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1.   INTRODUCTION

The application of  high resolution scanning
lidars to characterize the spatial properties of coherent
microscale structures is well documented (Cooper et al.,
1992, 1994, 1996, 1997, 2000).  The Raman water vapor
scanning lidar was used to examine selected spatial
characteristics within the first 100 m of the atmosphere
above the surface during a typical nocturnal regime.  The
three-dimensional atmospheric water vapor field over
wheat stubble field on a gentle slope on the south-western
edge of the Salt Lake City Basin in October of 2000 during
the Vertical Mixing and Transport Experiment (VTMX) was
mapped.  In this paper, the detailed structure of the
atmosphere, including low-frequency, intermittent,
coherent structures  will be shown to be intimately
involved in the exchange of mass and energy between the
surface and the atmosphere (Cooper et al., 2004). 

Microscale coherent structures both observed
and simulated within the stable boundary layer invokes
the question: By what mechanism do such structures
arise, and what mechanisms are responsible for their
development?  To address these questions, high temporal
and spatial resolution properties of the surface-
atmosphere interface is examined.

2.  STUDY SITE

This study was part of an inter-institutional
intensive sub-site headed by PNNL (called Site 11, as
described in Doran et al., 2002) at the foot of the Oquirrh
Mountains at 40.5394/ North latitude, 112.0235/ West
longitude, about 11 km East of the Kennecott copper
mine, and 3 km North of Herriman in the southern part of
the Salt Lake City basin in Utah. The surface was

composed of bare soil and wheat stubble, approximately
20 cm tall on a gentle 1.58/ east-facing slope, with a fetch
in excess of 6 km (Fig. 1). 

This experimental deployment took place in
October 2000, where the nocturnal boundary layer
included clear night inversions, and weak winds at height
(Doran et al., 2002).  This paper focuses upon a specific
set of nocturnal observations that occurred during VTMX;
that of clear skies and light winds at the surface and aloft,
such as was found during the evening and morning of
October 8  and 9 .  Surface winds during the campaignth th

were from the west, moving down-slope with drainage
winds at 3 to 5 ms  between 5 and 10 m above ground-1

level (AGL).  Surface level winds resulted from drainage
flow, which was a dominant factor in surface-atmosphere
exchange, in contrast with larger scale circulations.
Inversions and drainage flows during the intensive
operating period (IOP) began after sunset and was
maintained throughout the evening until mid-morning.
The temperature inversion was approximately 5 to 6
degrees deep at between 20 and 25 m AGL, as a result of
a combination of clear-sky radiative cooling and surface
thermal properties.

3.   METEOROLOGICAL OBSERVATIONS

Four tethersondes were operated simultaneously
with crews coordinated by D. Whiteman of PNNL.  There
ascents took place every 30 minutes using all four
tethersondes, recording  the usual variables of  time,
height, air pressure, air temperature, relative humidity,
wind direction, and mean wind every 1 to 2 m, at intervals
of about 3 s to a height of approximately 200 m.

The sonic anemometer collected u, v, w, and Tv
at 10 Hz during VTMX on a tower at a height of 9.1 m AGL
or 1475.1 m MSL. The sonic anemometer was
approximately 11 km east of the Kennecott copper mine
pit, and was 2.9 km on the 35/ radial from Herriman, Utah,
and about 3.5 km east of the lidar. The boom direction
was 273/ magnetically sighted from back to front along
the boom. 

3.1 Lidars

The lidar was located at 1539 m MSL, 300 m
east of the PNNL tethersonde 4 site shown in Figure 1.
Details on the method and operation of the scanning lidar
are described in Eichinger et al. (1998).  The absolute
accuracy of the lidar was shown to be ±0.34 gkg  at the-1

95% confidence level ( Eichinger et al. 1994).  The LANL
Raman lidar generated volume images from two-
dimensional scans of range-resolved water vapor.   The
lidar azimuthal scan range covered 60/ from North to
South. The vertical scan range was from the surface up toFigure 1. Study site map.



50 m into the SBL, and acquired lines-of-sight just south
of the TS-3 site by approximately 5 m (Fig. 1).  Horizontal
transects or spatial-series, parallel to the surface were
extracted from the vertical scans by averaging portions of
several lines-of-sight together that comprised the region
of interest.  The lidar was operated to a radial range of
about 600 m, a horizontal spatial resolution of 1.5 m.  The
azimuthal scanning range was up to 60 , and a verticalo

step resolution as small as 0.05/.  Each vertical range-
height scan required 52 s to complete, a set of 60 lines-of-
sight stepped in 0.2/ increments from -3/ in elevation to 9/
made up an individual range-height scan.  The lidar was
also used as a profiler with a minimum height of 50 m,
and 1.5 m spatial resolution up to 600 m into the
atmosphere.  

The elastic lidar used in this experiment is a
miniaturized vertical profiling system that uses a Nd:YAG
laser at 1.064 :m to measure the relative backscatter
intensity of micron sized or larger particles.  It was
mounted on the back of the Raman lidar trailer and
collected data concurrently with the Raman lidar, at 100
Hz, and averaging together 1000 laser pulses for every
line-of-sight to 10 s.  The elastic lidar has a vertical
resolution of 3 m and with a minimum range-bin of 100 m.
The time-averaging procedure generated range-height
time-series up to approximately 1000 m over a period of
90 minutes.  Images compiled from the elastic backscatter
data, while only qualitative in concentration are ideal to
identify the time, height, and relative intensity of wave
structures in the atmosphere above the first 100 m.

4.  STABLE BOUNDARY LAYER STRUCTURES
OBSERVED BY LIDAR

At the time of the elastic lidar vertical time-height
scans shown in Fig. 2, structures are observed in the
lower 700 m, with a moderate density region in the first
200 m, suggesting a possible boundary layer at
approximately 600 m (Fig. 2).  From 75 m to
approximately 600 m, the relative backscatter intensity
was approximately 66% lower than the solitary structure
between 600 m and 700 m.  This suggests that the lower

part of the atmosphere was well mixed and relatively
aerosol free.  However, the relatively strong backscatter
between 600 m and 700 m appears to define a “wave”
about 30 minutes before the observed surface structures,
and continues throughout the period when surface
intermittency appears. 

4.1  Raman Range-Height Vertical Scans

Nocturnal boundary layer microscale structures
is seen in Fig. 3, which shows the intermittent low-
frequency coherent structures responsible for much of the
mass exchange between the surface and the atmosphere
(Fig. 3).  In this image, two structures are clearly
connected with the surface, one at 325 m with a height of
about 12 m and the larger geyser-like feature at 370 m,
approximately 20 m high.  Since these plumes are more
humid than the background environment, it is expected
that these structures are rising by buoyancy, dynamics, or
a combination of both since the density of moist air is
lower than dry air. In the absence of warming, the clear
sky SBL will cool radiatively, resulting in the decay of the
SBL depth.  The life cycle for these coherent features in
the range-height scans appears to be relatively short
when compared to their analogues in daytime convective
conditions (Cooper et al., 2003, Kao et al., 2002).  From
a time-series of sequential vertical spatial scans, it
appears that individual coherent plume events are part of
a series of turbulent “bursts” lasting less than 10 scans, or
under 540 s from initiation to quiescence.  For the most
part, these microscale coherent structures do not
penetrate the capping inversion as they do in convective
conditions, and appear to rise to the capping inversion
level and then, relatively quickly, fall back to the surface.
 It appears that the transport and exchange of
mass and energy between the surface and the
atmosphere is limited to the first few tens of meters under
the modest wind conditions observed. The main transport
mechanism is by low-frequency, intermittent, coherent
structures, and not by uniform diffusive vertical
movement.  In order to determine whether these
microscale structures are local,  attributed to micro-

Figure 2. Elastic lidar time-height scan Figure 3. Raman lidar range-height scan.



topographical features or a drainage ditch, horizontal
(range-range) scans were used to show whether or not
these structures are found else where at the site.  A
horizontal scan will determine whether the structures are
localized, as these show up as moist spots in only one
region of the image. 

 5. PERIODIC INTERMITTENCY

       In the SBL, a mechanism was recently proposed to
explain the development and decay of low frequency
intermittency observed by both lidars or by point sensors
(Rees et al., 1998; Sun et al., 2004) in terms of wave-
turbulence interactions.  Wave-turbulence interactions in
the SBL were studied in detail in the eighties and nineties
(Chimonas, 1993, 1999; Einaudi and Finnigan, 1981,
1993; Finnigan and Einaudi, 1981; Finnigan et al.,1984;
Finnigan, 1988) and continues into the present (Cuxart et
al., 2002; Mahrt and Vickers, 2002; Staquet and
Sommeria, 2002). Mahrt (1999) suggested that in some
stability regimes, the stable boundary layer is non-
traditional, or “upside-down” in that the source of the
turbulence is from elevated regions, generated from low
level jets or gravity waves.  The criteria for non-traditional
stable boundary layers is that the downward heat flux is
not a function of z/L.  The data from the sonic
anemometer showed no clear relationship between

 and z/L, supporting the concept that the VTMX

atmosphere fits into the non-traditional boundary layer
regime.  In a pioneering experimental study of the
thermally stratified Antarctic boundary layer, Rees et al.
(1998) proposed that near-surface organized structures
observed using sonic anemometers within the first 32 m
of the surface result from coupling of solitary waves aloft.
The wave propagates down to the surface and interacts
with the atmosphere within the near-surface waveguide,
the interaction is by aerodynamic drag creating eddies
and roll vortices in the SBL (Chimonas, 1993).  The
waveguide in the Rees et al., 1998 study was bounded by
the cold surface and a low-level capping inversion
characterized by modest winds, high shear, and a stable

catmospheric layer hovering around Ri  with weaker wind
shear above the capping inversion in a near-neutral
atmosphere, not unlike the atmospheric properties during
VTMX.

Barnard and Riley (2002) used a Direct
Numerical Simulation (hereafter referred to as DNS) to
model intermittency in a stably stratified fluid. Results
obtained from their simulations suggest that, in a
thermally stratified state, the atmosphere is susceptible to
shear instability leading to overturning eddies and roll
vortices forming at the surface.  The roll structure lifts cool
air from the surface and forces it above the ambient warm
air to the height of the local capping inversion.  The cold
air surrounded by warm air results in short-lived
convective instability, creating a locally turbulent
environment leading to the formation of structures
including plumes, rolls, and eddies.  The enhanced mixing
in the stratified boundary layer reduces the temperature
gradient and decreases the transport of energy from
above the capping inversion. The energy dissipates in the
waveguide in the absence of additional energy input from

either aloft or from the surface leading to turbulence
decay. As the atmosphere returns to its initial stratified
state, it once again becomes susceptible to this process.
Both results from experiments and simulations (Rees et
al., 1998; Sun et al., 2004) point to a similar physical
mechanism for the origin of wave propagation and its
ensuing turbulence-wave interactions near the surface.

Using lidar data collected in the SBL, a
representation of the processes responsible for the
transport and exchange of water between the surface and
the atmosphere can be obtained both spatially and
temporally.  The analysis presented here suggests that
the initial instability that generated the structures
originates above the SBL, from the presence of a local
instability, providing the necessary set of conditions
required to support various standing pressure or density
waves such as K-H waves.  These waves propagating to
the surface provided certain stability conditions within the
atmospheric waveguide (Rees et al., 1998).    Finnigan et
al. (1984), found that internal gravity waves formed
between 550 m and 650 m produced turbulent
interactions at the surface.  A more detailed study
demonstrating the coupling between waves aloft and
surface turbulence in the SBL was done by Einaudi and
Finnigan (1993).  They showed that small pressure
perturbations can induce turbulence at the surface.
 The evidence for this mechanism in this study
comes from both the lidar and point-sensor data including
the elastic backscatter image (Fig. 2), the Raman lidar
image (Fig. 3), and the vertical wind speed time-series,
and the vertical wind speed power spectrum (Fig. 4).  The
elastic backscatter data shows a wave between 600 and
700 m, with a period of approximately 683 s as estimated
by peak power spectrum analysis.  Further, the growth
and decay of a coherent structure occurs over a 10 scan
period equivalent to 540 s.  The sonic anemometer w time
series spanning 1200 s sampled at 10 Hz shows that this
was a substantial decrease in w between 20:31 and 20:32
MST and another large negative fluctuation at 20:43 MST,
approximately 696 s after the first episode.  Furthermore,
the time series also shows at least two potential “ramp”
structures of approximately 3.5 to 4 min long.  Ramps
indicate the passage of coherent structures, such as

Figure 4. w time series and power spectrum.



eddies and plumes, and have been observed in both the
unstable and stable boundary layers (Cooper et al., 1994;
Koprov et al., 2004).  In addition, a power spectrum shows
a peak frequency of 0.00186665 s  or a period of 535 s.-1

Independent estimates of the integral time scale from
observations of the dissipation rate provided by the
scintillometer were also approximately 11 min to 12 min in
duration, supporting the contention that a periodic process
was occurring. It appears that, given this coincidence of
the elevated wave structure period (approximately 11
min.) and similar periods for the surface observed
fluctuations in the w time series and dissipation rate, and
given the birth and decay of the intermittent structures, the
intermittency at the surface of the stable boundary layer
is coupled to wave processes aloft.  

6.  CONCLUSIONS

It appears that under low to modest winds most
of the transport between the surface and the atmosphere
takes place in the presence of low frequency microscale
turbulence.  When the gradient Richardson number was
between 0 and 0.25 coherent features developed within
the first few meters of the surface and were observable
with the lidar.  These structures tend to be small, with
diameters on the order of 20 to 30 m, and were limited in
growth by a strong 6 degree thermal capping inversion 20
m thick that developed broadly across the site.  Within
this inversion shear stresses dominated the development
and transport of the intermittent features.  The period
between the birth and decay of these turbulent events
was on the order of 10 minutes.  Due to both wind shear
and thermal structure of the lower SBL, the structures are
most likely the roll vortices predicted by DNS models.
These structures appear to be located and defined by a
wave guide-like region, which occurs under sub-critical Ri
numbers and discontinuities in the scalar profiles. They
also appear to be responsible for the containment of the
periodic intermittency observed here and in previous
studies.   The image analysis showed that most of the
mass transported vertically during these periods was from
these intermittent structures and not by diffusion.  In
contrast, little structure was identified above the first 20 m;
this suggests a more diffusive background.

There are reasonable indications that these
microscale structures observed at the surface are coupled
to wave properties several hundred meters aloft.  At the
time of writing, a quantitative mechanism to show this
coupling is not available. Independent vertical wind and
scintillometer measurements several kilometers downwind
of the lidar, showed distinct fluctuations associated with
the onset of wave structures at 600 m above ground level.
These fluctuations roughly coincide with the microscale
turbulence observed by the lidar and are thought to trigger
the local instability.  During the morning transition period,
as soon as the sun heats the air and surface, the SBL
decays and the convective ABL forms by a bursting
mechanism, with coherent plumes carrying moisture
vertically at rates approaching 1 ms .-1

The data presented strongly suggests that the
ability to resolve structures between 2 and 20 m scale is
important in the SBL.  Further, verification of the now-
maturing DNS models requires high spatial as well as

temporal data.  The unanswered problem then remains:
can the modest pressure fluctuations generated by the
wave aloft add enough additional energy to the surface to
initiate the turbulence observed?  The results presented
herein, suggest that a dense sub-gridscale network of
surface-based remote sensing instruments coupled with
multiple fast-response eddy covariance sensors should
form part of an intensive study to characterize the
underlying physics of SBL intermittency.
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