approximately 50 m eight minutes later. Flucta-
tions in the height of the layer are indicative of large turbulent eddies. Grayscale corresponds to a
30 dB range of intensities, with the strongest echoes due to insects and/or birds traversing the radar
beam. Horizontal bands near 100 m and below are due to ground clutter.

was characterized by relatively small three-dimensional eddies. The turbulence
associated with the thermal instability was strongest at the 55 m level.

3.4. TURBULENCE AND SHEAR INSTABILITY

In order to maintain mass balance, a local secondary circulation occurred as the
density current propagated by the 60-m tower. The ascending branch resulted from
the uplifting of the density current nose. The descending branch produced a sudden
temperature increase and strong stratification immediately after the passage of the
density current head, which in turn led to a sharp reduction of the turbulent mixing,
and a sudden wind speed increase of 2–3 m s−1 at almost all the observation levels
except near the ground (Figure 9b). As the wind surge propagated down to the
ground, strong shear was generated. Since the strongest stratification was close to
the ground, the strongest shear-generated turbulence was observed above the lowest
sonic anemometer at a level of between 5 m and 10 m, where the bulk Richardson
number was on average less than 0.25 (Figure 10), and diffused upward into the
strongly stratified flow generated by the descending flow. The shear-generated
turbulence transfer of heat and moisture was even stronger than the thermally-
generated transfer in the upper part of the density current head a few minutes earlier
(Figure 9). Within the shear-generated turbulence, some thermally-unstable regions
were observed (Figure 5).

During the hour prior to the arrival of the density current, HRDL scans indicated
that the northeasterly LLJ maximum of slightly greater than 8 m s−1 was between
200 and 250 m AGL (Figure 4). The strong turbulence mixing related to both
thermal and shear instabilities resulted in large downward momentum transport.
As a result, the height of the LLJ maximum appeared to have moved downward
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Figure 8. Representative vertical-slice scans of radial velocity recorded by HRDL (a) during and (b)
after the passage of the density current head. Scans are toward the ambient flow direction (therefore,
the radial velocity is equal to the wind speed) at an azimuth of 30◦. The elevation angle was scanned
between 0 and 20◦ from the ground. Negative radial velocities indicate flow towards the lidar.
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Figure 9. (a) The time series of the vertical velocity at 40 m, (b) the wind speed at various heights
on the 60-m tower, and turbulent fluxes of (c) momentum, (d) latent heat, (e) sensible heat, and (f)
carbon dioxide during the density current passage.

from ≈240 m AGL at 0100 UTC to ≈130 m at 0145 UTC (Figure 4, see more
details in Banta et al., 2002).

3.5. PROPAGATION OF THE DENSITY CURRENT

The wind surge associated with the descending motion following the density cur-
rent head was also observed by the six ISFF towers at 10 m (Figure 11). Based on
the distances between the six ISFF towers and the timing of the wind surge at each
station, the propagation speed and direction of the density current were calculated
to be 2.3 m s−1 from 47◦.

The head of the density current was clearly identified as the triangle-shaped
strong backscattering region (light region labeled event I in Figure 12) by the
mini-sodars at Beaumont (37.627◦ N, 96.538◦ W, about 17.4 km ESE of the
60-m tower) and Leon (37.644◦ N, 96.726◦ W, about 1.1 km SE of the 60-m
tower), Kansas, at 0115 UTC and 0145 UTC, respectively (Figure 12). The head of
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Figure 10. Time series of bulk Richardson number and the thermocouple temperature between 1.5
m and 5 m. The large temperature fluctuation between 2 and 2.5 UTC indicates strong turbulence
within the layer.

the density current extended to about 120 m height. Based on the sodar observation,
and assuming that the density current propagated between Beaumont and Leon in
the same direction as it passed the 60-m tower, its propagation speed averaged
about 9.4 m s−1 between the two locations along the density current propagation
direction (Figure 13). This result implies that the density current slowed down as
it traveled about 10 km between Beamount and Leon along the direction of the
density current propagation and was at least 10 km wide.
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Figure 11. The wind surge observed at the six ISFF towers following the density current head.

According to internal density current theory (Simpson, 1997), the propaga-
tion speed U , the relative density difference between the density current and the
ambient air �ρ/ρ, and the height of the density current head H are related by,

U =
(

�ρ

ρ
gH

)1/2

, (1)
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Figure 12. Acoustic backscattter from minisodars at Beaumont and Leon showing the density current
event near 0130. The strong signals above 75 m at Leon at 0300 to 0400 and 0500 to 0600 are
reflections from an ascending and descending tethered balloon.

where g is the acceleration of gravity. Assuming �ρ/ρ ∼ −�T/T , where T is the
temperature and �T is the temperature difference between inside and outside of
the density current, the observed �ρ/ρ ∼ −�T/T is approximately 1.5/282.65.
With U = 2.3 m s−1, H � 102 m, which is close to the mini-sodar observation of
120 m.

During the entire night, the regional surface wind was weak (between 0 and 3
m s−1) and the wind direction varied slowly from southerly to northerly. A weak
cold front at the Great Lakes area, a cold front NW of Nebraska, and a warm cloud
system south of Kansas existed at the time of the density current passage. The
general slope of the regional (about 5–10 km) topography is gently tilted downward
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Figure 13. A schematic demonstrating the relative locations of two sodars at Leon and Beaumont,
and the derived density current propagation direction.

from northeast to southwest. A ground network in a gully about 1 km SSW of the
60-m tower observed drainage flows between 0100 UTC and 0252 UTC when the
density current passed the 60-m tower (Mahrt et al., 2001). Nonetheless, the density
current clearly had its origin outside of the CASES-99 observation domain and we
do not have solid evidence to prove either the cold-front or drainage flow origin.

4. Summary

The sequence and the height of the intermittent turbulence, which is shown in Fig-
ure 6e, are clearly associated with the passage of the density current. A schematic
diagram in Figure 14 summarizes some of the important dynamic features of the
density current and their relationships to the turbulence intermittency. Due to the
fast propagation of the density current, thermal instability occurred when cold air
was pushed above warm air by large-eddy overturning at the top of the density
current head. Due to mass conservation, the descending motion following the uplift
forced by the density current head led to strong stratification, warmer air, and a sud-
den wind speed increase. As the wind surge approached the ground, strong shear
instability was induced. The turbulent mixing generated by the thermal instability
propagated downward. This ‘upside down’ boundary layer is different from the
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Figure 14. Schematic diagram of the density current.

traditional surface-generated turbulent boundary layer (Mahrt and Vickers, 2002).
In addition, turbulent transport of momentum, heat, moisture, and CO2 that were
generated by the local thermal instability is opposite in direction to the turbulent
transport in a stable boundary layer. The turbulent mixing generated by the shear
instability diffused upward until it reached the strong stable layer induced by the
descending motion following the density current head. Due to different timing and
heights of the thermal and shear instabilities, turbulence observed at a fixed level
appears to be intermittent.

We show that the buoyancy-driven turbulence from the large-eddy overturning
in the upper part of the density current head may not be able to propagate down to
the surface, depending on the stratification of the ambient flow. As the head of the
density current passes by, the strong stratification associated with the descending
air may prevent the shear-generated turbulence from spreading to higher levels.
Therefore, turbulence generated by the overturning eddies at the upper part of
the density current head may seem to be elevated for a short period. The vertical
variation of the turbulence associated with the sequence of thermal and shear in-
stabilities also implies that a constant surface flux layer does not exist during the
passage of the density current.

A large temperature drop resembling the density current in this study was also
observed over a dense forest (Sun et al., 1998). The extensive spatial coverage
of the CASES-99 observational network established the identity of this intermit-
tent turbulence event, which sheds light on previous nocturnal observations. The
density current did not originate within the observational domain of CASES-99,
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therefore we do not know its source. This study demonstrates that the nocturnal
boundary layer is strongly affected by mesoscale atmospheric disturbances, and
determining their structure and evolution is crucial for understanding their role in
generating intermittent turbulence in the nocturnal boundary layer.
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